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ABSTRACT

Silicon-based composite electrodes in lithium ion batteries attract increasing attention because of their
high theoretical capacity. Here, numerical simulations are used to better understand the interplay be-
tween electrochemical and morphological behavior of the silicon-graphite (1:2.7) composite electrode
during galvanostatic cycling. Finite element methodology is used to solve a one-dimensional model based
on the porous electrode and concentrated solution theory. Porosity changes in the silicon electrode and
solid electrolyte interphase layer growth are also included in the model. The simulation results show
that at lower rates, the electrode with high initial porosity is being fully utilized before the lower cut-off
potential is reached. When comparing the computational results with experimental observations, it can
be seen that the main reason for capacity fade is the increase in tortuosity in the diffusion pathway of
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lithium ions due to cracking of the silicon composite electrode upon electrochemical cycling.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The increasing demand for electric vehicles, hybrid electric ve-
hicles and plug-in hybrid electric vehicles has spurred interest in
using silicon as a component in lithium ion battery anodes. Silicon
has a high theoretical specific capacity (3590mAhg=1; correspond-
ing to Liy5Si4), almost 10 times higher than the widely used and
commercially dominating graphite anodes (~ 372 mAhg-1) [1.2].
More widespread implementation of silicon-based anodes is, how-
ever, held back, due to primarily two major obstacles: volume ex-
pansion during lithiation and side reactions occurring at the sili-
con/electrolyte interface [3,4]|. These two phenomena are also in-
terconnected, since the volume expansion exposes more surface of
the active material for side reactions to take place at. These contin-
uous side reactions at the silicon/electrolyte interface thereby re-
sult in electrolyte decomposition, and the cells then gradually suf-
fers from a loss of active lithium [4,5].

At room temperature, 250-280% volume expansion have been
observed in the active silicon material during lithiation [4,6], with
a similar contraction during delithiation. These volume changes
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during charging/discharging generally occur in two different ways:
void volume changes and/or changes in the dimensions of the
porous electrode [6]. Silicon active particles expand upon lithia-
tion into the void fraction of the anode. A highly porous anode
can accommodate large volume changes without change in the di-
mensions of the porous electrode. This implies that even though
volume changes in individual silicon particles are large, the over-
all electrode dimension will not be significantly affected. This does
not hold true, however, for less porous electrodes where dimen-
sional changes can be substantial. Thus, it is important to account
for porosity changes in lithium-silicon systems.

Repeated lithiation/delithiation of silicon particles can cause
isolation of active material, which prevents further electrochemical
activity, and subsequently lead to capacity losses. Moreover, sili-
con electrodes which are based on micron sized particles can suf-
fer from particle pulverization upon repeated cycling, which also
often results in loss of electronic contact in the electrode. There-
fore, the reversible capacity of most silicon anodes decays after
a few cycles [7,8]. A promising strategy to mitigate these losses,
and which have shown considerable progress recently, has been to
design silicon nanostructures that resist fracture or have dimen-
sionally stable surfaces for solid electrolyte interphase (SEI) growth
[9,10]. However, a decrease in particle size also leads to inferior
electronic conduction and low coulombic efficiency due to a large
specific surface area [2,11], and to more costly electrodes. More-
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over, at room temperature, the Li-Si systems display a range of ad-
ditional challenges as compared to elevated temperatures. These
are associated with slow reaction kinetics [12], slow diffusion pro-
cesses [12,13] and low electronic conductivity [14]. The silicon vol-
ume change will result in electrode active surface area changes
that certainly will affect the SEI layer formation and is thus an
important factor for the overall cell behavior [15]. Recently, ef-
fects of particle pulverization and its correlation with SEI forma-
tion and charge transfer resistances were observed electrochemi-
cally for silicon/graphite composite electrodes with different car-
bon/silicon ratio using impedance analysis [16]. The silicon volume
change will result in electrode active surface area changes that cer-
tainly will affect the SEI layer formation and is thus an surface area
change is important factor affecting the overall cell behavior [15].
Recently, the effect of pulverization and its correlation with the SEI
and charge transfer resistances was electrochemically observed for
silicon/graphite composite electrodes with different carbon/silicon
ratio using EIS analysis [16].

