
Citation: Durdel, A.; Friedrich, S.;

Hüsken, L.; Jossen, A. Modeling

Silicon-Dominant Anodes:

Parametrization, Discussion, and

Validation of a Newman-Type Model.

Batteries 2023, 9, 558. https://

doi.org/10.3390/batteries9110558

Academic Editors: Huang Zhang

and Yuan Ma

Received: 18 October 2023

Revised: 10 November 2023

Accepted: 13 November 2023

Published: 15 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

batteries

Article

Modeling Silicon-Dominant Anodes: Parametrization,
Discussion, and Validation of a Newman-Type Model
Axel Durdel * , Sven Friedrich , Lukas Hüsken and Andreas Jossen

Chair of Electrical Energy Storage Technology, Department of Energy and Process Engineering, School of
Engineering and Design, Technical University of Munich, Arcisstraße 21, 80333 Munich, Germany;
lukas.huesken@tum.de (L.H.); andreas.jossen@tum.de (A.J.)
* Correspondence: axel.durdel@tum.de

Abstract: Silicon is a promising anode material and can already be found in commercially available
lithium-ion cells. Reliable modeling and simulations of new active materials for lithium-ion batteries
are becoming more and more important, especially regarding cost-efficient cell design. Because
literature lacks an electrochemical model for silicon-dominant electrodes, this work aims to close
the gap. To this end, a Newman p2D model for a lithium-ion cell with a silicon-dominant anode
and a nickel-cobalt-aluminum-oxide cathode is parametrized. The micrometer silicon particles
are partially lithiated to 1200 mAh g−1

Si . The parametrization is based on values from the electrode
manufacturing process, measured values using lab cells, and literature data. Charge and discharge
tests at six different C-rates up to 2C serve as validation data, showing a root-mean-squared error of
about 21 mV and a deviation in discharge capacity of about 1.3%, both during a 1 C constant current
discharge. Overall, a validated parametrization for a silicon-dominant anode is presented, which, to
the best of our knowledge, is not yet available in literature. For future work, more in-depth studies
should investigate the material parameters for silicon to expand the data available in the literature
and facilitate further simulation work.

Keywords: silicon; p2D model; parametrization; validation; half-cell balancing

1. Introduction

Since their market launch in 1991 [1], lithium-ion batteries (LIBs) have developed
into an everyday energy storage device, powering almost all mobile electronic devices [2].
Graphite has been the anode material of choice, despite a comparably low gravimetric
capacity of 372 mAh g−1

Gr . Even as early as in the 1960s, about 30 years before the market
launch of commercial LIBs, silicon (Si) has been known to be able to store 3579 mAh g−1

Si
or even up to 4212 mAh g−1

Si via electrochemical alloying to Li15Si4 or Li22Si5, respectively.
This is more than ten times the capacity of graphite [3]. At the same time, silicon has
a comparable or even lower mass density than graphite [3], rendering it a potentially
interesting anode material. However, the volume of silicon changes drastically during
(de)lithiation, introducing several problems, e.g., mechanical cracking and disintegration,
loss of electric contact, or breakdown of the solid-electrolyte interphase (SEI) [3].

Silicon’s high specific capacity is utilized in composite anodes consisting of both
graphite and silicon. By adding small amounts of silicon to conventional graphite an-
odes, their capacity can be increased. Such composite anodes have been investigated and
commercialized already [4–9]. Pure-silicon and Si-dominant anodes, on the other hand,
usually are mechanically unstable due to the large volume changes of up to 300% upon
(de)lithiation [10]. Ko et al. [10] summarized several approaches to manage this and to
enable pure-silicon and silicon-dominant anodes as a successor to graphite anodes. The
approaches include size-controlled materials, patterned thin films, shape-preserving shell
designs, porous structures, and graphene composites. The silicon anode used in this work
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belongs to the category of porous structures. In the work of Ko et al. [10], most of the
porous structures were synthesized via electrochemical etching of a silicon wafer resulting
in nanometer-sized pores. The silicon in this work, however, consists of micrometer-sized
silicon particles prepared via jet milling of photovoltaic grade silicon lumps [11]. Obrovac
and Krause [12] proposed partial lithiation as another approach to increase cycle life
and maintain electrode integrity while still providing higher gravimetric capacities than
graphite at full lithiation. This concept of partial lithiation also holds true for the electrode
design used in this work, as shown by Jantke et al. [11]. Haufe et al. [13] investigated the
failure mechanism of this electrode design with partially lithiated Si. They found that the
main failure mechanism is the continuous formation of SEI. Another major contribution is
found in particle decoupling when operating at low discharge voltages.

With an appropriate model, an estimation about (im)practical cell designs without
the need for time- and cost-intensive experiments is possible. Doyle et al. [14] proposed
the dual insertion model, also known as the pseudo-2D (p2D) model or Newman model,
which is capable of describing the electrochemical behavior of a rocking-chair cell. Since
its publication in 1993, the Newman model and its variations have become a famous and
widely used approach for physicochemical modeling of LIBs. For example, it has been used
to describe relaxation phenomena [15], short-circuit events [16], or to aid cell design [17].
Additionally, the original publication by Doyle et al. [14] has gained increased research
interest over the years, receiving 20% of all citations in the last two years. However, the
model first and foremost considers insertion reactions. Hence, care should be taken when
using the p2D model for alloying materials, because surface processes (electrode kinetics)
as well as transport processes inside the particles (solid phase diffusion) might differ from
the implemented processes in the standard p2D model.

Table 1 lists a selection of different simulation models all related to silicon. The models
found in the literature cover a wide range of different application scenarios and a variety
of different model classes, such as finite element method model, density functional theory
models, or impedance-based models, can be found.

Table 1. Overview of selected slicon models from literature.

Ref. Focal Area Silicon Dimensionality

[18] Voltage hysteresis via asymmetric reactions pure 0D model
[19] Current distribution & inhomogeneous lithation composite p2D
[20] Kinetic limitations & rate capability pure 0D impedance model
[21] Phase boundaries & diffusivity pure 2D SPM
[22] Volume change & (de)insertion process dominant 1D SPM
[23] Volume change & electrolyte displacement dominant p2D
[24] Mechanical stress & stress-induced diffusion pure 1D SPM
[25] Mechanical stress & geometry dependency dominant 1D thin-film & SPM
[26] Coupling of electrochemistry and mechanics pure 2D MSM a

[27,28] Capacity fade via SEI interaction composite 1D model
[29] Voltage hysteresis via mechanical stress pure 0D model
[30] First principles model of silicon lithiation pure 0D DFT calculation

This work Parametrization & validation of an electrode in a full-cell setup dominant p2D

p2D = pseudo two-dimendional model; SPM = single-particle model; MSM = microstructure model; SEI = solid
electrolyte interphase; DFT = density functional theory; a microstructure of a single thin-film and a single nanowire.

When it comes to electrochemical modeling of silicon electrodes, the literature provides
different approaches, most of which rely on the Butler–Volmer equation as a reaction kinetic
and Fickian solid phase diffusion. Jiang et al. [18], for example, presented a model depicting
the different lithiation stages of silicon. At the same time, different activation energies allow
for the representation of crystallization effects and different particle sizes can be accounted
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for by varying equilibrium potentials. Lory et al. [19] presented an adapted p2D model
for a Si-graphite composite anode. The model considers three different active material
phases; graphite, a carbon matrix, and nano-silicon embedded in the carbon matrix. Thus,
the influence of silicon on the cell behavior can be modeled and investigated. Swamy
and Chiang [20] published an impedance-based equivalent circuit model to compare the
charge transfer overpotentials of pure silicon particles with those of pure graphite particles
with respect to the C-rate and the individual particle radius. According to their results,
overpotentials may become rate limiting in dependence on the exchange current density.

