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Abstract

Silicon is a promising negative electrode material with a high specific capacity, which is desir-
able for commercial lithium-ion batteries. It is often blended with graphite to form a composite
anode to extend lifetime, however, the electrochemical interactions between silicon and graphite
have not been fully investigated. Here, an electrochemical composite electrode model is devel-
oped and validated for lithium-ion batteries with a silicon/graphite anode. The continuum-level
model can reproduce the voltage hysteresis and demonstrate the interactions between graphite
and silicon. At high states-of-charge, graphite provides the majority of the reaction current
density, however this rapidly switches to the silicon phase at deep depths-of-discharge due to
the different open circuit voltage curves, mass fractions and exchange current densities. Fur-
thermore, operation at high C-rates leads to heterogeneous current densities in the through-
thickness direction, where peak reaction current densities for silicon can be found at the current
collector-electrode side as opposed to the separator-electrode side for graphite. Increasing the
mass fraction of silicon also highlights the beneficial impacts of reducing the peak reaction
current densities. This work, therefore, gives insights into the effects of silicon additives, their
coupled interactions and provides a platform to test different composite electrodes for better

lithium-ion batteries.
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volume fraction of electrolyte
volume fraction of active material
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potential of phase k [V]
conductivity of phase k [S m™!]
cell surface area [m?]

specific surface area [m™!]
Bruggeman’s coefficient of phase k
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Faraday constant [96485 C mol~?]
electronic current [A]

exchange current density [A m_2]

reaction current density per volume [A

m
cell thickness [m]

thickness of domain & [m]

reaction rate in phase k [A m?® mol™1]
cell capacity [Ah]

gas constant [8.314 J mol 1 K™
particle radius of phase k [pm]

absolute temperature [K]

transference number of lithium-ion

Vi, volume fraction in active material
Subscripts and superscripts

0 initial parameter

avg average parameter

de delithiation

e electrolyte phase

eff effective parameter

g parameter of graphite
li lithiation

max maximum value

n negative electrode
ocp  open circuit potential
p positive electrode

S solid phase

sep separator

si parameter of silicon
surf  particle surface

typ  typical parameter



1. Introduction

Lithium-ion (Li-ion) batteries with high energy densities are desired to address the range
anxiety of electric vehicles. A promising way to improve energy density is through adding
silicon to the graphite negative electrode, as silicon has a large theoretical specific capacity of
up to 4200 mAhg~! [1]. However, there are a number of problems when introducing silicon
into composite electrodes: namely increased volume change, voltage hysteresis and the complex
interactions between the two phases. Compared with a ca. 10% volume change of graphite after
(de)lithiation, the value can go up to ca. 400 % (theoretically) for silicon under full lithiation
[1]. This large volume change can lead to large stresses in the electrode materials, resulting in
particle fragmentation and loss of active materials [2]. In addition, the open circuit potential
(OCP) curves of silicon are different between lithiation and delithiation, which can result in
significantly different charge and discharge behaviours at the cell-level [3]. Furthermore, because
silicon particles rapidly fracture during cycling, the amount of silicon is normally limited to a
small mass fraction, relative to graphite, in the negative electrode for commercial battery cells,
e.g. ca. 10 % for the LG M50 cells [4]. Thus, physics-based models, which capture the non-linear
interactions between the two phases, are needed in-order to better understand the dynamic
behaviour of these composite electrodes. This includes understanding how the reaction current
density is split between the two phases during operation which impacts electrode utilisation
and lifetime.

Previous studies have sought to understand the degradation mechanisms of silicon electrode
particles and to build up theoretical models. Experiments have shown that the fracture of
silicon nanoparticles is size-dependent, where Liu et al. [5] reported a critical diameter of ca.
150 nm for no cracks upon first lithiation. The fracture energy of pure silicon was measured to
be around 8 J m~2 and essentially independent of the degree of lithiation [6]. Theoretical models
at particle level have been developed to account for the plasticity [7] and elasto-plasticity [§]
of silicon, where it was demonstrated that fracture can be averted for small particle sizes and
yield strengths, by increasing the elastic modulus. Atomistic simulations for fracture of pure

silicon reveal a transition from intrinsic nanoscale cavitation to extension shear banding ahead



of the crack tip [9)].