Computational modelling of lithium ion batteries has been
growing extensively in recent years and is becoming a necessary
tool to analyze a vast range of degradation phenomena in these
electrochemical cells [17-21]. In such studies, a theoretical analysis
of the porosity changes has been shown to be important since the
effective transport properties of the electrolyte, such as the diffu-
sion coefficient of the lithium ions in the electrolyte and the ionic
conductivity decrease with the decline in porosity [22]. For exam-
ple, Srivastav et al. have discussed the evolution of electrode mor-
phology and its effect on electrochemical performance during cy-
cling of Si-based battery electrodes. When the void volume gets
smaller during lithiation, the ionic current flows through a nar-
row path in the electrolyte phase occupying the pores, which will
lead to a higher ionic resistance [23,24]. Chandrasekaran et al. have
in this context reported a theoretical framework which account
for the effects of porosity changes on cell performance, includ-
ing convection effects along with the general description of trans-
port in the electrolyte phase based on concentrated solution theory
[20,25].

To overcome the limitations of silicon anodes, silicon com-
posites with other active materials have been explored. In these,
graphite is typically used along with silicon because of its high
electrical conductivity, dimensional stability and traditional use in
lithium ion batteries, allowing for fabrication of electrodes which
can accommodate the volume changes of the silicon [26-29], pro-
vided that the fraction of silicon is kept low. For example, Beat-
tie et al. have shown that a Si-graphite electrode which comprise
less than 20 wt% Si can accommodate the large volume expansions
[30]. However, a detailed computational model of silicon-graphite
composite anodes is still largely missing. Thereby, it is still poorly
understood how changes in the porous structure, both during lithi-
ation and over repeated cycling, affect its cycling performance and
capacity retention. Therefore, we have here developed a model that
links electrochemical and morphological phenomena in these com-
posite anodes.

In this study, we present an extensive concentration solution
theory approach to understand capacity fade in silicon-graphite
composite electrodes in a half-cell model. The model is developed
within the framework of the porous electrode theory. We have also
included the impact of SEI film formation in the composite anode,
which is a decisive ageing phenomenon. The model provides a pre-
dictive tool for the cycling performance of silicon-graphite compos-
ite anodes and has been employed to study the evolution of elec-
trode morphology during cycling, caused by the continuous expan-
sion and contraction of silicon particles. The model is benchmarked
against experimental data and used to better understand the struc-
tural changes and its effect on electrochemical performance. In ad-
dition, the most reasonable degradation mechanism in terms of
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microcracks is identified based on comparison to simulation results
and incorporated into the model description.

2. Experimental
2.1. Materials

LP57 electrolyte (BASF, 1 M LiPFg in ethylene carbonate:ethyl
methyl carbonate (EC:EMC) 3:7 v/v), fluoroethylene carbonate
(FEC, Gotion, battery grade) and vinylene carbonate (VC, Go-
tion, battery grade) were used as received. Lithium 4,5-dicyano-
2-(trifluoromethyl)imidazole (LiTDI) was provided by the Polymer
Ionics Research Group at Warsaw University of Technology; the
synthesis has been reported elsewhere [31]. LiTDI was dried at
120°C for 12 h under vacuum. The electrolyte was prepared by
adding 10 wt% FEC, 2 wt% VC and 2 wt% LiTDI to the LP57 elec-
trolyte.

2.2. Electrode preparation

Silicon-graphite composite electrodes were prepared from 22
wt% silicon (Silgrain e-Si 400, ELKEM), 60 wt% graphite (TIM-
REX SLP30, Imerys), 10 wt% conductive carbon black (TIMCAL
C-NERGY™ Super C 65, Imerys), 5.5 wt% carboxymethyl cellu-
lose as binder (CMC) and 2.5 wt% of buffer chemicals (citric
acid/potassium citrate pH 3). The average radius of the silicon par-
ticle was 1.7 um while graphite was 8 um. Circular electrodes
(¢ = 13 mm) were punched out and further dried at 120°C un-
der vacuum for 12 h prior to battery assembly. The active areal
mass loading of silicon-graphite composite was ~ 4.6 mg cm~2.
All batteries were assembled as pouch cells in an argon glovebox
(Oy, H,O0 < 5 ppm). Two-electrode half cells were assembled us-
ing lithium metal (¢ = 15 mm) as counter and reference electrode
and one piece of Celgard 2325 separator (¢ = 17 mm) which was
soaked with 50 wL of electrolyte unless otherwise stated.