Regarding the solid phase diffusion, Obrovac and Krause [12] proposed that a partially
lithiated silicon particle would show a core–shell structure with the lithiated amorphous
phase as the outer layer and a crystalline core. Such a core–shell structure was also
detected by McDowell et al. [31] during a lithation process of a single particle using in-situ
transmission electron microscopy measurements. To properly capture the impacts of this
core–shell structure in a model, Wang et al. [21] used a two-dimensional single particle
diffusion model which also considers a reaction front at the phase boundary. Doing so, they
could replicate the experimental results. Such a phase boundary is not readily available for
the standard p2D model. However, Bordes et al. [32] investigated polycrystalline silicon
particles via transmission electron microscopy and found that lithiation preferentially
occurs along defects. The particle then consists of several smaller crystalline cores separated
by amorphous “veins”. Such a structure is similar to the porous structure of the electrode
where the liquid diffusion is described by an effective diffusion coefficient [14]. In this
analogy, the pore space filled with electrolyte is equivalent to the amorphous Si phase, and
the solid-phase structure of the electrode is equivalent to the crystalline cores which hinder
the overall transport. Thus, from a modeling perspective, such a structure can be described
by an effective diffusion coefficient without the need for a moving phase boundary, which
can be accomplished with the standard p2D model.

Other models in the literature focus not on electrochemistry but on mechanics. This
work does not focus on mechanics and the interested reader is referred to the literature
given in Table 1, especially references [22,24–26,29].

The aim of this work is to provide a parametrized and validated p2D model for
a silicon-dominant electrode, since to the best knowledge of the authors, the literature
lacks such a model. The anode coating in this work contains graphite, but it is largely
electrochemically inactive and mainly serves as a conductive additive [11]. Thus, the
electrode is considered silicon-dominant. The loading of 3.61 mAh cm−2 is application-
oriented. Furthermore, the silicon particle diameter is in the micrometer range [11], which
has hardly been studied in literature, especially not simulatively. Finally, it is important to
mention that the silicon is partially lithiated to only approximately 30% (i.e., approximately
1200 mAh g−1

Si ). This benefits the mechanical integrity and thus the cycling stability of the
electrode [11].

For a systematic presentation of its contents, this work is structured as follows. First,
the properties of the electrodes used are presented. Second, a literature review for material
parameters that could not be determined otherwise is discussed. Third, measurements
conducted at coin cells and T-cells are presented and discussed. The equilibrium potential
measurements of the silicon electrode are of particular interest here. Fourth, the recon-
struction of the full-cell quasi open-circuit potential (qOCP) from measured half-cell qOCP
curves is discussed, as the curves are a required model input. In a fifth step, a parameter
fitting is performed and validated against the full-cell potential at C-rates up to 2C for
charging and discharging. Finally, the model accuracy is evaluated and recommendations
for further work are drawn.

2. Experimental Procedure

The experimental methods in this work are split into three parts: Electrode manufac-
turing, cell assembly, and operational procedures. This work includes all aspects of these
three steps necessary to perform parametrization and simulation of a silicon-dominant
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anode. A more detailed description to each of these steps can be found in the Supplemen-
tary Materials.

Electrode manufacturing was performed by the iwb at the Technical University of
Munich. Silicon material was provided by the manufacturer. The preparation of the coat-
ing slurry as well as coating and drying of electrode sheets was performed according
to the recipe provided by Jantke et al. [11]. The anode coating comprises of 69.70 wt%
micrometer Si particles, 19.90 wt% graphite, and 10.4 wt% binders and additives. Note
that the graphite is electrochemically inactive and only serves as a conductive agent [11],
hence the naming of a silicon-dominant anode. The cathode active material is a commer-
cially available nickel-rich nickel-cobalt-aluminum-oxide (NCA) with a composition of
LiNi0.8Co0.15Al0.05O1.985(BO3)0.01. As already mentioned, a more detailed description of
further electrode properties related to the manufacturing step can be found in Section S1
along with Tables S1 and S2 of the Supplementary Materials.

The assembled cells are circular coin cells (CR2032) for characterization as well as
Swagelok® (Solon, OH, USA) T-cells for validation. Coin cells were assembled as half
cells vs. lithium (Li) metal as well as full cells. The data retrieved from the coin cells was
used for characterization, especially to retrieve the half-cell equilibrium potentials using
an electrode balancing process, which is discussed below. Additionally, Swagelok® T-cells
using a three-electrode configuration were assembled as full cells with a Li metal reference
electrode. The T-cells were used for validation at higher C-rates. Detailed information
on the cell assembly process as well as the separator and electrolyte used are given in
Section S2 of the Supplementary Materials.

The cells then underwent one formation and nine stabilization cycles. Subsequently,
a qOCP measurement at C/50 and C/10 was conducted for both coin and T-cells. The
formation and stabilization cycles can be evaluated to retrieve an estimate of the capacity
losses during formation, while the qOCP measurement yields the usable capacity after
formation. This information will later be used to perform an x-axis transformation. The
qOCP test is a constant current (CC) charge/discharge cycle at low C-rates of C/50 and
C/10 which typically is used to measure the open-circuit voltage of a battery. In addition
to the qOCP measurement using CC phases only, a pulsed open-circuit potential (pOCP)
measurement was conducted. The pOCP test also makes use of a CC charge/discharge
cycle at low C-rates of C/50 and C/10. However, current-carrying phases are interrupted
at every 5% state of charge (SoC) and the cell is allowed to relax for 2 h. The cell voltage
after this relaxation period at different SoC is interpolated to measure the open-circuit
voltage of a battery. The tests are compared to one another in order to investigate the qOCP
as well as the polarization behavior at low currents. All tests were carried out at 25 °C and
are assumed to be isothermal because of the large thermal capacity of the cell housing.

Subsequent to the qOCP measurement, a rate capability test was conducted using the
T-cells in order to later validate the model at higher C-rates. The procedure includes CC
charging and discharging at different C-rates of C/10, C/5, C/3, C/2, 1C, 2C, 3C, 5C, and
10C. Constant voltage (CV) phases were used for preconditioning so that every (dis)charge
step starts with defined and reproducible conditions. More detailed descriptions of the exact
procedures can be found in Section S3 along with Table S3 in the Supplementary Materials.

3. Modeling

In this work, a p2D model is used to describe the electrochemical behavior of a full cell
incorporating a silicon-dominant anode. For modeling and simulations, the entire system is
assumed to be isothermal at 25 °C at all times. The model equations are depicted in Table A1
and are solved using COMSOL (Stockholm, Sweden) Multiphysics® 5.4. The solver settings
are unchanged from the default solver settings recommended by the software for the given
set of equations. The final parameters as used for the simulations are listed in Table A2.
Some parameters are given by the cell design, such as the porosity or the active material
volume fractions. Since these parameters are given, they are discussed in Section S1 of
Supplementary Materials. The equilibrium potentials of the anode and cathode were
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measured in half-cell setups vs. Li metal. The remaining parameters are discussed based
on a literature review, namely the electrolyte properties, solid-phase diffusivity, electrical
conductivity, exchange current density, and charge transfer coefficients. A summary of
these unknown parameters of the silicon electrode is given in Table 2.

Table 2. Overview of silicon material parameters as can be found in the literature. The selected
parameters are those model parameters that could not be retrieved otherwise.

Parameter Unit Value Range Value Selected for This Work References

Electrical conductivity S m−1 0.2× 10−9 to 5× 103 33 [23,33–37]
Solid-phase diffusivity m2 s−1 1× 10−20 to 1× 10−11 a 2× 10−15 [21,38,39]

Exchange current density A m−2 1× 10−3 to 1× 105 2.2 b [19,20,22,38,40,41]
Charge transfer coefficient – 0.2 to 3.42 0.5 [22,42,43]

a value might be even higher along defects [32]; b after fitting procedure, more information can be found below.

