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Silicon is a frequently used active material in the negative electrode of lithium-ion batteries which provides
significant improvements in the energy density. Due to large volume changes during cycling, it is typically
mixed with graphite. Understanding the interactions of composite materials during battery operation is key to
optimizing battery performance and predicting aging phenomena. Even though lithium plating is a critical
degradation process, which influences both lifetime and safety, a systematic analysis of electrochemical
material parameters affecting plating in composite electrodes is missing. Therefore, a parameter study is
performed using 3D microstructure-resolved simulations. We investigate the influence of critical material
parameters such as open-circuit potential, electronic conductivity, chemical diffusion coefficient, and exchange
current density in simple and interpretable model geometries. The simulations reveal the importance of
chemical diffusion and exchange current density, as well as their ratio, in predicting plating. Finally, we apply
the set of material parameters to a complex electrode geometry reconstructed from FIB/SEM tomography data
of commercial anode material. The analysis shows that preferential plating on the electrode surface dominates
all other factors.

1. Introduction metallic Li on the surface of Si/graphite anodes are crucial to improve
the performance and safety of state-of-the-art Li-ion batteries. Experi-
mental works by Fliigel et al. [15] as well as Yang et al. [16] highlight
a decreasing risk of plating with increasing Si content in the composite
anodes. The dominating effect is the reduction of the thickness of the
anode coating which reduces the transport limitations at a constant
areal capacity. On the other hand, Chen et al. [17] report in their
simulation study an increasing risk of plating due to the typically low
Li chemical diffusion coefficient of Si. A major challenge to gain a

The global demand for high-performance batteries continues to
grow. While the primary characteristics depend on the application, the
key criteria are energy density, safety, cost, and sustainability of the
batteries. Lithium-ion (Li-ion) batteries play a key role, especially for
electric vehicles (EVs) and portable electronics. A popular option for
the negative electrode material is still graphite due to its long cycle life,
high abundance, and comparatively low cost [1,2]. However, further
improvements are needed, for example, to achieve sufficient driving

range. A promising material for the anode is silicon, which is both abun-
dant and offers a ten times higher theoretical capacity (3579 mAh/g
for Li;5Si,) compared to graphite (372 mAh/g for LiCy) [3,4]. Silicon,
on the other hand, experiences large volume changes during lithi-
ation and delithiation and generally has low Li mobility negatively
impacting cycle life and performance [5,6]. To take advantage of the
high theoretical capacity and limit deformation during cycling, Si is
mixed with graphite in Si/graphite composite electrodes [7,8]. How-
ever, electrochemical aging mechanisms, especially Li plating, have not
been extensively studied in the literature due to complex interactions
between the different materials in the electrode microstructure.
Plating is a major aging mechanism causing rapid degradation and
fundamental safety risks [9-14]. The relevant factors for deposition of

comprehensive understanding of the critical properties and parameters
of plating in Si/graphite composites is the large number of different
graphite and Si or SiO, materials used in different studies. Recently,
Tao et al. [18] demonstrated that the Si source has a significant
effect on plating in composite electrodes. In addition, the electrode
microstructure and material morphology can affect plating in complex
electrode structures [19].

By using simulation studies it is possible to disentangle the interplay
between different materials in model geometries [20] as well as com-
plex microstructures [21]. Simplified models or structures are helpful to
break down the problem, as they allow parameter sensitivity analysis in
general [22-25]. Within the last years, a significant number of models
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of Si/graphite electrodes have been published in the literature [17,21,
26-34]. Furthermore, recent work that addressed the aspect of plating
in Si/graphite composite electrodes emphasized the importance of the
topic [15-18,35-38]. Due to different materials or model assumptions,
the published model and material parameters deviate by orders of
magnitude. Significant differences in the prediction of plating can be
expected when using these parameters in electrochemical simulations.
However, a systematic analysis of the impact of varying parameters on
plating is still missing.

Several models of plating on graphite and Si/graphite electrodes
have been published in the literature [10,19,20,37,39-44]. While most
of these articles use homogenized Newman-type models, only few
attempts have been made to track plating directly in the complex
electrode microstructure [10,19,39,41,42]. In the latter approach, the
relevant transport phenomena within the complex structure are in-
trinsically captured and provide direct coupling between the particle
morphology, electrode microstructure, and degradation processes, in-
cluding the deposition of metallic Li. High resolution imaging e.g. using
focused ion beam milling with scanning electron microscopy (FIB/SEM)
is important to capture structural details of pores, passive and active
materials [45].

In this work, we investigate the influence of different electrochem-
ical parameters on plating in simple model geometries and complex
electrode microstructures during galvanostatic charging. A 3D model
system consisting of two equally sized spherical particles, which rep-
resent graphite and Si or SiO,, is utilized to investigate the impact of
varying electrochemical parameters on plating on the particle surface.
Therefore, values for the chemical diffusion constant of Li in the
active materials, the electronic conductivity, the open-circuit potential
of active material versus Li, and the rate constant of the Faradaic
reaction are compiled from literature and used in physico-chemical
simulations. Subsequently, we use FIB/SEM tomography data of a com-
mercial Si/graphite composite anode as input for half-cell simulations
to investigate lithiation and metallic Li deposition for varying C-rates in
a complex microstucture. The simulation study provides an improved
understanding of the relevant parameters that affect Li plating and, ulti-
mately, will enable optimization of the design of Si/graphite composite
electrodes.

2. Methods
2.1. Model description

Simulations in this work are based on the model developed by Latz
and Zausch [47] which was extended by Hein et al. [10,41] to include
the effect of Li plating. Detailed derivations of the model equations
can be found in the original publications. In this section, we briefly
summarize the governing equations for an isothermal setup.