The voltage hysteresis in silicon is caused by the different phases which form during lithi-
ation and delithiation. For instance, a new crystalline phase (Li;5Si4) was reported to form
when silicon is lithiated to below 50 mV [10], where all potentials quoted in this work are
versus Li/Li". Subsequently, delithiation of the Li;5Siy phase leads to a potential plateau at
0.4 V, which is different from the lithiation process of silicon, and its shape is affected by
lithiation depth [10] and silicon particle size [11]. A thermodynamic model has been developed
by Verbrugge et al. [12, 13] for the electrochemical reactions and resulting OCP of silicon.
Multi-step phase transformation of silicon has also been modelled to handle the amorphization
process under deeper lithiation to nearly 0 V [14]. In addition to the phase changes of silicon
electrodes, different stress states between lithiation and delithiation can also lead to voltage
hysteresis [15, 16]. This OCP hysteresis thus varies the electrochemical behaviour of silicon
between charge and discharge.

A composite anode consisting of silicon and graphite can make use of the advantages of
both materials, and has been tested for half and full cells [17]. Different types of composite
structures have been developed, with layers of silicon encasing a graphite core or embedding
silicon powders into graphite particles [18]. The swelling and contraction of silicon produces
voids and gaps with surrounding materials, leading to loss of electrical contact and degradation
[18, 19]. Other structures/morphologies include carbon coated silicon particles [20, 21] or
nanoscale architectural structures of silicon/graphite composites [22]. Experiments show that
increasing the amount of silicon can improve the cell capacity but with a cost of greater capacity
loss [23, 24]. Highly adhesive binders (containing high content of catechol groups) can alleviate
the pulverization of silicon/graphite composite electrode [25]. Pre-lithiation can compensate
the active lithium loss of silicon/graphite composite electrode in the first cycle, while the
homogeneity of lithiation is affected by the silicon particle size [26]. However, the modeling
of silicon/graphite composite electrodes remains challenging, because of the complex lithiation
mechanisms of silicon. One attempt is the one dimensional composite half-cell model [27],
where the porosity change of the electrode was considered as a result of the silicon deformation.

The interplay between silicon and graphite was modelled using a core-shell structure [28] to
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study the influence of silicon on the stress and volume change. Work by Jung et al. [29]
demonstrated a blended electrode model which was considered the positive electrode though
did not include the silicon thermodynamics. Order reduced model for composite electrodes were
developed using the single particle model, while the current splits between two active materials
remain challenging and are approximated through iterations [30-32]. The electronic connections
between composite electrodes and the conductive matrix are modelled using an equivalent-
circuit model to describe the film resistance and the contact resistance [33]. Nevertheless,
the electrochemical interactions between silicon and graphite have not been fully understood.
Therefore, there is a need for a composite electrode model to capture the electrochemical
interactions of silicon and graphite.

In this work, an electrochemical blended electrode model is developed for silicon and graphite
composites at the continuum cell-level. A brief review on chemical reactions of silicon and its
oxides is given in Section 2. The governing equations of the composite electrode model are
presented in Section 3. Then, the model is used to investigate the electrochemical interactions
between silicon and graphite, nonuniform interfacial current densities across the negative elec-
trode and the effect of different mass fractions of silicon in Section 4, followed by a summary

in Section 5.

2. (De)lithiation of silicon and its oxides

Because of the poor cycle stability of pure silicon, silicon oxides are often used in commercial
Li-ion battery cells, to reduce the rate of capacity degradation.