3.1. Equilibrium Potential

Sethuraman et al. [42] discussed the existence of an equilibrium potential and different
methods for measuring it. They state that the literature is not in agreement on what
the equilibrium potential might look like. Some references discuss a path dependence
and represent the equilibrium potential via two potential curves, one for the lithiation
process and one for the delithiation process [22,44]. However, a single potential curve could
also represent the equilibrium state for both the lithation and delithiation process [30,42].
Sethuraman et al. [42] presented such an approach to simulate the cell potential based on a
single equilibrium potential curve. This approach is based on an asymmetric Butler–Volmer
equation and a uni-directional side reaction. Additionally, they state that the equilibrium
potential might yet be influenced by stress effects.

Because no uni-directional side reaction and no additional stress component are
considered in the present work, the equilibrium potential in this work is implemented using
two potential curves, similar to what is reported in the literature [22,44]. The equilibrium
potential curves used in this work are determined experimentally and shown in Figure 1.

3.2. Voltage Hysteresis

Silicon shows a pronounced hysteresis effect in the measured qOCP curves, as can be
seen in Figure 1. By using two potential curves as described in the previous section, the
voltage hysteresis effect is already accounted for. This is true because this work’s focus is on
full cycles and not on partial cycling and also not on the mechanical behavior. The model
uses lithiation and delithiation qOCP curves of both electrodes and switches between the
curves whenever the cell current switches sign.

If hysteresis was to be explicitly considered using a single curve only, literature pro-
vides several sophisticated approaches. Tjandra et al. [45] discussed different approaches to
model the hysteresis based on the Preisach model and eventually used the discrete Preisach
model to capture the hysteresis effect during full and partial cycling, i.e., ∆SoC = 100% and
∆SoC < 100%. Lu et al. [29] explained the voltage hysteresis in silicon based on mechanical
stress. They proposed a model that accounts for an additional stress-induced overpotential
via an adjusted Butler–Volmer equation. They assumed homogeneous lithium distribution
due to very thin films (0.1 µm) and their model results match experimental data. Another
possibility to implement the strong relaxation behavior into the model could be an empiri-
cally altered shape of the Butler–Volmer kinetics. The linear region usually attributed to
small overpotentials could be broad for Si, followed by an almost abrupt and steep slope of
the nonlinear regions. If the overall kinetics would follow such a description, a very small
current density would be expected to already require quite large overpotentials for the
charge transfer to occur, while the additionally required overpotentials for higher current
densities would be almost negligible. As mentioned before, hysteresis is accounted for by
two (de)lithiation curves in this work.
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Figure 1. Quasi open-circuit potential of the measured Si and NCA half cell for the (de)lithiation
as used in the model. The data are balanced to the full-cell potential (see Figures 2 and A1) and
transformed to refer to the calculated degree of lithiation (DoL) χ of the respective electrode. The
degree of lithiation (DoL) is the capacity stored in the material relative to the fully lithiated state
with Cgr,Si,th = 3579 mAh g−1 and Cgr,NCA,th = 279 mAh g−1. Further information on the axis
transformation process can be found in Section S5 along with Table S4 and Figure S1 of the
Supplementary Materials.

3.3. Electrolyte Properties

The electrolyte supplier specified the bulk ionic conductivity κl to be 6.398 mS cm−1.
The electrolyte properties were assumed to be similar to th published by Valøen and
Reimers [46] and only the ionic conductivity was scaled to match the supplier information.

3.4. Electrical Conductivity

Regarding the constituents of both electrodes, conductive agents such as carbon black
are added to the electrode to enhance the otherwise poor electrical conductivity of the active
material. Pure graphite particles (in a compacted powder sample) show a comparably high
intrinsic conductivity in the order of 103 S m−1 [47]. This is approximately four orders of
magnitude greater than the values reported for the two active materials used in the present
work. A composite electrode consisting of active material and graphite as a conductive
agent would thus show an increase in its electrical conductivity when compared to pure
active material. However, since the properties of such a composite electrode again depend
on morphological parameters such as the porosity or the particle size distribution, and
especially the volume or weight ratio between the two constituents, finding a definitive
value for a given electrode can be challenging.

Bulk values for the electrical conductivity of NCA have been reported to be in
the range from 10−1.5 S m−1 to 1 S m−1, depending on the stoichiometric coefficient χ
in Li1 –χNi0.8Co0.15Al0.05O2 at 30 °C [48]. For NCA composite electrodes, on the other hand,
an effective value of 100 S m−1 [49] has been reported. The presence of conductive agent
in the porous electrode increases the electrical conductivity by approximately two orders
of magnitude. Given the fact that the electrode used in the present work also contains
conductive agent, the effective value of 100 S m−1 is used here rather than the bulk value.
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Figure 2. Approximation of the quasi open-circuit potential (qOCP) under constant current charge
at C/50 and 25 °C. Differential voltage analysis (c) was used to reconstruct the measured qOCP vs.
full-cell SoC (a) under charge of the full cell (see NCA + Si (FC)) via the (de)lithiation paths of the
respective half cells (see NCA (HC) and Si (HC)). The approximation errors vs. SoC as well as the
RMSE of the qOCP are shown in subplot (b)).

On the anode side, finding a viable value for the electrical conductivity of the Si
active material or porous matrix for a given composition is just as difficult. Since Si is a
semi-conductor, its intrinsic electrical conductivity strongly depends on (im)purities from
doping as well as on temperature. Pure crystalline silicon has a low electrical conductivity
of 4.5× 10−4 S m−1 [50] (p. 258), which can be increased by several orders of magnitude
by doping [51] while following Arrhenius characteristics with increasing temperature [52].
Chockla et al. [33] for example manufactured silicon nanowires without any conductive
carbon and measured an as-made electrical conductivity of 0.2 nS m−1. They could improve
these values to 1400 nS m−1 via annealing under a reducing atmosphere at elevated temper-
atures. McDowell and Cui [34] also investigated the electrical conductivity of nanowires
without conductive carbon, but found values of around 400 S m−1. They found similar
values of 600 S m−1 for silicon thin films. An important difference is that Chockla et al. [33]
could not even lithiate the untreated nanowire because of its low electrical conductivity,
while McDowell and Cui [34] conducted their measurement in the lithiated state. The
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difference in conductivity depending on the DoL was reported by Pollak et al. [35], who
found amorphous silicon thin films to be approximately 3.5 orders of magnitude more
conductive in the fully lithiated state than in the delithiated state. The highest conductivity
value they measured is approximately 5× 103 S m−1. In another study, Kim et al. [36]
found the electrical conductivity of bare ∅10 µm Si particles to be 2 S m−1, which could be
improved to 1.81× 103 S m−1 via copper deposition on etched Si particles. The conductivity
of the untreated particles is two orders of magnitude smaller than for the nanowires and
thin films investigated by McDowell and Cui [34]. This might indicate a dependence on the
electrode morphology, but might also be due to different degrees of lithiation or different
phase compositions of the silicon, e.g., crystalline or amorphous. Among the values already
mentioned, Chandrasekaran and Fuller [23] assumed a bulk value of 33 S m−1 for their Si
electrode including conductive carbon. Wang [37] used this value in simulations and found
it to be a suitable value via comparison to experiments. Hence, the electrical conductivity
of 33 S m−1 is also used in this work. Due to the high fraction of conductive agent, the true
value of the electrode used in this work might be even higher.