The transport of Li in the active material as a function of time 7 is
given by

acmat
_ s t t
0=— + V. (-DMatycmat) @
| —
Nt

cg‘lat is the concentration of Li in active material mat € {Gr, Si}
and D™ the corresponding chemical diffusion coefficient. The charge
conservation equation in the solid phase is used to calculate the elec-
trostatic potential ¢™'. The electronic current j™ is determined by
the local gradient in ¢™" and the electronic conductivity k™" of the
materials:
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Transport in the electrolyte is described by conservation equations of
mass and charge according to
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The variable ¢, is the porosity of materials with pore sizes below the
resolution limit of our simulations. In the present study, this refers
to the conductive additive and binder domain (CBD). The effective
transport parameters A € {«®ff, Deff, .} are calculated depending on
bulk material properties A, porosity &, and tortuosity 7, namely A°f =
e-771. A. More details can be found in the work of Knorr et al. [48]. Note
that in the bulk electrolyte ¢, equals one and the effective transport
parameters correspond to bulk material parameters of the electrolyte.
At the interface between electrolyte and anode active materials, we
consider both intercalation and plating reactions following a general
Butler-Volmer type expression. Thus, the intercalation current between
electrolyte and active material is given by

mat _ -mat o, F mat (d-a)F mat
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Similarly, the plating/stripping current on the particle surface is de-
scribed by

.mat _ .00 03 0.3F t 0.7F t
it = 15 0 (e (St ) —ewn (- S ) ®
4
mat __ jmat RT nPl,mat
Myifsy = O = @+ T I ——e— ). )
Mp1o T " prmat

Additionally, the model includes chemical intercalation of plated Li
according to
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We keep track of the amount of Li on the surface by solving
a"Pl,mat = [ pymat ir;’]Ia/tSr 4 12
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where Ap, . is the particle surface area covered by plated Li. Note
that the active surface area with CBD is scaled by the CBD porosity.
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In this study, we additionally consider exchange of Li between graphite
(mat,) and Si (mat,) or vice versa. Driving force of the process is the
chemical potential represented by the open-circuit potential UO,mat/’
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Table 1
List of symbols.
Symbol Unit Value® Description
¢, mol/cm? Li concentration in solid phase
epex mol/cm? Maximum solid phase Li concentration
? mol/cm? Initial solid phase Li concentration
X - Lithiation fraction
D, cm?/s Diffusion coefficient of solid phase
N, mol/(cm? s) Ion flux in solid phase
Ky S/cm Electronic conductivity of solid phase
X \4 Electric potential of solid phase
Js A/cm? Current density in solid phase
c, mol/cm? Concentration in electrolyte phase
? mol/cm? 1073 Initial concentration in electrolyte phase
D, cm?/s See SI of [46] Diffusion coefficient of electrolyte phase
1, - See SI of [46] Transference number
Je A/cm? Current density in electrolyte phase
N, mol/(cm? s) Ion flux in electrolyte phase
K, S/cm See SI of [46] Tonic conductivity of electrolyte phase
£, - 0.5 Porosity within CBD and separator, else set to 1
Tc_l;ue - 0.2 Inverse effective tortuosity in liquid CBD phase
@, A Electrochemical potential of electrolyte phase
T K 298.15 Temperature
U, J/mol Chemical potential
i A/cm? Current density
igo Acm?3/mol'? Exchange current density
a, - 0.5 Anodic transfer coefficient
n A Overpotential
U, \4 Equilibrium potential
N mat;.mat mol/(cm? s) Li flux between adjacent active materials
Ng;a“’matz cm/s 32775 - 1077 Reaction rate for adjacent active materials
Np1ysi A Overpotential of plating reaction
np - Number of mono layers of plated Li
fpro - 1010 Initial number of mono layers of plated Li
ipiysi A/cm? Current density for plated Li
i% /st A/(cm!!' mol®3) 0.0631 Exchange current density for plated Li
et \ Overpotential of chemical intercalation
Nenm, mol/(cm? s) Li flux between solid phase and plated Li
NS o mol®3/(cm® s) 1.0364 - 10~° Chemical intercalation rate constant
Ap cm? Surface area covered by plated Li
Aroral cm? Active material surface area
KcBD S/cm 10 Electronic conductivity of conductive CBD phase
TC_l;D,x - 2 Inverse effective tortuosity in conductive CBD phase
7! - 0.7071 Inverse effective tortuosity within separator

sep

a Stated if the same is applied for all simulations.

j € {1,2}. The transfer of Li between two active materials is described
by

N mat;.maty _ N(:I(;ﬂthmﬂtz - Cgﬂatl C;ﬂﬂtz )OAS
. F mat, mat,
- 2sinh (ﬁ (Uo,m.cltl (™) = Up mag, (€] ))) , an
NP . p= _N™2 . p, 18)

Symbols used throughout this work are summarized in Table 1.
2.2. Model parameters

At the beginning of a simulation using physico-chemical models,
several parameters must be specified. While geometric parameters
such as electrode thickness, width, and length are typically known
or experimentally accessible, others such as electrode composition
or particle size can be determined from tomography data. Finally,
physico-chemical parameters require model experiments or a fit to
electrochemical data. For this class of parameters, the measurement un-
certainties and deviations from the values reported in the literature are
the largest. A summary of experimental techniques for parameterization
can be found in [45].

In our study, we focus on four physico-chemical parameters that
influence transport and kinetics into and within the active material
of the Si/graphite composite electrode. Parameters of the electrolyte
and other materials are summarized in Table 1. Relevant parameters
in our study are the chemical diffusion coefficient of Li in the active

material, the electronic conductivity of the active material, the open-
circuit potential of the active material, and the rate constant of the
Butler-Volmer expression for the intercalation current. Note that the
parameters of one material also affect the lithiation and plating of the
other material, and the interactions can be complex. This is a common
effect reported for Si/graphite composites [17,18,20,26,29,49-51].