Silicon has reaction pathways as shown in Fig. 1. There are two phase changes (marked
as (1) and (2)) in the reactions of silicon when the voltage is above 0.05 V vs Li/Li*. The
first step is from a-Si to a-Li,Si, where “a” represents an amorphous phase. By contrast, the
second step forms the final amorphous product of a-Lij;Sis. Incremental capacity analysis of
Si negative electrodes reveals two separate peaks during lithitation, corresponding to these two
steps. [13]. When the voltage of Si is below 0.05 V vs Li/Li*, a crystalline phase is generated
from a-Li;5Si4 [14]. This process involves a preceding nucleation step @ for a-Liys,6514, a
subsequent grain growth step for c-Li;55i4 during lithiation and an amorphization step
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Figure 1: The reactions of silicon [14], silicon oxide [1] and silicon dioxide [34].

for c-Liy55i4 returning to a-Li,Si during delithiation. § represents a very small amount of Li,
which acts as catalyst for activating the crystallization of a-Lij5,55is. Comparing the two
reversible reactions (@ and @) for a-Liy5Siy, the reactions @, and for c-Lij5Siy
are unidirectional, leading to a significant difference in the voltage curves between lithiation
and delithiation.

Silicon dioxide is one of the most abundant materials on earth, found in quartz, diatoms
and rice husk. Although SiO; has a high theoretical capacity of up to 1965 mAh/g [34], bulk
SiO, shows less electrochemical activity towards Li due to its low Li" diffusivity and poor
electrical conductivity. SiOs has two irreversible reactions in Fig. 1 forming Si, Li;SiO4 and
LiO.

Silicon oxide is regraded as a random mixture of Si and SiO,. The theoretical reversible
capacity of SiO is 2680 mAh/g with a volume change of ca. 200 %, however, in experiments
it delivers a capacity of 1260 mAh/g with a capacity retention of 86.5 % after 50 cycles [1].

During the first lithiation of SiO, several products are formed, including Li,Si alloys, lithium



silicates (Li4SiOy4, LisSiyOs, LigSiaO7, LizSiO3) and LiyO, as shown in Fig. 1. Only the extrac-
tion/insertion of Li* in Li,Si alloys is reversible, while other products are generally irreversible
phases.

A mixture of Si, SiO and SiOs is generally used for negative electrode materials. The capacity
is promoted with the increase of Si, but this also leads to a lower coulombic efficiency and more
capacity degradation [23, 24]. SiO, electrodes undergo irreversible reduction reactions during
the first cycle, and all subsequent cycles are in fact dominated by Si (de)lithiation (Fig. 1).
Therefore, it is essential to consider the Si reactions in the negative electrode with Si or SiO,

additives.

3. Method: composite electrode model

We demonstrate a composite electrode model for silicon and graphite in this work, which
could easily be adapted to study positive composite electrodes. The model is based on the
Pseudo-2D Newman battery model [35], which has been widely used for Li-ion batteries and
is summarised in Table 1. These equations describe the ionic transport and diffusion in the
through plane direction of the separator, anode and cathode, assuming other directions are
homogeneous. The (de)lithiation follows the Butler-Volmer equation with solid-phase diffusion
defined by Fick’s law.

Compared to the traditional Newman battery model which assumes a single spherical particle
at each node in the electrode phases, the composite electrode model differs by having two
spherical particles at the nodes of the negative electrode to make a composite, as shown in
Fig. 2. This structure is developed from experimental observations using energy-dispersive X-
ray spectroscopy (EDS) [4], where silicon is found to be surrounded by graphite, in a two phase
mixture arrangement (Fig. 2). The lithium diffusion equations in silicon and graphite are thus

modified to:

6051 o D;ﬂc 0 < 2 8csi>
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Table 1: Pseudo-2D battery model equations [35].

Conservation equations Boundary Conditions
: Becce _ O ( yeff D 15 1 dce dece _
Species, electrolyte phase f%c = %(ij $ce) + 7" 8—; =0 = 8; w=1 =0
. : dcs __ Ds 9 (,.28cs dcs _ dcs _ 4
Species, solid phase = T—QE(T 8—Cr) 8—‘;|r:0 =0, _Dsa_ﬂr:Rs = isF
Char lectrolvte ph 8(effa )+6(eff(91 )+-Li_0 %| _ Ode -0
arge, electrolyte phase Z (M de) + 5= (kD 5 Ince) + jH = 9 |7=0 = 3y la=L =
. p) ff 0 _ ;L ff s __off9¢s _ 1
Charge, solid phase %(ae %qﬁs) =7 —o 8% 2=0 = O a(i e=L = 7
s _ O¢s —
ox ‘x:Ln - %’I:Ln‘i’[lsep - 0
Bulter-Volmer kinetics M = 2a4ig Sinh[% (s — e — Pocp)]
Lsep L,
Separator QQ np QOI Silicon Graphite
Positive