Based on the literature discussed above, care should be taken when selecting material
parameters from the literature, especially for materials as diverse as silicon. Values may
vary by several orders of magnitude depending on the morphology and composition of the
sample as well as the degree of lithiation. Additionally, not necessarily all experimental
information might be given. Experimental studies on the electrical conductivity of Si-based
electrodes using different electrode compositions, i.e., pure silicon as well as different
silicon to graphite ratios, at different degrees of lithiation would be very valuable for
future modeling.

3.5. Solid-Phase Concentration

The maximum concentration of lithium inside the active material particles cs,max is
calculated based on the gravimetric capacity Cgr and the density ρ according to

cs,max =
Cgr,th · ρ
F . (1)

The theoretic gravimetric capacities for Si and NCA are 3579 mAh g−1 and 279 mAh g−1,
respectively, while the densities of 2336 kg m−3 and 4730 kg m−3 are supplier information.
The density for Si is the density in the purely crystalline state, and the density for NCA
was obtained from powder X-ray diffraction data. These density values yield concentra-
tion values of 311,943 mol m−3 and 49,239 mol m−3, respectively. Note that these values
are considered to be a good guess but will be adjusted in order to fit the model to the
measurement data.

In Equation (1), the density is not a function of the DoL but has a constant value that
corresponds to the pristine particle state, i.e., no Li inside Si and NCA fully lithiated. In
reality, especially for Si, the density of a particle will change with the DoL because of the
lithiation-induced volume expansion of up to 300% for Si [10]. Chandrasekaran et al. [22]
presented an approach to account for this effect which also takes the changing particle
radius and thus a variable diffusion path length into account. In this case, the maximum
solid-phase concentration in the fully lithiated state would be 77,986 mol m−3 instead of
311,943 mol m−3. However, since no volume change of the active material particles is
considered in the present work, the change in the maximum solid-phase concentration in
dependence on the DoL is of no further interest here.

3.6. Solid-Phase Diffusivity

For NCA particles, Dees et al. [40,53] determined the diffusion coefficient of Li inside
NCA using galvanostatic intermittent titration technique (GITT) measurements to be in the
range of 10−14 m2 s−1 to 10−17 m2 s−1 depending on the DoL. A value of 6× 10−15 m2 s−1

is used for the simulations in this work, i.e., the value at 3.77 V vs. Li metal. This is because
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it is centered between the minimal and maximal cathode half-cell potentials for the cell
setup used in this work (3.0 V and 4.4 V NCA vs. Li metal).

The solid diffusion coefficient of Li in Si varies from 10−13 m2 s−1 to 10−20 m2 s−1 [21,38].
A detailed and more recent literature review by Sivonxay et al. [39] suggests even higher
values up to 10−11 m2 s−1. They investigated Li diffusion properties in LixSi and LixSiO2
via first-principle calculations which yielded values between 10−11 m2 s−1 and 10−15 m2 s−1.
Wang et al. [21] compared numerical simulations with in situ lithiation experiments in order to
determine the diffusion coefficient of Li in Si. They reported the coefficient in the amorphous
as well as in the Li-rich phase after the formation cycle to be in the order of 2× 10−15 m2 s−1.
However, Bordes et al. [32] showed that fast Li diffusion pathways exist along defects. Such
defects may occur due to stacking faults in a single crystal but can also occur along grain
boundaries in polycrystalline Si particles. They propose that due to this phenomenon, Li
diffusion may be much faster than in a single crystal without defects, regardless of the particle
size. This suggests that, at least in polycrystalline particles as in this work, the diffusion
coefficient might be greater than that reported by Wang et al. [21]. Nonetheless, their value
of 2× 10−15 m2 s−1 is used for the simulations in the present work, as it has been validated
against experimental data.

As mentioned before, the value for solid-phase diffusivity reported in the literature
spans several orders of magnitude. Hence, a detailed analysis of the solid-phase diffusivity
in silicon considering its various types such as nanowires, thin-films, or particles as well as
its different amorphization states would be of great value when it comes to physicochemical
modeling. However, obtaining a consistent value for the solid-phase diffusivity is a problem
that has not been solved yet, not even for long-used materials such as graphite [54].

3.7. Electrode Kinetics

The Butler–Volmer electrode kinetics described by Equation (A7) requires an exchange
current density i0. Since no experimental determination of the exchange current densities
was carried out in the scope of this work, values from the literature are used. For the ex-
change current density of ∅9.4 µm NCA particles, a value of 1 A m−2 has been reported [40].
For NCA particles dipped in PVdF binder, the exchange current density during lithiation
can reach higher values of up to 10 A m−2 [55].

For the exchange current density of Si electrodes, however, a wide range of val-
ues spanning several orders of magnitude from 10−3 A m−2 to 105 A m−2 can be found.
Bucci et al. [38] reported a value in the order of 105 A m−2 for silicon thin film electrodes of
about 100 µm thickness. Lory et al. [19] assumed the exchange current density to be non-
limiting and chose a constant value of 2 A m−2 for their model. Note that, in their model,
silicon is assumed to have no direct contact with the electrolyte because it is embedded
inside carbon particles of 12 µm diameter. The value thus represents the exchange current
density between carbon and silicon. Li et al. [41] derived values between 0.7 A m−2 to
1.3 A m−2 based on potentiostatic intermittent titration technique (PITT) measurements on
silicon thin films of up to 1000 nm. Swamy and Chiang [20] found values of approximately
1 A m−2 by fitting impedance data of 500 µm thick silicon wafers to an equivalent circuit
model. Chandrasekaran et al. [22] report values of about 10−2 A m−2 to show a good fit
between their single particle model with a diameter of 60 nm and experiments conducted
using silicon nanowires with a pristine diameter of 89 nm [56]. Finally, Wang [37] fitted a
multi-radius model to measurements on nanowires and found a value of 10−3 A m−2 to be
a good fit for the exchange current density. This value is well below the reported values
determined using measurements, which might indicate that some cross-dependencies due
to model assumptions influence the value found via fitting. Thus, this value should be
taken with care. None of the references stated a clear dependency on the DoL. With the
exception of Chandrasekaran et al. [22], none of the references discussed charge transfer
coefficients and assumed them to be symmetric, i.e., αa = αc = 0.5. Additionally, different
sample geometries that have been investigated in the literature also make it difficult to get a
true value for the exchange current density when only determined for a single state. This is
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due to the uncertainty in the active surface area of different samples, which depends on the
sample morphology and undergoes changes due to volume expansion. Furthermore, the
different measurement approaches used to determine the exchange current density might
impede cross-reference comparisons. For simulations in this work, 1 A m−2 is considered to
be a reasonable initial guess because it is on neither end of the range found in the literature.
For future simulation works, two different experimental results would be valuable: On the
one hand, a consistent value for a single sample obtained via different measurement ap-
proaches would indicate under which conditions cross-reference comparisons are valid. On
the other hand, an extensive investigation of various samples using a single measurement
approach could serve as a baseline for a consistent data base.