In this work, we present a parameter study covering the range
of values reported in the modeling literature and existing databases
(e.g. LiionDB [52]) for Li-ion battery models. Although providing a
comprehensive overview of Si and graphite model parameters pub-
lished in literature, we do not aim to give a complete review of
the existing literature. Note that model parameters for graphite are
typically in a similar range and there is some consistency between
different studies, while the differences for Si materials are much larger.
This is due to different morphologies and chemical compositions of
Si materials published in the literature. Moreover, crystalline Si is
known to become gradually amorphous during cycling which also has
a significant impact on material properties. In our study, we assume
that parameters are representative of materials after several formation
cycles. Therefore, the focus of this study is primarily on the effect of
variations in the properties of the Si active materials.

2.2.1. Open-circuit potential

The main thermodynamic parameter of an active material is the
open-circuit potential (OCP), commonly measured or expressed against
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Fig. 1. Overview of relevant lithiation OCP curves found in literature. Solid lines
indicate OCPs considered in parameter study.

a Li metal electrode. The OCP changes as function of the Li concentra-
tion ¢™2" of the respective material. Often the galvanostatic intermittent
titration technique (GITT) is used to retrieve the equilibrium poten-
tial [29] as function of relative Li content. Typically, fits of the OCP are
provided as function of normalized Li concentration x™, expressed as

mat
mat _ _Cs 19
xs - mat,max >
Cs
mat,max - . . . g .
where Cg is the maximum Li concentration or spec1f1c capacity of

the respective material.

For graphite we use in our study the OCP obtained within the
work of Hogrefe et al. [53] (details provided in the Supplementary
Material). Si shows a significant hysteresis between lithiation and
delithiation [32,54-57] which is mainly attributed to the dependence
of electric potential on the stress in lithiated Si [4]. We focus on
reported lithiation curves as they are relevant for charging and Li
plating. Although mechanics are out of the scope of this paper, the
stress caused by Li alloying induced swelling of Si particles is therefore
implicitly included in the simulations. Additional stress caused by
e.g. the housing of the electrodes was found to be in the order of 5 MPa
for cylindrical cells with moderate Si content. The estimated effect on
the OCV assuming stress potential coupling of 62 mV/GPa is less than
1 mV and neglected in our simulations. Fig. 1 gives an overview of
Si lithiation OCPs found in literature. OCP curves of the different Si
materials differ due to morphology, chemistry, and carbon content.
Chandrasekaran et al. ([3], purple dotted line), Ding et al. ([58], yellow
dotted line), and Kolzenberg et al. ([59], dark green solid line) consider
nanometer sized particles. In contrast, micro-Si is applied by Pereira
et al. ([26], gray dotted line) and Lory et al. ([29], red solid line).
Pan et al. ([60], cyan and blue solid lines) study both Si and SiO,.
Their detailed experimental analysis was already utilized in [61] for
simulations. Finally, Sturm et al. ([62], brown dotted line) and Chen
et al. ([45], bright green dotted line) consider composite materials
with high graphite fractions resulting in similar OCPs compared to the
graphite reference OCP ([53], black solid line). An analytic expression
for the Si OCP function is provided by Kolzenberg et al. [59]

~0.2453 (x51)7 - 0.00527 (x5)? + 0.2477xS1 + 0.006457 20

Uy (x5 = -
osilxs) xS1 4 0.002493

In other cases, we extract OCPs from the image data and interpolate
between tabulated values provided in Table S1. As the number of
different OCPs is restricted in the following study, those included in
the study are indicated by solid lines in Fig. 1.
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Table 2

Summary of the chemical diffusion coefficients D™ [em?/s] found in literature.
Der References DSi References DSI¢ References
10~ — 1077 [63-65] 3.10710 [66] 5.10710 [62]
910710 [67,68] 1.67 - 10710 [27,32,69] 2.4-107'  [70]
710710 [66] 2-1071 [71,72] 1.74- 107" [45]
5510710 [27,32,73] 3.10712 [33,72]
3.9.10710 [10,33,74,75] 2-107'? [76]

[77-79] 10712 [26,58,80]

3.4558 - 10710 [46] [81]
210710 [26,40,82,83] 10713 [59,84,85]
10710 [86] (2-3.5)-1071* [87]
101 [88] 1014 [3]

2.2.2. Chemical diffusion coefficient

We model the diffusion of Li within active particles by Fick’s law
as given in Eq. (1). Values of the chemical diffusion coefficient D?“a‘
reported in the literature are listed in Table 2. Note that values for
both graphite and Si materials vary by several orders of magnitude.
Generally, particle size and shape affect calculations of apparent dif-
fusion coefficients. Additionally, the SEI or cracks and micropores in
the materials affect the Li transport in the particles and extracted ef-
fective chemical diffusion coefficients accordingly. The range reported
for graphite is between 10~° and 10~!! cm?/s. However, majority
of considered studies report chemical diffusion coefficients between
2-4-107'% cm?/s. In our simulation study, we use a chemical diffusion
coefficient of 2 - 107!9 cm?/s as standard parameter for graphite.

For Si materials the large volume expansion and corresponding
changes in molar volume, electrode tortuosity, surface area, and mor-
phology add to errors in measured chemical diffusion coefficients.
In their comprehensive characterization of Si and SiO, material, Pan
et al. [60] report that the diffusion coefficient in SiO, particles is one
order of magnitude larger compared to micrometer sized Si particles.
Moreover, diffusion coefficients in these micro-Si particles are one
order of magnitude larger than those in nano-Si particles.

Since some models or measurement techniques do not differentiate
between the Si and graphite in the composite, in Table 2 and the
following two tables a column for SiC is added.