2.3. Electrochemical characterizations

Galvanostatic cycling of these cells was performed on an Arbin
BT 2043 battery tester. A pre-cycling step was applied at a constant
current of C/20 (based on a reversible capacity of 1015 mAhg™!
of the silicon-graphite composite electrode) between 0.05 and 1.50
V with a constant voltage step after lithiation until the current
dropped to C/50. Long-term cycling was carried out at C/2 between
0.05 and 1.50 V with a constant voltage step after lithiation and
delithiation with a limiting capacity of 800 mAhg-! (78.8 % state
of charge, SOC) or when the current dropped to C/125.

3. Model description

The model system considered in this work is a cell compris-
ing silicon-graphite composite electrode/separator/lithium foil. The
half-cell lithium battery model consists of the cell cross section in
one dimension, implying that edge effects in length and height are
neglected. The cell has the following geometry:

1. x = 0 : Negative current collector boundary.

2. 0<x< 8y : Porous silicon-graphite composite electrode. Thick-
ness: 45 pum.

3. 8p <X< &5 Separator (1M LiPFg in EC:EMC in a 3:7 ratio with 10
wt% FEC, 2 vol% of VC and 2 wt% of LiTDI. Thickness: 25 pum.

4. 8s <x< 6p: Counter electrode (lithium foil). Thickness: 20 pm.

For the electronic current balance, the counter electrode bound-
ary is grounded, i.e. V=0 (x =§p), and charging and discharging
conditions is applied at the interface between the working elec-
trode and the current collector (x = 0). The inner boundaries, at
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Table 1
Table of symbols.
Symbol  Description
a particle specific interfacial area, 1/m
c concentration of the electrolyte, mol/m3
Cs concentration of lithium in the solid particle phase, mol/m?
Crmax maximum lithium concentration in solid phase, mol/m3?
Dy bulk diffusion coefficient of the lithium salt, m?/s
Des effective diffusion coefficient of the lithium salt, m?/s
Faraday’s constant, 96487 C/eq
i current density, A/m?
iy solution (electrolyte) phase current density, A/m?
in transfer current per unit of interfacial area, A/m?
io exchange current density for lithium insertion in silicon composite electrode, A/m?
lapp Applied current density (for C/2 rate)
(negative for lithiation and positive for delithiation)
k reaction rate constant, m/s
Mgei average molecular weight of SEI, g/mol
p tortousity factor
Rs radius of solid silicon spherical particles (here taken to be constant), m
Rsp varying radius of solid silicon spherical particles used in the expression for a
S stoichiometric coefficient of species i in electrode reaction
t0 transference number of Li* relative to the solvent
t time, s
T temperature, K
U open-circuit potential (as a function of x) of silicon composite electrode vs. Li/Li* ref., V
v# superficial volume average velocity, m/s
VLiSiq,]s molar volume of LixSis/5 in the electrode, m*/mol
Vi partial molar volume of Sigjs5 in the electrode, 12 x 10-6m3/mol (Ref. [35])
Vi partial molar volume of Li in the electrode, 8.8 x 10-°m3/mol (Ref. [35])
(x) dimensionless average solid phase lithium concentration (i.e. within the particle)
along the porous electrode
Xs dimensionless surface concentration in the solid particle
On thickness of the Li-Si composite electrode, m
Ss thickness of the separator, m
Sp thickness of the lithium foil, m
porosity of the electrode (in the separator region, it is the porosity of the separator, 0.39)
€pf combined volume fraction of the binder and inert filler in the composite electrode
Psei density of species SEI, kg/m?
[ matrix phase electrical potential, V
b solution phase electrical potential, V
n surface overpotential in the composite electrode, V
Aq, o anodic and cathodic transfer coefficients for the electrochemical reaction at the composite electrode, each taken to be 0.5 in this work
Keff effective conductivity of the electrolyte, S/m
K conductivity of the electrolyte, S/m
Op bulk conductivity of solid matrix, 33 [S/m] (Ref.[20])
Oeff effective conductivity of the solid matrix, S/m

both ends of the separator (x =48, and x = §;), are electronically
insulating. To maintain ionic charge balance in the electrolyte, cur-
rent collector/electrode boundaries (x =0 and x = §,) are insulat-
ing for ionic currents.