The exchange current densities in the present model are expressed as a function of
the local concentrations (see Equation (A9)). In this case, the exchange current density
is dependent on the reaction rate constant k and on the concentrations cl and cs,surf at
the silicon–electrolyte interface. This equation is used because it contains limitations for
surface concentrations near the minimum and maximum solid-phase concentrations. This
representation at least simulates a DoL-dependence in a most basic way. In order to convert
the given exchange current densities to such reaction rate constants, Equation (A9) is
solved for k. No distinction between anodic and cathodic reaction rates is made here, thus
kαa

c kαc
a = kαa+αc . A further assumption for this calculation is αa = αc = 0.5. Hence, the

anodic and cathodic reactions are assumed to be symmetrical. A more detailed discussion
on this topic can be found in Section S4 of the Supplementary Materials. Equation (A9)
is solved for in such manner that the reaction rate k is a function of cs,surf. Accordingly,
values for cl and cs,max are needed. For cs,max, the values calculated using Equation (1) are
used. For cl, a constant value of 1000 mol m−3 is assumed, i.e., the value in the equilibrium
state. By assuming a constant value for cl, the impact of gradients during operation is
excluded for the transformation from exchange current densities to reaction rates. Doing
so, the transformed reaction rates are not dependent on cl and thus the dependency of i0
on cl in Equation (A9) is not accounted for twice. Since cs,surf may vary from the maximum
value cs,max, the reaction rate constant for a constant exchange current density may vary,
too. To avoid division by zero when cs,surf becomes 0 or cs,max, cs,surf is limited to the range
[0.01cs,max; 0.99cs,max] here. The reaction rate k is solved for using these values and then
averaged so that it is no longer a function of cs,surf. Averaging is necessary so that the
dependency of i0 on cs,surf in Equation (A9) is not accounted for twice. The averaged values
are 2.95× 10−12 m s−1 for silicon and 1.90× 10−11 m s−1 for NCA. However, because of
the uncertainty of the exchange current densities found in the literature, these values will
be subject to a fitting process. The final values after the fitting can be found in Table A2.

4. Results and Discussion

To maintain readability, only the results of one representative lab cell are shown and
discussed. This decision is based on the variations in gravimetric capacity between the
tested cells of 3.18% during cell formation and 1.94% during the qOCP tests, indicating
that cell manufacturing, cell formation and stabilization are reproducible.

4.1. Open-Circuit Potential Measurements

The qOCP and pOCP measurements are shown in Figure 3. Black curves refer to C/50
and red curves refer to C/10. The cell potential is plotted as a function of the normalized
cell capacity for the charge and discharge step that was recorded during the individual
tests. The reversible discharge capacity at C/50 is 5.5605 mAh. With respect to the smaller
cathode electrode sample with a diameter of 14 mm, this yields a utilized areal capacity of
3.61 mAh cm−2.
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Figure 3. quasi open-circuit potential (qOCP) data (dashed lines) and pulsed open-circuit potential
(pOCP) data (solid lines) for a current rate of C/50 (black and gray) as well as C/10 (red). The relaxed
potentials of the 2 h open-circuit phases of the pOCP test were interpolated and are displayed as a
gray/red area, indicating the voltage hysteresis effect between charging and discharging. The inset
shows one exemplary open-circuit phase in more detail. The data are plotted as a function of the
normalized charge capacity of the respective test. The tests were conducted at 25 °C.

Overall, the potential during the CC phases of the pOCP measurement plotted with
solid lines are in good agreement with the potential of the pure CC load, i.e., the qOCP
measurement, plotted with dashed lines. However, even at C-rates as low as C/50, the
cell potential still relaxes by up to 90 mV during 2 h of open-circuit conditions. The value
at the end of this relaxation phase is called the “relaxed potential” in the following. The
relaxed potentials at different SoC were interpolated and are plotted as areas, indicating
the voltage hysteresis effect between charging and discharging. Both observations hold
true for C-rates of C/50 and C/10. The pronounced relaxation has been described in
the literature [42,44,57], but to the best knowledge of the authors, its origin has not been
identified yet. The fact that the cell potentials at C/10 and C/50 are quite similar, but still
differ significantly from the relaxed potential, indicates that the effect observed here is at
least not related to ohmic losses but rather to electrode kinetics. Possibilities to implement
such behavior into the model have been discussed above.

As previously mentioned, the qOCP data at C/50 are used as a model input. Thus, the
model is not expected to be able to capture the strong relaxation behavior but the behavior
under load, as shown below. Because individual lithiation and delithiation curves are
implemented, no dedicated hysteresis model is used here.

4.2. Electrode Balancing

One of the model outputs is the full-cell potential, which is a superposition of the
half-cell potentials including overpotentials. Thus, an accurate reconstruction of the full-cell
potential from the measured half-cell potentials is needed to provide a correct model input.
During this reconstruction process, the half-cell measurements are stretched and shifted along
the capacity axis in such way that their superposition results in the full-cell measurement.
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By doing so, the electrodes are being matched to each other so that they give the reference
full-cell measurement. Complementary to the measured voltage curve, its derivative with
respect to the capacity—the differential voltage analysis (DVA)—can be used to retrieve a
satisfying reconstruction. Certain features in the DVA like the transition between between
two two-phase regions as is the case for graphite or the steep limiting region at either end of
the utilizable stoichiometry can be used to compare the superposition of anode and cathode
curves with that of the full-cell curve, and eventually minimize the difference. The procedure
was described by Smith et al. [58] and was later used by Dahn et al. [59] to facilitate the
analysis of degradation mechanisms in lithium-ion batteries.

In this work, especially the DVA was used to fit the half cells to the full cell. Addition-
ally, the process was carried out for the full-cell charge and discharge step individually,
analogous to [7].

The result of the balancing process is shown in Figure 2a for the coin full-cell charging.
The results for the discharge are given in Figure A1 in the Appendix B.

As a result of the balancing process, the measured half-cell as well as the superposed
full-cell potential is a function of the full-cell SoC instead of the electrode capacity. The
balanced half-cell potential curves show an overhang beyond the limits of the full-cell SoC,
which is due to the different cut-off potentials for the tests on full cells and half cells.

Figures 2b and A1b show a maximum absolute qOCP error of less than 11 mV and
15 mV for the charging and discharging process, respectively. The corresponding root-
mean-squared error (RMSE) is 2.9 mV and 5.4 mV. The small RMSE indicates that the
superposition of the half cells using the identified full-cell SoC is satisfactory to represent
the full-cell potential at low C-rates. This can also be seen in the overlay of the measured
and reconstructed full-cell curves (light and dark red) in Figures 2c and A1c. Here, the
differential potentials are shown and normalized by multiplying by the total capacity of
the respective (dis)charge step Q0.

4.3. Transformation to the Degree of Lithiation

At this point, the balancing process is completed and the results are dependent on
the full-cell SoC. However, the model solves for the solid-phase concentrations cs of both
electrodes. These concentrations can be normalized using the maximum solid-phase con-
centration cs,max, yielding the DoL χ, as described in Equation (2). Hence, a representation
of the equilibrium potential as a function of the DoL instead of the full-cell SoC would be
advantageous.

χ =
cs

cs,max
=

Cgr

Cgr,th
(2)

The DoL can not only be calculated based on concentrations taken from the model but also
based on capacities taken from measurements. Here, the gravimetric capacity Cgr from the
tests and the theoretical maximum gravimetric capacity Cgr,th of the material are used. For
the maximum gravimetric capacity, the maximum theoretical value of 3579 mAh g−1 [5] is
used. For the current gravimetric capacity, the current capacity from the battery cycler is
divided by the active material mass of the sample. Additionally, unlike the concentration,
the measured capacity is no absolute value but the integration of the electric current. An
integration constant or rather an initial value is needed to retrieve a proper value for the
DoL. This initial value is assumed to be the irreversible loss during formation and will be
discussed in the following.

To obtain such a representation as a function of the DoL, an estimate based on the
losses during the first formation and stabilization cycles ∆χloss as well as the utilization
during the qOCP test ∆χqOCP is made. These values are then used for shifting and scaling
the curves to perform the transformation from SoC to DoL. A detailed description of this
transformation including a table with all necessary interim and final values is given in
Section S5 along with Table S4 of the Supplementary Materials.
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Figure 1 shows the final result. The plotted curves show the half-cell potentials as
a function of the DoL. Green lines represent the NCA cathode half cell, and blue lines
represent the Si anode half cell. The black arrows together with labeled crosses show the
utilization range of the respective half cell DoL for a full-cell SoC as previously identified
in the balancing process. The anode DoL utilization between 0% and 100% SoC ranges
between 0.0396 and 0.3068, respectively, and that of the cathode ranges between 0.7954 and
0.1396. The corresponding equilibrium potentials, averaged for charge and discharge, are
739.9 mV and 182.1 mV for the anode and 3.558 V and 4.378 V for the cathode. Table 3 lists
these average values together with the individual values for charging and discharging.