2.2.3. Exchange current density

The next electrochemical parameter dealt with in the parameter
study is the exchange current density of the Li intercalation reaction,
iomat. The exchange current density is correlated with the active sur-
face area of the materials. Therefore, we expect, and indeed observe,
significant variability in the reported values [89]. In general, the ex-
change current density can be calculated from the charge transfer
resistance measured by electrochemical impedance spectroscopy (EIS)
or determined by fit to rate experiments. The Faradaic current density,
the current associated with the electrochemical reaction at the solid-
electrolyte interface, is in our model described by the Butler Volmer
Equation (5).

In Table 3, we provide values for the exchange current density factor

i{)'(‘)a‘. In our simulation study, the impact of varying io“‘o"it is analyzed
and i§" = 0.079 Acm?3/mol'? is taken as standard. Exchange current

density factors reported for graphite vary within a comparatively small
range. However, as also pointed out by Verma et al. [84], there is a
significant spread in the values reported for Si.

2.2.4. Electronic conductivity
Lastly, electronic current in the active material (see Eq. (2)) is
governed by the electric conductivity of the materials ™. Typical

values reported in the literature for graphite, KSGr, and Si, Kfi, are listed
in Table 4. Note that effective conductivities are commonly measured
on the electrodes or compressed powders which are expected to be
generally lower compared to the electronic conductivity of the bulk
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Table 3
Summary of the exchange current density factors if* [Acm®®/mol'®] found in
literature.

iS References i} References  iSic References
23.638825° [26] 24.1212° [3] 0.2895% [62]
1.497019° [90] 19.297% [26]
0.367% [79] 0.57891* [33]
0.1879299° [74] 0.0648%7 [32,45]
0.1447% [88] 0.0096485% [66]
0.1397% [91] 9.6485 - 10742 [80]
0.1098933° [92] 1.73673 - 1072 [84]
0.096485° [66]
0.088 [10]
0.0790* [83]
0.0648%* [32,45]
0.0254 [46]
0.002 [86]
a Multiplied by Faraday constant to fit model definition.
b Determined by given if"* and concentration.
Table 4
Summary of the electronic conductivities ™ [S/cm] found in literature.
KT References kSt References KSic References
21.2 [93] 1 [81] 10 [66,70]
10 [10,86,94] 0.33 [33,80,95] 2.15 [32,45]
1 [40,46,67,68] 0.01 [27] 1 [62]
[73,74,79] 6.7-107* [96]

0.139 +0.034 [91]

materials. The first column provides effective electronic conductivities
of graphite electrodes including binder and conductive additives. The
second column provides data on Si containing electrodes, while the
third column gives an overview of composite electrodes. In our study,
we use an electric conductivity of graphite of 1 S/cm as standard.

2.3. Simulation methodology

In this study, we use two different setups to investigate plating in
Si/graphite composite electrodes. We perform an extensive simulation
study in a simplified half-cell model geometry consisting of two spherical
particles. In a second step, we investigate plating in a complex electrode
microstructure of a Si/graphite anode retrieved from a commercial cell.

2.3.1. Model half-cell geometry

Simulation domain. Fig. 2(a) shows the setup employed in the param-
eter study consisting of two geometrically identical spherical particles
with a diameter of 10 pm, later on referred to as particle 1 (P1, dark
blue) and particle 2 (P2, cyan). The two particles are attached to
a current collector (CC, dark gray) and are 0.5 pm apart from each
other. The particles are surrounded by liquid electrolyte. Between the
particles and the Li metal counter electrode shown in brown color is
a 20 pm thick porous separator. The separator is soaked with liquid
electrolyte (50 % porosity resulting in Ts_e; = 0.7071). The resolution
of the simulation domain is 0.1 pm and we apply periodic boundary
conditions.

Fig. 2(b) shows a slightly modified setup wherein the diameter of
the first particle is increased to 11.7 pm and the diameter of the second
particle is reduced to 2.4 pm. This reflects the average particle sizes of
graphite and Si in the tomography data of the commercial cell described
in Section 2.3.2 [45]. The transparent cyan area indicates electronic
connection to the current collector (material with 90 % porosity and
high electric conductivity of 1000 S/cm). Note that the setup was
chosen to minimize impact on electrolyte transport and to ensure that
the surface of particles 1 and 2 have the same distance to the Li metal
counter electrode.

Simulation procedure. In order to investigate the effect of electrode
composition on lithiation and plating, the aim of the simplified model

Electrochimica Acta 506 (2024) 145010

a) b) cPLmax [29]
s
30032 - 10-° mol/cm?
cfZ,mﬂx [29]
272030 - 10~% mol/cm?

xxsnat‘U 0.01

OCP Eq. (S1) [53]
pmat [83]
2-1071° cm?/s

jmat [83]
0.0079 Acm>®/mol'”

el
Kmat 1 S/cm [74]

Fig. 2. Visualization of geometry of model half-cell with two (a) equally and (b)
unequally sized particles representing graphite (P1, dark blue) and Si (P2, cyan) next
to an overview of the standard input values.

geometries is to reduce complexity and focus on the effect of physico-
chemical parameters only. In a first step, we set parameters of particle
1 and 2 equal to the standard values of graphite provided in Fig. 2
and discussed above. Exception is the specific capacity of the materials
represented by the maximum concentration. cfz""“ corresponds to the
theoretical capacity of Si. In the subsequent study, we keep three of the
four material parameters constant and vary only the fourth material
parameter. Lithiation and plating behavior is studied by simulating
constant current lithiation and plating with 1 C rate for up to 1 h.

2.3.2. Complex electrode microstructure

Simulation domain. Transfer to state-of-the-art electrode geometries is
crucial to account for realistic particle shapes in complex and realistic
electrode microstructures with state-of-the-art composition. In order
to analyze Li plating in realistic Si/graphite electrode geometries, we
image and analyze the anode of a commercial LG INR21700-M50T cell.
This or similar cells have been also investigated in [32,45,97].