The mathematical model presented here closely follows the
model based on porous electrode theory [18-22]. In the earlier
lithium-ion cell models [18,19,32], it is assumed that electrode
porosity (€) is constant and that volume changes can be neglected.
The solvent can then be chosen as a reference species, setting its
velocity to zero and neglecting its flow. Since the void volume
changes significantly in Li-Si systems, however, this assumption is
no longer valid, and the solvent velocity cannot be treated as zero.
For Li-Si type systems, convection plays a role in the transport of
the species due to porosity changes. Consequently, a superficial
volume average velocity is chosen as the reference (v¥). A mate-
rial balance of the electrolyte ions in the porous electrode is then
defined as [20,33]:

ip.Vt? __aja(1-1°
2V o) rep )

d(€c)
ot

= V.(GDEffVC) 7C070
(1)

Here, € is a function of both position and time. Symbols used in
the above and the following equations are explained in Table 1.

Since the performance of a lithium-silicon composite electrode

at 296 K is modeled in this work, Li;5Si4 is taken to be the most
lithiated phase. The particle size in the Li-Si system will not re-
main constant during lithiation/delithiation. For single electrode
reactions, the porosity change in the composite electrode is related
to volume change and is defined as [20,34]:
?Ti = _as%in (VLiSi4/15 - VSi4/15) (2)
Here, \7Ll~5i4/15 (0<x<3.75) and Vs, . are the molar volume of
LixSi4/15 and bare silicon in composite electrode, respectively.
Viisia 15 is defined as [20,35]

. 4 _
Viisiy s = E(VSI' +3.75(x)Vy) 3)

The particle size in the Li-Si system will not remain constant
during lithiation/delithiation. Chandrasekaran et al. [25] derived an
expression to evaluate the changing particle size (Rsp):

- 13

3.75V i (x

Rsp =R <1 + VLI()> s (x) = Csaug/ Cmax (4)
Si

Rsp is used to predict specific interfacial area (a=3(1-€—
€p5)/Rsp) which describes interfacial transport in the silicon elec-
trode.



S. Dhillon, G. Herndndez, N.P. Wagner et al.

Charge-transfer kinetics at the surface of the particle for lithi-
ation/delithiation in the silicon composite electrode is assumed to
be described by the Butler--Volmer equation

L auFT] _ —aan)]

1=1p [exp< RT ) exp( RT (5)
The overpotential (1) for Faradaic process is defined as
n=¢1—¢2—U(xs) (6)

where U is the equilibrium potential of the silicon composite elec-
trode as a function of state of charge (SoC, Xs = Cs/Cmax), and ¢,
and ¢, are the potential of the solid phase and the electrolyte
phase, respectively.

At the working current collector, the applied current (Igpp) is re-
lated to the transport of electronic charges at the current collector-
electrode interface, and thus the boundary condition becomes:
% ) R (7)

g P Oeff
where o is the effective electronic conductivity of the solid ma-
trix and is defined as:

Ocrf = 0p(1 — € — €pf)P (8)

o} is electronic bulk conductivity of solid matrix, €, is the com-
bined volume fraction of the binder and inert filler in the compos-
ite electrode and p is the tortuosity factor.

In porous media, transport properties must be modified to ac-
count for the actual path length of the species. Therefore, in the
composite electrodes, effective diffusivity (D) and effective ionic
conductivity in the electrolyte («,ss)are given by:

Deff =DL,‘+€p (9)
and
Keff =kKkeP (10)

The work presented here closely follows that by Chan-
drasekaran et al. [20], where more detailed equations and model
description can be found. In addition to that, the most prevailing
source of capacity fade lithium ion batteries is the loss of lithium
ions to the SEI The rate of SEI formation reaction is affected both
by the diffusion rate across the surface film and by the surface ki-
netics [36]. Following the work of Safari et al.[36], the local cur-
rent density of the SEI formation reaction (Js) is calculated by the
cathodic Tafel expression below:

. O seiF
Is= lo,sexp<— e ns) (11)
where ig is the exchange current density and 7s is the overpo-
tential for the SEI formation. The SEI layer growth rate (i.e., its in-
crease in thickness) is then described by [37]:

@ — _]Smsei
dt pseiF

§ = £ zmseiCSDseiT _ % (13)
T Psei k

where § is the thickness, p,; is the density and mg,; is the mo-
lar mass of the SEI, respectively. Dy,; is the diffusivity of the SEI
forming species through the SEI, while Cs is the concentration of
this species in the bulk of the electrolyte and k is the reaction rate
constant. 7 is the time spent during one cycle at the voltage of SEI
formation. Thus, t/t is the number of cycles. Thereby, Eqs. (12) and
(13) give the rate of formation of SEI as caused by side reactions
and the increase in SEI thickness with cycle number, respectively.

(12)
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3.1. Numerical simulation

The COMSOL Multiphysics 5.4 lithium ion battery module was
used to implement the model, and finite element methodology was
applied to solve Egs. (1)-(13) along with the domain ODEs and
DAEs module. The porous electrode and additional porous elec-
trode material nodes were used to simulate the composite elec-
trode materials. Porosity change of the composite anode as de-
termined by Eq. (2) were passed from the domain ODE module
to simulate the porosity changes in the composite electrode. For
the graphite part of the composite anode, the electrode volume
fraction was kept fixed while for silicon it varied in accordance
with Egs. (2) and (4). Physics controlled mesh settings were used
and the same mesh settings were used for time studies. A default
MUMPS solver was used for the time dependent matrix equations.

4. Results and discussion
4.1. Simulation results

Porosity changes in silicon-graphite (1:2.7) composite electrode
during galvanostatic charging and discharging are here investigated
using a half-cell model. The galvanostatic lithiation was stopped
when the cell potential reached 50 mV, while the cut-off volt-
age for delithiation was set to 1.50 V. Silicon particles were con-
sidered being spherical while the graphite particles were consid-
ered as flakes. The initial electrode volume fraction for graphite is
0.45 while for silicon it is 0.15; the rest being void pores (0.4). All
parameters used in the simulation are listed in Table 2. The ini-
tial thickness of the SEI was assumed to be 1 nm after precycling.
Simulations were conducted at high initial porosity of the com-
posite anode to provide enough space for expansion of the silicon
particles without changing the dimension of electrode. It is consid-
ered that there is no significant expansion of the graphite particles,
and hence the volume fraction of graphite in the electrode is fixed
while the silicon volume fraction changes according to Eq. (2).

Fig. 1 (a) shows the variation of the cell potential of the com-
posite electrode during galvanostatic cell discharge (lithiation of
the composite electrode) and charge (delithiation of the compos-
ite electrode) at C/2 (23.5 A/m?) rate. This figure displays the ro-
bustness of the model. Most of the electrode is being utilized dur-
ing the lithiation and delithiation as there are no restrictions being
implied on the use of maximum electrode porosity. Fig. 1(b) gives
the variation of cell potential with the capacity of the composite
electrode at 1C and C/2 rate. It can be seen that at the lower rate
(CJ2), the electrode is being fully utilized - or the maximum ca-
pacity is achieved - before the lower cut-off potential is reached.
However, when the rate is higher than C/2, the electrode capacity
decreases significantly due to the lower utilization of active mate-
rial, following from higher losses; i.e. ohmic drop, activation over-
potential and mass transport limitations. When the porosity of the
electrode decreases with lithiation, the effective electrolyte con-
ductivity also decreases which further increases of the ohmic drop.
This leads to a faster drop to the cut-off potential when applying a
high rate.

At C/2 rate, the change in electrode porosity for galvanostatic
charge and discharge can be seen in Fig. 2. As mentioned above,
the initial electrode porosity is 0.4. It can be seen that the elec-
trode reaches a complete lithiation before the porosity is com-
pletely utilized. Hysteresis is, however, observed for the lithiation
and delithiation curves, and the porosity does not reach the initial
value at the end of delithiation. This is directly correlated to the
hysteresis in the voltage curve (Fig. 1(a)), which most likely orig-
inates in SEI layer formation, polarization and/or an ohmic drop.
Using lower rates than C/2 should thereby be an effective way to
reach the initial value of the porosity [20].