Graphite ﬁ
(Rg ’ ‘/g ) ‘

Agi = 3ESV:§1/RSi
ag = 3eVy /Ry EDS image (Chen et al. 2020)

Figure 2: Modified Pseudo-2D battery model for the composite negative electrode of graphite and silicon. The
EDS image is for the surface of the negative electrode from Chen et al. [4].

where D% is the effective diffusion coefficient, ¢ is lithium concentration, r is the radius and ¢
is time. The subscripts ”si” and ”g” represent variables for silicon and graphite, respectively.

These two equations have boundary conditions as follows

Ocg; Ocg; gl
S1 — Deff S1 — _ si 2
a,r.SI Tsi =0 0 S1 87,,51 Tsi :Rsi aSlF ( a)
Jcg g0c g
el — peEZZE =& 2h
arg |7’g:0 g 87ng {Tg:Rg agF ( )
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where F'is the Faraday constant, R and R, are the radii of the silicon and graphite electrode

particles, respectively. The surface to volume ratios of silicon ag and graphite ag are given by

Agi = 3‘/SiES/RSi (38“)
ag = 3Vyes/ Ry (3b)

where € is the volume fraction of active materials, Vi; and V, are the relative volume fractions
of silicon and graphite in the active materials respectively, with Vg + V; = 1. The reaction

current densities per volume of silicon j% and graphite jéi are respectively

. 0.5F
i P Yol . e
Jsi — 2asﬂsl,0 sinh |: RT (¢S Qbe ¢SI,OCP>:| (4&)
o ~[05F
]é‘ = 2CLng,0 sinh [ﬁ(@bs - ¢e - ¢g,0cp>:| (4b)

with R the gas constant, 7" temperature, ¢s potential in the solid phases and ¢, potential in
the electrolyte. The exchange current densities for silicon s ¢ and graphite i, o are respectively

defined as

. C
%si,0 = Mn \/Cecsi,surf<csi,max - Csi,surf) : Cgfmax (5&)
si,max
ig,O = My \/Cecg,surf(cg,max - Cg,surf) (5b>

where Cg max and ¢gmax are the maximum lithium concentration in silicon and graphite respec-
tively. m, is the reaction rate of the negative electrode, measured by Chen et al. [4] for the
LG M50 cell. Considering silicon has a larger maximum lithium concentration than graphite,
the exchange current density of silicon is rescaled by Cgmax/Csimax in order to normalise the
expression under the square root in Eq. (5).

Gsi.ocp AN @g ocp are the equilibrium potential functions of silicon and graphite, respectively,
which are fitted functions from Fig. Al (a) in this work. The voltage hysteresis in silicon is

obtained by the sigmoid function, i.e. sigmoid(z) = [1+sinh(z)]/2, which switches between the



OCP functions of delithiation ¢$°,., and lithiation ¢} .., according to the current direction,

1007 1007 .
¢si,on = SlngId (_7> (sjie,ocp + SlngId (?) lsli,ocp (6)

where [ is the applied current and @ is the cell capacity. The coefficient 100 is introduced to
rescale the applied current (normalised by the cell capacity) and affects the switching speed
between the two OCP functions of silicon. Several coefficients were tested, with the value 100
providing a rapid switch whilst not causing convergence issues.