A 3D reconstruction of the microstructure of the Si/graphite com-
posite anode is obtained via FIB/SEM tomography. The methodology
is described in detail in the Supplementary Material. The reconstruc-
tion representing a fraction of the electrode volume has a size of
30 x 35 x 46 pm? with the z-direction pointing in the direction from CC
to separator. The voxel size of the reconstruction is 80 x 80 x 80 nm>.
For the simulations, the voxel size is increased to 160 x 160 x 160 nm? in
order to decrease the computational cost. Note that the image operation
did not change the composition of the electrode. For the generation
of a digital twin of the composite anode, the structure is mirrored in
z-direction and cropped to an electrode thickness of 85.2 pm [32]. Fi-
nally, we add CBD with 50 % porosity [98]. The volume fractions of the
electrode are 15.9 vol% electrolyte, 79.7 vol% graphite, 1.8 vol% Si, and
2.5 vol% CBD. The composition obtained from FIB/SEM tomography is
in good agreement with previous studies on these electrodes. Due to the
low Si content, we neglect volume changes in our simulations [34].

Finally, we assemble virtual cells comprising an anode CC, a Li
metal counter electrode, a 20 pum thick separator, the Si/graphite
composite electrode, and a cathode CC. The resulting digital twin of
a half-cell with the anode of the LG INR21700-M50T cell is depicted in
Fig. 3.

Simulation procedure. Aim of the simulation study is to examine plating
in a realistic 3D Si/graphite microstructure. To analyze the lithiation
and plating behavior, we simulate lithiation with various currents up
to 1 C. Material parameters for these simulations are summarized
in Table 5 and specified based on how frequently they were used
in other publications and how comparable those setups were to an
LG INR21700-M50T anode. For example, SiO, [60] is a good OCP
choice as it is deduced from GITT measurements on the mentioned
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Fig. 3. Digital twin of a half-cell used to simulate Li plating. The microstructure of
the Si/graphite composite electrode is obtained by FIB/SEM tomography of the anode
material of an LG INR21700-M50T cell (left to right: CC in green, counter electrode in
white, separator in red, electrolyte in yellow, CBD in green, graphite in dark blue, Si
in cyan, CC in green).

Table 5
Summary of input parameters for simulations of the adjusted model setup and complex
electrode microstructure.

Parameters Graphite Si

cmato [mol/cm?] 300.32- 1076 17321.95-107°
ocp [v1 Eq. (S1) Si0, [60]
D [cm?/s] 3.9-1071° 3.10712

et [S/cm] 1 0.33

gt [Acm?3 /mol*?] 0.079 0.0096485

cell. Furthermore, the chosen chemical diffusion coefficient for Si is
one of the higher values considered for D??/5! if those of carbon-mixed
materials are neglected. This aligns with the fact that in the commercial
anode SiOy is to some extent applied since this shows higher diffusion
than Si [60]. The value is utilized in the rather recent publication of
Jiang et al. [33] where micro meter sized particles are considered with
a similar size proportion for Si and graphite as in the LG cell. Thus,
it comes naturally to mind to choose Jiang et al.’s graphite diffusion
coefficient as well. This choice is affirmed by the number of references
that used DS =3.9-107'% ecm?/s already. i§) = 0.0648 Acm?>?/mol'? is
from a recent publication of Chen et al. [66] that considers Si particles
with a diameter of 2 um in a Si/graphite anode as well.

3. Results and discussion
3.1. Model half-cell geometry

3.1.1. Open-circuit potential

In a first step of investigating the effect of electrode composition on
lithiation and plating, we apply the OCP of graphite to the first particle
and use five different OCPs representing graphite and four Si materials
for the second particle. The results of the 1 C lithiation simulations are
shown in Fig. 4. Fig. 4(a) presents the half-cell voltage during lithiation.
The graphite reference case shows generally the lowest cell voltage. At
around 0.5 h the voltage drops below 0 V indicating the phase where
the risk for Li plating increases. However, the cell voltage continues
to decrease up to 0.92 h before we observe a constant cell voltage of
around —50 mV. The constant cell voltage indicates full coverage of the
particle surfaces with plated Li.

The change of P2 to the OCP of Si materials causes an increase of the
cell voltage as it is commonly reported for Si/graphite composite elec-
trodes. It is generally anticipated that, therefore, addition of Si reduces
the risk of Li plating. Indeed we observe that simulations with a particle
using Si OCP stay longer above 0 V during lithiation. However, they
tend to decrease more rapidly afterwards, reaching constant voltage of
—50 mV earlier compared to the graphite reference. Note that, although
differences in the OCP are minor (cf. Fig. 1), there can be pronounced
differences in the simulated cell voltage e.g. comparing Si and SiO,
from [60].

Corresponding plating thicknesses are shown in Fig. 4(b). The sim-
ulation using the OCP representing the Si material of Lory et al. [29]
shows a linear increase in plating thickness right after 0.8 h. As indi-
cated by the constant cell voltage, other OCPs result in delayed onsets
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of plating and lower average thickness accordingly. Since lithiation of
the particles is crucial to the onset of plating, we present maximal
(abbreviated max) lithiation fractions in Fig. 4(c). Different symbols
represent lithiation of P1 (asterisks, graphite) and P2 (open squares,
variable OCP), respectively. For the graphite reference case (black) the
lithiation fraction in both particles increases linearly over time. The
onset of plating causes a noticeable change in the slope of the lithiation
curves. Moreover, slight differences can be observed in the lithiation
fraction of the two particles, which is due to the higher capacity of P2.
In the other cases when P2 is representing different Si materials, P2 is
lithiated preferentially due to the higher OCPs. The onset of plating is
also clearly visible by a kink in the lithiation fraction of P1. Note that
lithiation fractions increase despite coverage of the particle surfaces
with plated Li which can be linked to the chemical intercalation of Li
(Eq. (13)).