Table 3. Degree of lithiation and corresponding equilibrium potential at 0% and 100% SoC from
Figure 1. The values are given for the full-cell charge (CHA) and discharge (DIS) as well as the
averaged (AVE) value at the respective SoC.

SoC

Anode Cathode

DoL Eeq DoL Eeq

in – in V in – in V

0% χ0,Si = 0.0396 0.7531 χ0,NCA = 0.7954 3.5518 DIS

0.7267 3.5635 CHA

0.7399 3.5577 AVE

100% χ1,Si = 0.3068 0.1932 χ1,NCA = 0.1396 4.3797 DIS

0.1710 4.3764 CHA

0.1821 4.3781 AVE

From these utilization ranges, it can be seen that Si is not entirely delithiated. This is
due to silicon’s significantly better aging behavior when not fully delithiated. Wetjen et al. [5]
showed this for nanometer-sized silicon and Haufe et al. [13] showed this for the same
micrometer-sized silicon that is also used in the present work. This results in a half cell
balancing procedure that is slightly more complex for Si anodes than for graphite anodes
because, for graphite anodes, the minimum DoL can usually be set close to zero, while for
partially lithiated silicon, this is not recommended. If this effect were not taken into account,
significant errors between simulation and measurement results would be expected at low
full-cell SoC.

4.4. Fitting of Solid-Phase Concentrations

So far, electrodes’ equilibrium potentials from the qOCP measurements have been
balanced using a DVA-aided process and the resulting full-cell SoC has been transformed
to a degree of lithiation unique to each electrode. The curves shown in Figure 1 are used
as a model input and depend on the DoL from Equation (2). Thus, the value of cs,max
directly influences the course of the DoL and the cell potential when a fixed intercalation
rate is given. Initially, the values given by Equation (1) are used for the first simulation of a
complete cell charge and discharge at C/50. An evaluation of the DoL revealed that the Si
electrode was lithiated to a higher degree than that obtained from the transformation to the
DoL (χ1,Si = 0.3068, see Figure 1).

This effect is also shown in Figure 4a. The blue dotted line shows the full-cell potential
at C/50 (dis)charging using the initial parametrization. The data are plotted as a function
of the (dis)charge capacity normalized to the capacity during a C/50 charge for both, the
measurement (black) and model (colored), individually. Only CC phases are plotted, CV
phases are not shown. Because the DoL overshoots during the simulation, the equilibrium
potential is beyond the defined range and thus not valid. This becomes especially evident
during the discharge at approx. 98% normalized capacity. At this point, the voltage curve
shows a sharp bend. This is caused by the DoL entering the defined range again and the
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change in the shape of the anode equilibrium potential drastically impacts the full-cell
potential. This bend is not comparable to that during the experiments.

To prevent this non-physical behavior, the maximum solid-phase concentration is
fitted in such way that the DoL no longer overshoots. This fitting of the anode maximum
solid-phase concentration does not alter the electrode potential at a given DoL, but it does
alter the balancing between anode and cathode. To compensate for this overlithiation of the
anode, the anode maximum solid-phase concentration was increased by a factor of 9.56%.
Considering the volume expansion and its effect on the mass density in Equation (1), this is
considered to be within the range of physically interpretable values.
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Figure 4. Full-cell potentials during the two different fitting procedures compared to measurement
data. “No fitting” refers to the initial parametrization taken from literature, “cs,max fitting” is an
intermediate step, and “k fitting” refers to the final parametrization. Data are plotted as a function
of the (dis)charge capacity normalized to the capacity during a C/50 or C/10 charge for both, the
measurement (black) and model (colored), individually. Only CC phases are plotted, CV phases
are not shown. (a) shows the improvement due to the fitting of cs,max at C/50, and (b) shows the
improvement due to the fitting of k at 1C. The RMSE is that between simulation and measurement
and is color-coded according to the legend.

Subsequent to this individual fitting of the maximum solid phase concentration of the
anode, the maximum solid-phase concentration of both electrodes was scaled equally. By
scaling the solid phase concentrations by the same factor, the balancing between anode and
cathode is retained while adjusting the absolute capacity of the model so that it matches the
capacity of the measurements at C/10. Finally, the maximum solid-phase concentration of
the anode is increased by 3.25%, already taking into account the anode-specific factor from
above, and that of the cathode is decreased by 5.77%. The final results for the maximum
solid-phase concentrations are summarized in Table A2. The green dash-dotted line in
Figure 4a now shows a behavior similar to that during the experiments. Fitting of the
maximum solid phase concentration resulted in an improvement of the RMSE by up to
30 mV in values.

4.5. Rate Capability

Up to this point, the model describes the experimental data satisfactorily at C-rates of
C/50. To check the quality of the model’s predictions at higher C-rates, measurements at
different C-rates using a T-cell were conducted. The formation and stabilization procedure
for T-cells and coin cells are identical, and the results are comparable. Hence, the model
parametrization based on coin cells is expected to be valid for T-cells, too.



Batteries 2023, 9, 558 15 of 25

A comparison between measurement and simulation data (black dashed vs. green
dash-dotted line) in Figure 4b shows that a certain error also remains at 1 C when using the
current parametrization. This is due to the overpotential at higher C-rates which depends
on the kinetic behavior. The literature reports a wide range for the exchange current density,
and, as such, for the reaction rate constants k, the reaction rate constants were fitted so that
the RMSE between simulation results and experimental data is minimized. Up to this point,
the only quantity that was fitted is the maximum solid-phase concentration. The fitting
of the reaction rates was done using the lsqnonlin optimizer in MATLAB® 2021b aiming
to minimize the difference between simulation and measurement data for a 1 C constant
current charge and discharge. All other C-rates were not part of the fitting procedure. They
serve as validation data and can be seen in Figures 5 and 6.

The best agreement between the simulated and measured full-cell potentials was found
with the reaction rate constants of 5.78× 10−12 m s−1 for the anode and 1.64× 10−10 m s−1

for the cathode. The values are also summarized in Table A2. Before further inspecting
the full-cell potential, the optimized reaction rates are checked for plausibility regarding
the range from the literature. To this end, the optimized reaction rates are re-transformed
to exchange current densities. This re-transformation is analogous to the transformation
of the initial exchange current densities to reaction rates, as described above. The results
show a re-transformed and averaged exchange current density of 2.228 A m−2 for the Si
anode and 9.108 A m−2 for the NCA cathode. These values deviate by a factor of about 2 to
9 from the initial value of 1 A m−2 for both anode and cathode, as taken from the literature.
Considering a range of several orders of magnitude for the anode exchange current density,
the fitting is considered to be within an acceptable range. For the NCA material, a value of
approximately 9 A m−2 lies at the upper end of the range given in the literature.