At the electrode level, the interfacial current density per volume of the composite j™ is made

up of contributions from silicon and graphite, following
iU =5+ gy (7)

In the charge transport equation, silicon and graphite are assumed to have the same potential,
considering they have good electrical conductivity. By contrast, their equilibrium potentials are
determined by the lithium concentration on the surface of electrode particles and are therefore
normally different. The interactions between silicon and graphite are obtained through their
reactions with the electrolyte in Eq. (7), rather than direct reactions between the two active
materials [29], which introduce additional parameters, e.g. the interaction reaction rates and
contact surface areas, and are difficult to measure. Another alternative is to define multiple
reaction currents for the different active materials, but this suffers from numerical instabilities,
when the magnitude or direction of the current is changed abruptly [31], and adds additional

parameterisation complexity.

4. Results and analysis

The capabilities of the composite electrode model are demonstrated using the commercial
battery cell LG M50T, a new version of the cell LG M50, with a silicon/graphite composite
negative electrode and a nickel-manganese-cobalt (NMC) 811 positive electrode. Its parameters

are similar to ones of the LG M50 from Chen et al. [4] and are listed in Table 2. Additional
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Table 2: Parameters of the LG M50 cell [4].

Parameter Description Negative electrode Separator Positive electrode
Ly, Thickness [pm] 85.2 12 75.6
€o Electrolyte volume fraction [%] 25 47 33.5
€k Active material volume fraction [%] 75 - 66.5
by Bruggeman coefficient 291 2.57 2.43
Cmax Maximum lithium concentration [mol m~?] - - 63,104
Co Initial lithium concentration [mol m?] - - 17,038
ok Electrode conductivity [S m~!] 215 - 0.18
Dy, Electrode Diffusivity [m?s™!] - - 4 %1071
Ry, Particle radius [pm] - - 5.22
my, Reaction rate [A m*® mol~!%] 6.48 x 1077 - 3.42 x 1076
P Typical lithium concentration in electrolyte [mol m™] 1x10°
Dwp Typical electrolyte diffusivity [m2s™!] 5.34 x 10710
KYP Typical electrolyte conductivity [S m~!] 1.1
[ Transference number 0.2594

parameters for the silicon and graphite electrode particles are presented in Table 3. Here, the
relative volume fraction of silicon is set to 2 % (and 98 % for graphite), following an iterative
approach, to match the capacity of the composite negative electrode. This is lower than the
10 % reported in Chen et al. [4] as this measurement was made from surface energy dispersive
X-ray spectroscopy images of the negative electrode and may not be a fair estimation of the
mass fraction of silicon through the entire electrode. Then, the initial lithium concentrations
of graphite and silicon are calculated from the initial lithium concentration of the composite
negative electrode from Chen et al. [4]. The cell has a constant temperature 7' = 298 K
in all simulations. The model is validated against experimental data, and then three groups
of simulations are carried out to study the electrochemical interactions between silicon and
graphite, the non-uniform interfacial current densities across the negative electrode and different

volume fractions of silicon, in the following sections.
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Table 3: Additional parameters of graphite and silicon (* estimation).

Parameter Description Graphite Silicon
Crmax Maximum lithium concentration [mol m™?] 28,700 [36] 278,000 [28]
o Initial lithium concentration [mol m™?] 23,000* 275, 220*
Vi Volume fraction in active material 0.98* 0.02*
Ry Particle radius [pm] 5.86 [4] 1.52 [4]
Dy, Diffusivity [m?s™!] 5.5 x 1071 [36] 1.67 x 10714 [28]

4.1. Validation

The cell is tested under a discharge rate of C/100 till the voltage reaches 2.5 V, followed by
a 1 h rest and C/100 charge to 4.2 V. The corresponding experimental procedures are detailed
in Appendix B. The cell voltage is given in Fig. 3 (a), which shows this model can successfully
reproduce the voltage hysteresis and agrees well with the experimental results [4]. Under this
small current (C/100), the battery system is under quasi-equilibrium, so silicon and graphite
have approximately equal equilibrium potentials, which match well the experimental measure-
ments for the electrode as a composite in Fig. 3 (b). Here, the averaged equilibrium potential
over the negative electrode is obtained using Lin i) 1. @xdLy. From Fig. 3 (c), the averaged lithium
concentration (over the negative electrode) varies non-linearly between the graphite and silicon,
with the (de)lithiation current density greater for graphite at high SOCs, but with the silicon
lithiation state rapidly changing at low SOCs. The difference of lithium concentration between
delithiation and lithiation in silicon originates from the voltage hysteresis.