S. Dhillon, G. Herndndez, N.P. Wagner et al.

Electrochimica Acta 377 (2021) 138067

Table 2
Table of parameters values
Parameter ~ Description Value[Unit]
clp Electrolyte concentration 1000 [mol/m3]
Sy Max Li concentration in graphite electrode 31507 [mol/m3]
Cliax Max Li concentration in silicon electrode 278000 [mol/m3]
cgm Initial Li concentration in graphite electrode 220 [mol/m3]
el Initial Li concentration in silicon electrode 1946 [mol/m3]
Ds; Diffusion coefficient of lithium in silicon particles 1.2 x 10716[m?/s]
D¢ Diffusion coefficient of lithium in graphite particles 1.4 x 107 3[m?/s]
ios Exchange current density for parasitic reaction 1x10-19[A/cm?]
ks Intercalation and deintercalation reaction rate coefficient for silicon 3 x10-9[m/s]
k¢ Intercalation and deintercalation reaction rate coefficient for graphite 2 x10-"[m/s]
ki Reaction rate coefficient for silicon 1 x10-5[mys]
M Average molecular weight of SEI 0.16 [kg/mol]
p Tortousity factor 1.5
Rc Radius of graphite active particles in composite anode 8[um]
Rs Radius of silicon active particles in composite anode 1.7[m]
T Temperature 296 [K]
Sy s, stoichiometric coefficient of + species in electrode reaction -1
Psei Density of SEI 1.6 x103[kg/m3]
Ksei SEI film conductivity 1 x1076[S/m]
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. i 0.4 Delithiation
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Fig. 1. (a) Simulated charging and discharging profile of a silicon-graphite compos-
ite electrode at C/2 rate. (b) Simulated variation of cell potential with the capacity
of composite electrode at 1C and C/2 rate.

Fig. 3 shows the change in porosity of the composite electrode
across the length of the electrode. At t = 0, the porosity is 0.4,
but with lithiation it decreases with time. At early stages, this pro-
cess is uniform, but as the lithiation proceeds, the porosity changes
become non-uniform across the distance in the electrode, with a
higher loss of porosity at the electrode-separator interface than at
electrode-current collector interface. This occurs due to the better
availability of lithium ions towards the electrode-separator inter-
face, while the lithium ion concentration starts to decrease when
moving away from this interface and into the bulk of the electrode.
As the porosity decreases, the effective electrolyte phase conduc-
tivity decreases in the composite electrode, which in turn leads
to an increased polarization in the cell. At C/2 rate, the potential

Fig. 2. Electrode porosity change vs. state of charge of the graphite-silicon compos-
ite electrode at C/2 rate.

drops to the cut-off value (Fig. 1(b)), before all the available poros-
ity is utilized. Thus, a high initial porosity of silicon or silicon com-
posite electrodes is useful at low rates, but is less advantageous at
high rates. This is more clearly seen in the Fig. 3(b), where data
for 3C rate is shown. Here, non-uniformities across the electrode
length appear also at early stages of lithiation.

Fig. 4 presents the change in radius of the silicon particles (us-
ing Eq. (4)) with state of charge of the composite electrode dur-
ing galvanostatic lithiation at 1C and C/2 rates. The initial radius
of the silicon particles is 1.7 um. For 1C and C/2 rate, the radius
increases up to 2.1 and 2.4 um, respectively, when the cut-off is
reached. This corresponds to approximately 23 and 48% increase in
the silicon volume fraction, and a corresponding decrease in elec-
trode porosity. The lower decrease in porosity at higher rates is
due to that the cut-off is reached at earlier states of lithiation. It
should be pointed out that this analysis is done under the assump-
tion that there are no dimensional changes in the electrode.