Figure 4b allows for a further inspection of the full-cell potential and reveals the
improvement due to the fitting of reaction rates. Here, the green dash-dotted line represents
the simulation data after the fitting of the maximum solid phase concentrations, and
the red solid line represents the subsequently optimized parametrization. Note that the
optimized parametrization consists of a single reaction rate constant for each electrode
that is optimized to match the charge and discharge at the same time. In other words: The
reaction rate constant is not dependent on the sign of the cell current or the reaction direction.
The RMSE given is that between the measurements and the optimized simulation results.
The RMSE value during charging improves by only 1.13 mV and is almost unaffected by
the optimization. This is because the regions where simulation and measurement differ
have shifted from higher to lower SoC. The RMSE value during discharging, on the other
hand, improved by approx. 28 mV, and the curves show an overall reduced deviation.
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Figure 5. Full cell potentials as validation data for the final parametrization after fitting using C-rates
of C/10 (a), C/2 (b), and 2C (c). Color-coding and representation identical to Figure 4.
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Figure 5 is similar to Figure 4 but shows the validation data at different C-rates
instead. Only the final parametrization including the optimized reaction rates is used for
the simulation data. From both figures together it can be seen that the RMSE for discharging
remains in the range between 18.30 mV and 24.02 mV for different C-rates. This indicates
that the overpotentials during discharging are well described using the symmetric Butler–
Volmer kinetics implemented here. The RMSE for charging, however, increases with
increasing C-rate, revealing that overpotentials during charging at high C-rates are more
pronounced than at low C-rates. This might indicate that kinetics are asymmetric. Another
possible explanation for this observation is an SoC-dependent porosity. With increasing
SoC, the porosity of the Si anode decreases due to intercalation-induced volume expansion.
A decrease in porosity would first occur near the separator during charging and gradually
propagate towards the current collector. Similarly, the porosity would first increase near the
separator during discharging and then gradually propagate towards the current collector.
This way, an increasing overpotential with increasing C-rate due to porosity changes is to
be expected during charging, while during discharging, a decreasing overpotential with
increasing C-rate is to be expected. Because the model does not account for such porosity
changes, the behavior in Figure 4 is different. Overall, further investigation regarding
the overpotentials during fast (dis)charging is needed in order to accurately describe the
full-cell potential. This statement agrees with the statement deduced from Figure 6.

Figure 6 shows the CC discharge capacity as a function of the C-rate. The discharge
capacity is normalized to the CC charge capacity at C/10, just as in Figures 4b and 5. Up to
2 C, the capacities predicted by the model are in good agreement with those obtained from
the measurements. The maximum deviation between simulation and measurement data up
to 2 C is <2.4% for discharging and <1.8% for charging. Especially for the discharge drawn
with dotted lines, an almost constant offset between measurement and simulation can be
seen. This could originate from the strong relaxation behavior of the qOCP measurement
which is present even at small C-rates. The model does not account for these effects. From
3 C onwards, the model overestimates the capacity for charging and discharging when
compared to the measurements. This indicates that the model underestimates the total
polarization at high C-rates.
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Figure 6. Rate capability of measurements using T-cells (black) and simulation results (red) for CC
(dis)charge tests at C-rates of C/10, C/5, C/3, C/2, 1 C, 2 C, 3 C, 5 C, and 10 C. The (dis)charge
capacity of the CC steps is normalized to the capacity during a C/10 CC charge for both, the
measurements and the model, individually. The test was conducted between 2.8 V and 4.2 V at a
constant temperature of 25 °C.

A possible explanation for the low capacity retention at elevated C-rates during the ex-
periments are mass transport limitations. Xie and Yang [60] explained the interplay between
transport in the solid and liquid phase using an electrochemical model including a graphite
anode. Due to sluggish transport in the solid particles and preferred (de)intercalation near
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the separator-electrode interface, the particle surface will become saturated, resulting in
a gradient of the surface concentration along the electrode thickness. This increases the
diffusion path length in the electrolyte to allow for further reactions, increasing the total
overpotential. The behavior described by Xie and Yang [60] is similar to that in Figure 6,
suggesting that the rate capability as seen in the figure is not exclusive to silicon.

Despite the overall good representation of the real cell behavior, one potential aspect
for optimization could lie in the model’s porosity. For the model parametrization, the
porosity calculated from data in the pristine state prior to cell formation is used. Further
information on this topic can be found in Section S1 of the Supplementary Materials.
However, because of the large volume expansion of silicon as well as the formation losses,
it is likely that the active material volume fraction after formation is different from the
value prior to formation. As a consequence, it is also likely that the increase in the active
material volume fraction causes a decrease in porosity and thus poor rate performance at
high C-rates as can be see in Figure 6. Furthermore, this decrease in porosity is likely to be
a local effect linked to the gradient in the particle concentration mentioned above. Thus, an
optimized and possibly local porosity value and as such an optimized MacMullin number
would likely further increase the model accuracy. Lastly, the error between simulation and
measurement in Figure 5 shows a clear trend with changing SoC, which might be due to
an SoC-dependent porosity affecting the overpotentials. Accounting for this effect could
enhance the model accuracy.

5. Conclusions and Outlook

Until now, the literature has not provided an electrochemical model for a silicon-
dominant electrode. Hence, the goal of this study was to parametrize and validate a
Newman-type model for a custom-built Si||NCA lithium-ion cell. Many parameters in the
model presented here, such as the porosity, could be obtained from electrode manufacturing,
while other parameters, such as the exchange current density, were taken from the literature
and underwent a fitting procedure.

In a first step, the equilibrium potentials of the half cells and the full cell were measured.
At C-rates as low as C/50, the Si half-cell potential still relaxes significantly, but the origin
of this effect has not been identified yet. The behavior at C/50 is similar to that at C/10,
indicating that more processes than just the charge transfer described by a single Butler–
Volmer equation might be at play. Thus, the qOCP measurement at constant current
have been used in the following, ignoring the model’s equilibrium potential relaxation
effect. Voltage hysteresis is accounted for by switching between lithiation and delithiation
half-cell potentials.

In a second step, a balancing process of the measured half cell qOCP curves was per-
formed. A proper superposition of the half-cell potentials then yields the reconstructed full-cell
qOCP curve with a RMSE of 2.907 mV for the charge step and 5.432 mV for the discharge
step. The measurements needed for this balancing process also allow for an estimation of the
anode and cathode utilization, and as such allow for an estimation of the DoL.

In a third step, the maximum solid-phase concentrations were fitted in such way that
the model’s relative concentration is always bounded by the minimum and maximum DoL
obtained in the previous step. Additionally, the concentrations were scaled so that the
model’s capacity meets that of the measurements.

In a fourth and final step, the model’s reaction rate constants were fitted for a 1C
constant current charge and discharge step. The fitting was performed in such a way
that the full-cell potential during both charging and discharging is described by a sin-
gle parameter set. Different C-rates between C/10 and 10 C were used to validate the
model parametrization. The model can describe the full-cell potential and also meets
the constant current (dis)charge capacity. This is true up to a C-rate of 2 C. At higher
C-rates, the model underestimates the polarization when comparing the simulation results
with measurements.
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Overall, the model results are satisfying, with an RMSE between measurements and
the simulations of 20.59 mV and 24.02 mV during 1 C charging and discharging, respec-
tively. At the same time, the absolute error in the normalized capacities is 1.27% and
2.75%, respectively. Thus, the presented parametrization is considered valid to describe a
silicon-dominant anode when a Newman-type model is used, under the premise that:

• Si is partially lithiated to a similar degree as in this study and as such does not undergo
further amorphization or crystallization.

• Model equations have not been adjusted, for example with respect to complex elec-
trode kinetics, solid state diffusion, or volumetric changes.

• Voltage hysteresis is accounted for via two equilibrium curves rather than a dedicated
hysteresis model.