We then investigate three higher C-rates of discharge, including 0.5, 1 and 1.5 C. The cell
voltages are presented in Fig. 3 (d), which show fair agreement with experimental results from
Chen et al. [4]. The deviation in cell voltage at low SOCs was attributed to the constant
diffusion coefficient used in this work, while its value can vary by two orders of magnitude
at different SOCs in reality [4]. In addition, the phase changes in silicon are not considered
in the model and are simplified using the OCP functions in Fig. A1. However, despite these
simplifications, the proposed composite electrode model can replicate the voltage hysteresis

and the cell voltage variations for the LG M50T cells. These results support the mixed poten-
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Figure 3: Validation of the proposed composite electrode model: under C/100 for (a) cell voltage, (b) averaged
equilibrium potential over the negative electrode and (c) averaged lithium concentration in silicon and graphite;
(d) cell voltage under 0.5 C, 1 C and 1.5 C discharge.

tial phenomenon occurring in composite electrodes, which has not been reported by previous

theoretical studies ignoring the two simultaneous kinetic reactions of silicon and graphite.

4.2. Interactions between silicon and graphite

The C/100 (dis)charge cycle is used to investigate the electrochemical interactions between
silicon and graphite. The averaged equilibrium potentials and interfacial current densities per
area of graphite and silicon, i.e. ji'/a, and j§/ag, are presented in Fig. 4 (a-d). At high SOCs,
the reaction current density and electrochemical behaviour is mostly dominated by graphite,
however, at low SOCs, the silicon starts to output the majority current density. The magnitude
of the silicon reaction current density is significantly higher than that of the graphite phase,
due to the lower volume fraction (2 %), and thus surface area, of silicon for the same current
density. From discharge to rest, the equilibrium potential of silicon has an instantaneous drop,
as shown in Fig. 4 (c), because of the voltage hysteresis of silicon. The decrease of silicon

equilibrium potential leads to a voltage difference between silicon and graphite and drives an
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interacting current from silicon to graphite in Fig. 4 (d), to balance their potentials. There is no
interacting current during the rest period, when silicon and graphite have the same equilibrium
potential. Similar interacting currents can be found between silicon and graphite when the cell

changes from rest to charge as given in Fig. 4.
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Figure 4: Electrochemical interactions between silicon and graphite at the electrode level: (a) averaged equilib-

rium potential and (b) averaged interfacial current density per area with (c-d) the zoom in views of the dashed
region respectively.

The mechanism of the interactions between silicon and graphite can be further illustrated
in Fig. Al (b-c). From the incremental capacity analysis in Fig. A1 (b), peaks occur at the
potentials of 0.1 and 0.15 V for graphite, which are lower than 0.3 and 0.5 V for silicon under
delithiation. By contrast, silicon under lithiation has peaks at the same potential as graphite. In
addition, silicon under delithiation has more phase change reactions at low SOCs, as indicated
by less steep curves in Fig. Al (c). Therefore, silicon is more active at low SOCs, while
graphite goes through most phase changes at high SOCs. The voltage hysteresis of silicon leads
to asymmetric interacting currents between silicon and graphite, when there is a change in the

applied cell-level current.
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Figure 5: The schematic of the electrochemical interactions between silicon and graphite: (a) high SOCs and
(b) low SOCs in discharge and (c) relaxation after discharge.

At the cell-level, the interactions between silicon and graphite are summarised in Fig. 5 (a-
c¢). At the beginning of discharge, graphite delivers the majority of the current in the negative
electrode in Fig. 5 (a), because it has a lower potential plateau then silicon. At low SOCs in
Fig. 5 (b), silicon reaches its potential plateau and starts to dominate the reaction current, while
graphite has passed all potential plateaus. For relaxation after discharge, there is instantaneous
interaction current from silicon to graphite, as shown in Fig. 5 (¢), which is due to the voltage
hysteresis of silicon when the cell-level current is changed and also the different SOCs of the

phases.