The corresponding 3D distributions of normalized Li concentration
and plated Li thickness can be found in Fig. 4(d). On the left-hand
side, we present the graphite reference case after 0.78, 0.86, 0.98,
and 1 h of lithiation. Note that in all cases the cell voltage is well
below 0 V. Lithiation of the particles is rather homogeneous with
slightly higher concentrations close to the separator. As a result we
also observe a higher plating thickness at the bottom of the particles.
After 1 h, plating thickness ranges from 26 to 170 nm. Moreover, plating
is more pronounced on P1. The only difference between P1 and P2 is
the specific capacity of the particles. This indicates that the specific
capacity of the materials is a factor influencing the distribution of
plating on different materials. Considering identical particles with the
same specific capacity yields not only identical results for both particles
but also less plating than in all five cases considered here.

This trend is more pronounced when using the OCP of Si mate-
rial [29] for P2. At all of the portrayed points in time, the lithiation
fraction of P1 is lower than the one of P2. Nonetheless, we observe
higher plating thickness on P1 and an overall higher amount of plated
Li on both particles compared to the graphite reference case.

In conclusion, the higher OCP of Si increases the cell voltage.
Therefore, cell voltage drops below 0 V at higher SOC. Still, Li plating
starts earlier in the simulations with Si OCP and we predict preferential
plating on the particle with graphite OCP and specific capacity.

3.1.2. Chemical diffusion coefficient

The mobility of Li in the material is considered a key parameter for
Li plating. Therefore, we simulate nearly 200 different setups employing
the values listed in Table 2 plus additional intermediate points. Fig. 5
gives an overview of the simulation study. Results of the 1 C lithiation
simulations are presented after 1000 s due to the sensitivity towards
this parameter. The left column of the graph shows the maximal lithi-
ation fraction (top) and plating thickness (bottom) on P1 representing
graphite parameters. The right column of the graph shows the maximal
lithiation fraction (top) and plating thickness (bottom) on P2 represent-
ing Si parameters. The range of parameters for graphite and Si are given
by the x- and y-axis of the heat maps, respectively. Pink dots represent
parameters reported in the literature and summarized in Table 2.
Green squares indicate additional simulation parameters to support the
evaluation within the parameter space. The asterisk highlights values
which are used for further analysis in Sections 3.1.5 and 3.2. Gen-
erally, small diffusion coefficients increase the concentration gradient
(see Supplementary Material) in the particles resulting in high surface
concentration and low particle utilization. Therefore, low Li mobility
is expected to increase the plating on the particle surface which is
indeed observed in Fig. 5(c) and (d). In general, values reported for the
chemical diffusion coefficient of Si are smaller than values reported for
graphite materials. Therefore, we observe more plating on the surface
of P2, representing Si material. Another interesting effect is the inter-
action of particles and the mutual influence of parameters on plating
thickness on the other particle. The dashed horizontal line in Fig. 5(c)
and (d) emphasizes simulations with the same P1 chemical diffusion
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d)

Graphite Si [29]
P1 P2 P1 P2
with OCP of
Graphite Graphite Graphite Si[29]

0.78 h

On the left of each On the right of each
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Lithiation Fraction [ -]  Plating Thickness [ nm ]
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- 0.75 -369.2

0.5 246.0
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Fig. 4. Simulation results of 1 C lithiation in model half-cell geometry. The line colors indicate the OCP of P2 according to the legend in (a) while the OCP of P1 is in all cases
representing graphite: (a) cell voltage, (b) SOC and average plating thickness in the whole electrode, (¢) maximal lithiation fractions per material, and (d) 3D distributions of
lithiation fraction and plating thickness comparing graphite and Si [29]/graphite composite.

coefficient, namely DP1/6T = 3.9.1071° ecm?/s. Following that line from
right to left, one notices that decreasing the mobility of Li in P2 favors
plating on the surface of P1. This is due to redistribution of current.
Similar effects also produce a higher maximum Li concentration in
Fig. 5(a). This demonstrates the complexity of the electrochemical
processes that result in plating on the surface of the particles.

In general, the size of Si particles or the design of SiC composite
materials need to be tuned to provide Li mobility similar to that in
graphite to avoid negative impact of plating on the surface of both
materials in the composite electrode.

In conclusion, lower Li mobility of Si as reported in the literature
will result in a higher probability and amount of Li plating. The
majority of the plating will be on the material with low Li mobility,
however, also strongly affect plating on the material with higher Li
mobility.

3.1.3. Exchange current density

Fig. 6 summarizes the results of 112 simulations with various ex-
change current density factors. Graphs (a) and (c) show the maximal
lithiation fraction and plating thickness of P1 after 1000 s at a current
density corresponding to 1 C rate. Corresponding data on P2 is pre-
sented in Fig. 6(b) and (d). Fig. 6(a) and (b) confirm that lithiation

preferentially occurs in those particles that are kinetically favored.
Therefore, the maximal lithiation fraction of P2 (Fig. 6(b)) is higher
on the right hand side of the graph. The pattern is more complex in
the case of P1. Due to faster kinetics we observe higher lithiation of P1
in the upper left-hand corner of Fig. 6(a). However, lithiation decreases
in the lower left-hand corner. This is because of significant plating that
is observed on P1 in this parameter range as shown in Fig. 6(c). The
reason is that plated Li prevents further direct intercalation and uti-
lization of the material. In this region, the cell voltage instantaneously
drops below 0 V and we observe plating almost from the beginning.
Additional data is provided in the Supplementary Material. In contrast,
plating on P2 (Fig. 6(d)) is only observed in a narrow parameter
window. Namely, if intercalation kinetics are slightly slower in P2 than
in P1. However, if kinetics are too slow it will cause extensive plating
on P1. The combination of slow kinetics and the nucleation barrier
introduced by the plating model prevent plating on P2 in this regime.
Again, this highlights complex interactions of materials determining the
distribution of plating in composite electrodes. Note that the scales of
the color legends in Fig. 6(c) and (d) differ by an order of magnitude.
Generally, the plating thickness on P1 is much higher compared to P2.