4.2. Comparison with experiment

In the following section, the model described in this manuscript
is compared with the experimental results to show its strength and
applicability. The electrochemical characterization is performed us-
ing the procedures described in the experimental section. During
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Fig. 3. Variation of composite electrode porosity along the cross-sectional distance
across the silicon-graphite composite anode during lithiation (a) at C/2 and (b) 3C
rate. The left side of the x-axis represents the electrode-current collector interface
while the right side represents the electrode-separator interface in the cell.
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Fig. 4. Variation of the silicon particle radius with state of charge of the electrode
during galvanostatic lithiation at C/2 and 1C rates.

cycling at C/2, the lithiation step was limited to a constant lithi-
ation capacity of 800 mAhg~!, which corresponds to 78.8% SoC.
For silicon-based electrodes, capacity limited cycling is preferable
to avoid severe damage to the electrode and prolong cycle life.
Furthermore, it mimics a full cell lithium ion battery in which the
positive electrode is the one determining the cell capacity [11,38].
The silicon-graphite composite electrode displayed stable cycling
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for 30 cycles, despite the Coulombic efficiency being only 97%
(Fig. 5(a)). Afterwards, the capacity starts to fade continuously to-
gether with the Coulombic efficiency until the cell fails after 60
cycles. The lower delithiation capacity compared to lithiation indi-
cates that degradation reactions are occurring in the battery [39].
This behavior is likely due to a loss of lithium inventory which
subsequently limits the lithiation reaction [40]. The limited amount
of electrolyte used in the cells can also explain the capacity fade,
as it is rapidly consumed due to the high mass loading of the elec-
trodes and the lithium metal used in the half cells. To prove this
point, additional experiments were carried out with higher amount
of electrolyte (80 L), and the capacity fade was also significantly
delayed (Figure S1). These results indicate that the amount of elec-
trolyte affects the battery performance, but that it is not the only
contributing factor to the fast capacity fade.

The voltage profiles, in turn, can give additional information re-
garding the behavior of the battery (Fig. 5(b)). During lithiation,
the effect of the increase in overpotential is clear as the onset of
the reduction potential decreases with the number of cycles. Thus,
the cut-off voltage of 0.05 V is reached earlier and a constant volt-
age step is needed to achieve the desired capacity. After 30 cycles,
the increase in overpotential is even more significant and most of
the lithiation occurs during the constant voltage step. In the case
of delithiation, there is no significant increase in overpotential un-
til cycle 37. The observed increase in polarization could be due to
an increase in cell resistance by electrolyte degradation, continuous
SEI growth or electrode cracking.

Furthermore, the rate capability of the system has been inves-
tigated at different C-rates. Fig. S2 shows that the voltage profiles
are very similar for C/20 and for C/10 without any signs of polar-
ization. The capacity for both C-rates is different due to that the
C/20 cycling was not performed with capacity limitation, while at
C/10 and higher rates used a limited of 800 mAhg~!. When further
increasing the C-rate to C/2 and 1C, the overpotential increases and
the cutoff voltage during lithiation was reached earlier. This indi-
cates a rise in cell resistance and limited electrochemical reactivity
of the electrode. Increasing the current also leads to slightly lower
Coulombic efficiency as the delithiation capacity is lower than dur-
ing lithiation, again indicating that more degradation reactions oc-
cur at higher currents [39].

For a straight-forward comparison of the experimental and sim-
ulation cycling results, an initial volume fraction of 0.154 silicon,
0.42 graphite and 0.126 binder are used in simulation. This equals
the volume fractions of the composite electrode components used
in the experiments. The initial porosity of the composite electrode
is 0.3, which is still high considering the used current rate in the
experiment and the capacity cut-off limit (78.8% SoC), as the en-
tire electrode material does not need to be utilized (to reach full
SoC). The simulated cycling is done at the same experimental con-
ditions as mentioned above. Fig. 6 shows a comparison between
the experimental and simulated voltage profiles of these cells as
function of time. Accelerated ageing is used in these simulation re-
sults[41], and is implemented as a side-reaction causing SEI layer
formation and dissolution (Eq. 12). More details about accelerated
aging are given in the supporting information. Thus, the second cy-
cle of the simulation results is equivalent to the 25th cycle of the
experiment, and employed to reduce the simulation time. Other
parameters used in this section are listed in Table 2.