In future work, several aspects regarding silicon-dominant anodes can be further
investigated. Optimized parameters such as DoL-dependencies for the solid-phase diffu-
sivity or the electrical conductivity could further improve the model quality. Additionally,
a dedicated voltage hysteresis model could prove valuable to better describe the voltage
behavior during open-circuit periods. An overview, including suggestions for experimen-
tal studies, is given for each of the parameters that have been taken from literature. An
understanding of the origin of the strong relaxation behavior, including an appropriate
kinetics model, would benefit subsequent studies. Closely related to this is an analysis of
polarization at high currents. Since only laboratory cells were used, isothermal conditions
were assumed for all experiments and simulations. A scale-up to a large-format pouch cell,
for example, would require a thermal model to capture temperature-related effects such
as joule heating and entropic heating. Similarly, a suitable mechanical model, because of
the large volumetric expansion, is needed to capture porosity changes and related effects
on the mass transport. Eventually, a fully coupled physicochemical-mechanical-thermal
model would be required to capture all mentioned effects properly.
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Abbreviations
The following abbreviations are used in this manuscript:

Acronyms
AM active material
CC constant current
CV constant voltage
DoL degree of lithiation
DVA differential voltage analysis
GITT galvanostatic intermittent titration technique
Li lithium
LIB lithium-ion battery
NCA nickel-cobalt-aluminum-oxide
PITT potentiostatic intermittent titration technique
pOCP pulsed open-circuit potential
qOCP quasi open-circuit potential
RMSE root-mean-squared error
SEI solid-electrolyte interphase
Si silicon
SoC state of charge
Roman Symbols
C capacity, Ah
c concentration, mol m−3

D diffusivity, m2 s−1

d ln f±
d lncl(x,t) activity, no unit

Eeq equilibrium potential, V
F Faraday’s constant, 96,485 A s mol−1

i current density, A m−2

i0 exchange current density, A m−2

jn pore-wall flux, mol m−2 s−1

k reaction rate constant, m s−1

L through-plane thickness, m
NM MacMullin number, no unit
r r-axis or r-dimension (pseudo dimension), m
R universal gas constant, 8.314 J mol−1 K−1

Rp particle radius, m
T temperature, K
t time, s
t+0 transference number, no unit
x x-axis or x-dimension, m
Greek Symbols
α charge transfer coefficient, no unit
χ stoichiometry, no unit
ε volume fraction, no unit
η overpotential, V
κ conductivity, S m−1

ϕ electrical potential, V
ρ density, kg m−3
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Subscripts & Superscripts
a anodic
app applied
c cathodic
eff effective
gr gravimetric
l liquid phase
max maximum
ref reference
s solid phase
surf surface
th theoretical
tot total

Appendix A. Model Equations and Parameters

Table A1. Equations for the p2D model. Here, ∇x is the spatial gradient in the real dimension,
i.e., along the through-plane direction of the cell stack, and ∇r is the spatial gradient in the pseudo
dimesion, i.e., along the radius of the spherical active material particles.

Spatial gradients ∇x = ∂
∂x , ∇r =

∂
∂r (r in spherical pseudo dimension) (A1)

Mass balance εl
∂cl(x,t)

∂t = ∇x

(
Deff

l (cl(x, t))∇xcl(x, t) +
il(x,t)(1−t0

+)
F

)
(A2)

Mass balance ∂cs(x,t,r)
∂t = ∇r(Ds∇rcs(x, t, r)) = 1

r2
∂
∂r

(
Dsr2 ∂cs(x,t,r)

∂r

)
(A3)

Potentials ∇x ϕl(x, t) = − il(x,t)
κeff

l
+ 2RT

F
(
1− t0

+

)(
1 + d ln f±

d ln cl(x,t)

)
∇x ln cl(x, t) (A4)

∇x ϕs(x, t) = − is(x,t)
κs

with iapp(t) = is(x, t) + il(x, t) ∀ x, t (A5)

Charge balance ∇xil(x, t) +∇xis(x, t) = 0 with ∇xis(x, t) = − 3εAM
Rp
F jn(x, t) (A6)

Electrode kinetics jn(x, t) = i0(x,t)
F

(
exp

(
αaFη(x,t)
RT

)
− exp

(
− αcFη(x,t)

RT

))
(A7)

η(x, t) = ϕs(x, t)− ϕl(x, t)− Eeq(x, t) (A8)

i0(x, t) = Fkαa
c kαc

a
(
cs,max − cs,surf

)αa
(
cs,surf

)αc
(

cl
cl,ref

)αa
(A9)

Effective transport parameters κeff
s =

κs

NM
, κeff

l =
κl

NM
, Deff

l =
Dl
NM

(A10)

Boundary conditions ∇xcl(x, t)
∣∣
x=0 ∧ x=Ltot

= 0 (A11)

∇x ϕl(x, t)
∣∣
x=0 ∧ x=Ltot

= 0 (A12)

ϕs(x, t)
∣∣
x=0 = 0 (A13)

∇x ϕs(x, t)
∣∣
x=Ltot

= − iapp

κeff
s

(A14)

∇rcs(x, t, r)
∣∣
r=0 = 0 (A15)

∇rcs(x, t, r)
∣∣
r=Rp

= − jn
Ds

(A16)
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Table A2. Parametrization of the p2D model with NCA||Si electrodes.

Anode Separator Cathode

Geometry
Thickness coating L 46 µm m,c 2× 260 µm d 68 µm m,c

d50 particle radius Rp 2.25 µm L1 3.0755 µm d

Active material volume fraction εAM 0.32 c 0.61 c

Electrolyte volume fraction (porosity) εl 0.50 c 0.55 L8 0.32 c

MacMullin number NM 5.385 c 1.29 L9,c 7.333 c

Thermodynamics
Equilibrium potential Eeq Figure 1 m Figure 1 m

Stoichiometry χ 100% SoC 0.3068 f 0.1396 f

0% SoC 0.0396 f 0.7954 f

Max. concentration cs,max 322,067 mol m−3 c,f 46,400 mol m−3 c,f

Transport
Solid diffusivity Ds 2× 10−15 m2 s−1 L3 1× 10−14 m2 s−1 L7

Electric conductivity κs 33 S m−1 L3 1 S m−1 L6

Kinetics
Reaction rate constant k 5.78× 10−12 m s−1 L2,f 1.64× 10−10 m s−1 L4,f

Anodic charge transfer coefficient αa 0.5 a 0.5 a

Cathodic charge transfer coefficient αc 0.5 a 0.5 a

Electrolyte *

Salt diffusivity Dl in m2 s−1 *, L5 10−4 · 10−4.43− 54
T−(229+5cl )

−0.22cl

Ionic conductivity κl in S m−1 *, L5,f 0.5358 · 10−1cl(−10.5 + 0.668cl + 0.494c2
l + 0.0740T − 0.0178clT − 8.86 ·

10−4c2
l T − 6.96 · 10−5T2 + 2.8 · 10−5clT2)2

Activity d ln f±
d ln cl(x,t) (no unit) *,L5 (0.601−0.24c0.5

l +0.982(1−0.0052(T−293.15))c1.5
l )

1−t0
+

− 1

Transference number t0
+

L5 0.38
Reference concentration cl,ref

a 1 mol m−3

* Analytic functions for the electrolyte are physically not interpretable. Input arguments are to be normalized (con-
centration cl per mol L−1 and temperature T per K). The functions are only valid for cl ∈ [0 mol L−1;≤ 4 mol L−1].
The output value is to be interpreted in the unit given in the table. a assumption; c calculated; d from supplier
data sheet; f fitted, based on data sheet (d,f) or based on the literature (L,f); L from the literature; L1 [13]; L2 [20];
L3 [37]; L4 [40]; L5 [46]; L6 [49]; L7 [53]; L8 [64]; L9 [65]; m measured.
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Appendix B. Additional Measurement Results
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Figure A1. Approximation of the quasi open-circuit potential (qOCP) under constant current dis-
charge at C/50 and 25 °C. Differential voltage analysis (c) was used to reconstruct the measured
qOCP vs. full-cell SoC (a) under discharge of the full cell (see NCA+Si (FC)) via the (de)lithiation
paths of the respective half cells (see NCA (HC) and Si (HC)). The approximation errors vs. SoC as
well as the RMSE of the qOCP are shown in subplot (b)).
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