In conclusion, we observe in our simulation significant impact of the
intercalation rate on the distribution of plating and plating thickness.
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Faster intercalation kinetics of graphite compared to Si tend to favor
plating on the surface of graphite particles.

3.1.4. Electronic conductivity

The results of the parameter study investigating the influence of
electronic conductivity on plating consisting of 48 lithiation simulations
are presented in Fig. 7. This Figure shows the maximal plating thickness
after 1 h of 1 C lithiation (a) on the surface of P1 and (b) on the surface
of P2. In general, the influence of conductivity is lower compared to the
parameters discussed above. Still, we observe that the plating is more
pronounced on the particles with the higher conductivity. In case of
conductivities in the order of 1 S/cm, the conductivity has a negligible
influence on the distribution of plating on one particle or the other.
Only for very low conductivities of P2 we observe a strong increase
of plating thickness on P1. Overpotentials drive preferential lithiation
of graphite resulting in higher plating thickness (see Supplementary
Material). Note that typically Si particles are of smaller size than in the
study presented here and/or embedded in a carbon matrix. Therefore
the influence of electronic conductivity can be neglected in practical
applications.

In conclusion, lower conductivities of Si materials compared to
graphite tend to favor plating on graphite particles. Generally, the
impact is minor and we do not expect a significant impact of this
parameter in realistic electrode microstructures additionally including
conductive additives.

3.1.5. Adjusted model setup

In Sections 3.1.1 to 3.1.4, we provided an overview on the effect of
different material parameters. Finally, we perform a simulation using
the input parameters as in the simulations with complex electrode ge-
ometry (cf. Table 5). Additionally, we employ the adjusted model setup
(cf. Fig. 2(b)) with particle sizes as observed in the tomography data of
the LG INR21700-M50T anode. Fig. 8 shows the maximal and minimal
lithiation fraction and plating thickness of the two particles during the
lithiation simulation with 1 C rate. The lithiation process was discussed
in detail in Section 3.1.1. The Si particle is lithiated preferentially
in the beginning [17,18,20,26,29,49,50,53]. With increasing state of
lithiation the OCP of Si decreases and graphite lithiates preferentially,
especially in the two lower voltage plateaus of the graphite OCP. Based
on the discussion of the previous sections, we expect more plating on
graphite than on Si. Fig. 8 confirms expected trends. In fact, in our
simulation using the adjusted model geometry we observe close to no
plating on the Si particle. Note that due to the smaller size of the Si
particle compared to P2 in previous sections the 1 C rate corresponds
to only one fifth of the current density in these simulations.
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Fig. 8. 1C lithiation simulation results employing a model geometry with unequally
sized particles: Maximum and minimum lithiation fraction and plating thickness of
graphite and Si during 1 h of lithiation. Note that the lithiation fractions are depicted
rather in the upper left-hand side of the graph while the plating thickness is apparent
at the right-hand side and the plating thickness of Si remains close to zero.

3.2. Complex electrode microstructure

After the discussion of the impact of individual material parame-
ters on the distribution and thickness of plating on single particles,
we investigate in this section plating in a complex composite elec-
trode microstructure of state-of-the-art commercial anode material.
Fig. 9(a) shows the distribution of the lithiation fraction in graphite
and Si throughout the thickness of the electrode at the end of a 1 C
(6.5 mA/cm?) lithiation simulation. For the high-energy electrode de-
sign, 1 C is demanding and we observe a steep gradient of the Li fraction
across the electrode at the end of the simulation. The corresponding
distribution of plated Li is shown in Fig. 9(b). We observe significant
plating in a small layer close to the separator which is consistent with
previous reports. At this high C-rate, we reach the onset of plating at
only 5.1 % SOC which is similar to values reported in [19]. After reach-
ing this onset, we simulate the lithiation of additional 0.15 mAh/cm?
charge. Fig. 10 shows the maximal lithiation fractions and plating
thickness of Si and graphite during this lithiation simulation. In general,
trends of the lithiation of the two materials are similar as in the
adjusted model geometry. In agreement with the simulations using the
model setup, we see a preferential plating of Li on graphite. However, in
contrast to the model geometry we also observe plating on Si, although
to a minor extent compared to plating on graphite.
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Fig. 9. Simulation results of a half-cell using the reconstruction of a state-of-the-art
composite anode from an LG INR21700-M50T cell: Spatial distribution of (a) lithiation
fractions in a cross section of the electrode and (b) plating thickness in the whole
electrode after 222.65 s of 1 C lithiation. A more detailed depiction separating graphite
and Si can be found in Fig. S7.
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Fig. 10. Simulation results of a half-cell using the reconstruction of a state-of-the-art
composite anode from an LG INR21700-M50T cell: Maximum lithiation fraction and
plating thickness of the active materials graphite and Si during the first 150 s of 1 C
lithiation. For the highlighted points in time further analysis is conducted.