4.8. Local reaction current

To study the local activities of the electrode materials, we compare the cell behaviour during
discharge at 2C. The distributions of interfacial current density per area, i.e. ji'/ay, across the
negative electrode are given in Fig. 6 (a). At ¢ = 0.1 h, the interfacial current density in
graphite is almost two times larger at the separator side than at the current collector. Silicon
is not active at high SOCs, so interfacial current densities in silicon are small at the beginning
of discharge. By contrast at ¢ = 0.46 h, the interfacial currents in graphite become small,
and silicon starts to deliver more current. In contrast to graphite, silicon has larger interfacial
current densities at the current collector than at the separator side by the end of discharge, as
shown in Fig. 6 (a).

This phenomenon can be explained by the lithium concentration and equilibrium potential

in silicon and graphite. A non-uniform distribution of lithium in graphite can be found in Fig. 6
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Figure 6: Local activities of silicon and graphite across the negative electrode: (a) interfacial current, (b) lithium

concentration, (c) equilibrium potential at ¢ = 0.1 h and ¢ = 0.46 h for 2 C discharge. Error bars indicate the
variation of lithium concentration in particles.

(b) at ¢ = 0.1 h, where the bars represent the variation of lithium concentration at particle
level, i.e. the upper and lower bars represent the lithium concentration at the centre and at
the surface of the particle, respectively. The separator side has lower lithium concentration
and bigger variation than the current collector side. Silicon has small interfacial currents,
so lithium concentration is almost uniformly distributed and remains the initial concentration.
Towards the end of discharge (¢t = 0.46 h), the lithium concentration in graphite becomes nearly
zero. Silicon has higher lithium concentration for ¢/cp. = 0.3 at the current collector versus
¢/cmax = 0.2 at the separator side, leading to a higher exchange current rate in silicon close to
the current collector. In addition, silicon and graphite have similar equilibrium potentials at the
beginning of discharge (¢ = 0.1 h), but graphite has higher equilibrium potential than silicon
at the end of discharge (t = 0.46 h) in Fig. 6 (c¢). Both lithium concentration and equilibrium
potential affect the interfacial current density, according to Eq. (4). Therefore, the nonuniform
distributions of lithium concentration and equilibrium potential in silicon and graphite lead to

the heterogeneity of interfacial current densities across the negative electrode.

4.4. Volume fraction of silicon

The influence of silicon on cell performance is further explored with a consideration of various
ratios between silicon and graphite. Different volume fractions of silicon are used, including
Vs = 0.001,0.01,0.02,0.04,0.06,0.08 and 0.1, while the volume fraction of graphite is 1 — Vj;
and the other components are not changed. The cell voltages of all cases are given in Fig. 7

(a), where the output voltage performance of the cell is improved by increasing the volume
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fraction of silicon. Fig. 7 (b) presents the variation of averaged lithium concentration in silicon,
where it decreases more slowly with increasing silicon. Averaged lithium concentration in silicon
varies only at low SOCs and is independent on the fraction of silicon at high SOCs. There is
little influence on the averaged interfacial current densities per area in graphite from increasing
silicon in Fig. 7 (c), but the peak interfacial current density in silicon is decreased by 90 %.
This is because silicon delivers the majority of the current at low SOCs, and the specific surface
area of silicon increases with raising the silicon volume fraction, as given in Eq. (3).

In some batteries, a composite anode of Si, SiO and SiO, is used. Here a similar modelling
framework, to the one proposed in this work, could be used to understand the electrode’s
behaviour, however the authors highlight the additional complexity of the different reaction
pathways (highlighted in Fig. 1). Here SiO and SiO, reactions can both form Si products and
thus understanding around the electrochemical performance of these multi-phase composite
systems is first needed.

This work highlights the benefits of silicon additives from a physics-based battery model
and sheds light to order-reduced battery models using machine learning approaches [37, 38], on
ways of considering the complex reactions between multiple active materials inside lithium-ion

batteries.