The voltage curves display an interesting behavior during lithi-
ation after the 3rd cycle in Fig. 5(b). Where early cycles show an
extended plateau at ca. 0.2 V, a more rapid drop of voltage towards
< 0.1 V is seen for the 30th cycle, and even more pronounced for
the 50th cycle. In the simulations, this dramatic drop of potential
cannot be captured by SEI layer formation alone: the SEI grows
from 1 to 50 nm between these cycles, corresponding to an in-
crease in SEI layer resistance of only 5 x 10~2 Q2 m2. One hypoth-
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esis is therefore that this potential drop is instead related to a de-
crease in the solid phase diffusivity of lithium ions in the active
material of the composite anode, as also reported earlier for nano-
Si composite electrodes [38]. It is a well-known fact that silicon or
silicon-based electrodes with particle sizes in micron range might
show cracks/fracture upon electrochemical cycling [11,35], which
can influence the solid phase transport. In this context, it has also
been shown that with carefully designed electrode formulations,
good cycling stability (e.g., 200 cycles at a limited electrode capac-
ity of 800 mAhg-! [42]), has been demonstrated with composite
electrodes using similar compositions and materials; i.e., this ca-
pacity degradation can be avoided.

The changes in solid matrix diffusivity due to that the forma-
tion of electrode microcracks increases tortuosity in the diffusion
pathways of Li* have previously been modelled by Barai et al.
[43]. They also formulated an expression for the effective diffu-
sivity and its correlation to the microcrack density [44], which in
this work has been adopted for Si-based electrodes: Dg}f =Dgi(1 -
fop)Y where Dg; denotes the solid phase diffusivity of lithium ions
in the silicon active materials when no mechanical degradation oc-
curs. fp, is the microcrack density while y is an exponent that is
estimated from the concentration gradient of Li*. Due to lack of
experimentally determined values for f,, and y, Dg; is used as fit-
ting parameter when comparing the simulation results to the ex-
perimental counterparts; the value used here being 6 x 10~17m?2/s.

Fig. 6 displays a comparison of experimental and simulated
voltage-discharge capacity curves, where the added effect of mi-
crocracks is included into the applied model (comparison of more
experimental and simulated voltage-discharge capacity curves are
shown in Figure S3). It can then be observed that the proposed
model here for the silicon-graphite composite anode captures the
experimental data satisfactorily. Comparison of experimental and
simulated voltage-charge capacity curves are shown in Figure S4.
The simulated cycling data shows an abrupt voltage rise after 0.7-
0.8 V, which is due to that the delithiation reaction reaches com-
pleteness. A similar, but not as abrupt rise is seen in the corre-
sponding experimental data. Hence, it can be stated that the ca-
pacity fading observed in the silicon-graphite composite anode is
indeed caused by a decrease in the solid phase diffusion coefficient
due to increase in tortuosity, which contributes more significantly
to the capacity fading than the SEI layer growth. Figure S5 stresses
the importance of including effect of microcraks into the applied
model.

Moreover, this highlights that for a silicon-graphite composite
electrode, a careful design of composition, i.e. relative fractions,
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type of graphite and silicon, porosity and binder system are crucial
for the electrochemical performance. In the results presented here,
the high degree of lithiation of the electrodes leads to a more rapid
electrode failure when compared to electrodes studied previously
with similar material but with higher silicon content, but where
a lower utilization of the silicon has been applied [42]. In fact,
when subject to pre-lithiation [45], 245 cycles were demonstrated
for a full cell with a LiNig gCoq 15Al 050, cathode and a Si-graphite
composite anode of 60 wt% of similar silicon, which shows that Si-
based composites can display more appealing cycling data. It thus
appears that the high lithiation and corresponding loss of porosity,
probably in combination with a flaky graphite, makes the active
material more susceptible to cracking, since this explanation cor-
relates well with the modelling results.

5. Conclusions

In this work, a one-dimensional model for silicon-graphite
composite electrodes has been developed, which includes vol-
ume expansion/contraction of the silicon particles during lithia-
tion/delithiation, and has been implemented in lithium half-cells.
SEI layer formation and growth are also included in the model.
Comparison with experimental time data indicates that the model
well captures the relationship between porosity changes and ca-
pacity fading when the effects of microcracks are included in the
simulations. The results clearly show that the capacity fading ob-
served in the silicon-graphite composite anode is caused by a de-
crease in the solid phase diffusion coefficient of silicon particles,
which contributes more to the capacity fading than the SEI layer
growth. Thereby, this model can be used to investigate how these
composite graphite-silicon electrodes can be made more efficient
by varying the ratio of graphite and silicon.
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