To gain more insights into the lithiation and plating behavior of
the two active materials, we take a closer look at the time points
T1 at 0.0306 h, T2 at 0.0347 h, and T3 at 0.0357 h (highlighted in
Fig. 10). T1 is right before the onset of plating, T2 after the onset
of plating on graphite but before the onset of plating on Si, and T3
after the onset of plating on both active materials. Applying a blue
color scale for graphite and a green color scale for Si, Fig. 11 shows
the solid-electrolyte potential difference, the plating thickness, and the
relative Faradaic current, i™at/(F - c™atmax)_ for electrode areas relevant
to plating analysis. Fig. 11(a), (d), and (g) show the potential difference
between the solid phase and the electrolyte qbi“at — @, at the surface of
Si and graphite particles. While the differences in the electric potential
of the solid phases within the layers perpendicular to the through
direction are very small, the electrochemical potential of the electrolyte
phase exhibits significant gradients depicted in Fig. S8. At T1, the
plating condition ™" —¢, < 0 is met first at the graphite surface at the
lower left corner of the microstructure. In this region, we also observe
prominent Li plating at times larger T1 as shown in Fig. 11(b), (e), and
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(h). Since local differences in the plating overpotential are mainly due
to fluctuations in the electrolyte potential, it is instructive to have a
closer look at the local Faradaic current which is shown in Fig. 11(c),
(f), and (i). Due to the preferred lithiation of Si in the beginning
of the simulation (cf. Fig. 10), at times larger T1 mostly graphite is
electrochemically active close to the separator. Therefore, the Faradaic
current and the corresponding potential difference is much larger on
the graphite surface. The resulting changes in current distribution and
electrolyte potential favor Li deposition on graphite. This underlines
the complex interactions of the two materials discussed on the example
of our model system. Microstructural features affecting reaction and
transport processes in the electrode further enhance such features in
realistic electrode geometries.

Effect of C-rate. Additionally, we performed simulations with decreas-
ing C-rates. To ensure comparable results, we terminate the lithiation
process in all cases after transferring 0.15 mAh/cm? of charge be-
yond the onset of Li plating. Fig. 12 shows a summary of simulation
results of the C-rate test. As expected, the cell voltage and capacity
decrease with increasing C-rate. The average plating thickness in the
electrode included as dashed line in the graph is highest at 1 C and of
comparable magnitude at lower currents. Fig. 13 shows corresponding
depth profiles of plating thickness and normalized Li concentration
for both materials. The interface to the separator is at 0 pm depth.
Fig. 13(a) reveals that close to the separator the plating thickness
is highest at all currents. Generally, the mean plating thickness on
graphite is higher close to the separator. Further into the electrode,
we observe more plating on Si compared to graphite. Note that the
plating depth increases with C-rate, though this effect is only marginal.
Therefore, high resolution imaging of the volume close to the surface
is important to accurately predict Li plating. Fig. 13(b) shows the
lithiation fraction of the two materials. Utilization of the electrodes
decreases with increasing C-rate. The lithiation fraction at the separator
is in all cases close to 1. Only at 1 C graphite utilization drops to around
70 % at the surface [57]. Note that for the lowest applied C-rate plating
did not start before an SOC of 90.1 %, which would not have been
reached in a full-cell with typical electrode balancing.

4. Conclusions

3D microstructure-resolved simulations provide a comprehensive
understanding of the relevant factors for Li plating in Si/graphite
composite electrodes. A parameter study was performed on a model
half-cell geometry to study the effect of material parameters. In our
study, we investigate the effect of the chemical diffusion constant of
Li in the active material, the electronic conductivity, the open-circuit
potential, and the rate constant of the Faradaic reaction. The range
of parameters was determined based on a comprehensive screening
of the existing literature. Simulations have shown that the chemical
diffusion coefficient, rate constant, and OCP have a significant impact
on Li plating, whereas the effect of electric conductivity is generally
minor. A relevant factor is the complex interaction of parameters in
the simulation which influence the distribution of current and plating
accordingly. The parameter study shows that the generally higher OCP
of Si-containing electrodes is not the major factor reducing the risk of
lithium plating. However, the parameter study suggests that for typical
material parameters of the OCP, intercalation rate, and conductivity
plating tends to occur preferentially on graphite particles. Only low
chemical diffusion of lithium in Si particles favors plating on the Si
surface.

Finally, we perform simulations on a reconstruction of state-of-the-
art commercial anode material. Already at moderate C-rates we found
significant plating on graphite and Si particles close to the separator.
Analysis of potential and current distributions at the surface of graphite
and Si particles suggests that preferential lithiation of graphite in the
critical stage of the charging process is causing plating on graphite
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Fig. 11. Simulation results of a half-cell using the reconstruction of a state-of-the-art composite anode from an LG INR21700-M50T cell: Spatial distribution of (a), (d), and (g)
the solid-electrolyte potential difference, (b), (e), and (h) the plating thickness, and (c), (f), and (i) the relative solid-electrolyte Li flux after 0.0306 h (T1), 0.0347 h (T2), and
0.0357 h (T3) of 1 C lithiation. In (a), (d), and (g) only voxels with ¢ — ¢, <0 are depicted, in (b), (e), and (h) only Li depositions above one mono-layer, and in (c), (f), and

(i) only the surface layers of the electrode to enable a precise representation.
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Fig. 12. Simulation results of a half-cell using the reconstruction of a state-of-the-art
composite anode from an LG INR21700-M50T cell: Cell voltage (solid lines) and plating
thickness (dotted lines) in the whole electrode during the lithiation with varying C-rates.

surfaces. In contrast to the model geometries, plating was also found
on the surface of Si particles, though plating on Si is delayed compared
to plating on graphite.
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Our study shows that adding Si per se does not guarantee a reduc-
tion of the risk of lithium plating from a materials perspective. Still,
the high specific capacity of Si materials is able to significantly reduce
electrode thickness at the same areal capacity. This effect reduces
transport limitations and mitigates the tendency of Li plating. However,
desirable are significantly higher Si contents compared to state-of-the-
art electrodes investigated in this work. In this case, detailed simulation
studies on the effect of structural changes due to volume expansion of
the Si material on fast charging and plating are still lacking and will be
subject to future work.
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