5. Summary

A composite electrode model has been developed for lithium-ion battery cells with a negative
electrode of silicon and graphite. The electrochemical interactions between silicon and graphite
are handled by two parallel functions for lithium diffusion in silicon and graphite, with separate
interfacial current densities from each phase. The voltage hysteresis in silicon is modelled by
combining the OCP functions of delithiation and lithiation using the sigmoid function. The
proposed model successfully reproduces the voltage hysteresis at cell-level. The results demon-
strate the complex interacting currents between silicon and graphite, where the two phases
follow different (de)lithiation paths and have different potentials. The lithium concentration
gradients and different voltage profiles of silicon and graphite lead to nonuniform distributions
of the interfacial current density. At high SOCs, the graphite phase contributes the majority of
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Figure 7: The influence of silicon volume fraction on the cell performance: (a) cell voltage, (b) averaged lithium
concentration in silicon, averaged interfacial current density per area in (c¢) graphite and (d) silicon.

the reaction current, however at lower SOCs, as the degree of lithiation in graphite decreases,
silicon then provides the majority of the reaction current. As the mass loading of silicon is
significantly less than graphite (2 vs 98 vol%), resulting in a lower active surface area, the peak
reaction current density is significantly higher than graphite.

At higher C-rates, further heterogenities are observed in the through thickness of the elec-
trode. In the graphite phase, generally the peak reaction current densities are experienced at
the separator-electrode side. In the silicon phase, at the end of discharge this is at the current
collector-electrode side, highlighting the complex behaviour of composite electrodes.

Increasing the volume fraction of silicon has a positive influence on the reaction current
density; reducing this due to the higher available surface area. Thus, this study provides key
insights into the non-linear behaviour of composite electrodes. Deep depth of discharge cycling
at high C-rates would suggest the silicon phase experiences extremely high current densities

due to the non-linear splitting of the graphite-silicon contributions. The repercussion of which
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would suggest that this would exasperate silicon phase lifetime due to mechanical pulverisation
linked with (de)lithiation. These findings therefore allow for cell makers to better understand

and control these types of lithium-ion batteries.
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Appendix A. Open circuit potential

The OCPs are presented in Fig. Al (a) for graphite [36] and silicon [13], from which inter-
polation functions for ¢gocp and g ocp are obtained. Then the incremental capacity analysis

and differential voltage analysis are presented in Fig. A1 (b) and (c), respectively.
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Figure Al: The electrochemical features of silicon [13] and graphite [36]: (a) the open circuit potential for
graphite [36] and silicon [13] vs Li/Li*, (b) incremental capacity analysis and (c) differential voltage analysis.
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Appendix B. Experiment procedures

Experiments were performed on LG M50T (LG GBM50T2170) cylindrical lithium-ion bat-
teries. These cells utilise a SiO,-doped carbon anode alongside an NMC811 cathode, with a
nominal capacity of 18.2 Wh (5 Ah).

All electrochemical data was recorded using a Biologic BCS-815 battery cycler with the
accompanying BT-Lab software. Electrical connections to the cell were made via a spring-
loaded cell holder, which provides a 4-point connection. The was housed inside a Binder thermal
chamber (KB 23 cooling incubator), set to 298 K (fan speed of 100 %). The temperature of
the cell was recorded using a K-type thermocouple adhered to the cell surface using Kapton
tape, approximately half way along the axial direction. This was connected to the built-in
thermocouple reader of the BCS-815 battery cycler, with temperature data recorded alongside
the electrochemical data.

Prior to any discharge experiment, the cells were first charged to 100 % state of charge (SOC)
using the standard charging procedure outlined in the cell specification sheet. This consisted
of a constant current (CC) charge at 0.3 C (1.5 A) until the upper voltage limit of 4.2 V was
reached, with a subsequent constant voltage (CV) charge at 4.2 V until the current dropped
below C/100 (50 mA). This standard charge was always performed at a temperature of 298
K. The cell was then rested for 2 hours under open circuit conditions to allow the open circuit
voltage (OCV) to equilibrate. We used this starting point to define 100 % SOC for subsequent

discharge experiments, ensuring a consistent starting point between tests.
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