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Abstract

To achieve the urgent requirement for high energy density in lithium-ion batteries,
Si-C composite anode has been spotlighted as one of the most promising alternatives
for next-generation batteries. A comprehensive computational model is indispensable
in the developing process of the excellent performance of anode material due to the
low-realizability, inconvenience, and high-cost of experiments. Herein, a simultaneous
multiphysics-multiscale model aiming at the Si-C composite anode was developed.
This model was then used to study the effects of Si percentage, mechanical constraint
and charging rate in terms of electrochemical and mechanical performances. A better
design to achieve high capacity was proposed based on the computational results.
Results provide a powerful tool in the design, development, and evaluation of high

energy density lithium-ion batteries.
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Nomenclature
O, Radius stress of particles
Oy, Hoop stress of particles
G  Shear modulus
A Lame constant
Q. Effective partial molar volume
E  Elastic modulus

U Poisson’s ratio
F  Deformation gradient

J,  Li-ion flux

Y, Stress component in macroscale
C,, Stiffness tensor in macroscale
W, Strain component in macroscale

I, Current density in electrolyte

The effective electrical
conductivity of the electrolyte

®, Potential in electrolyte
R Gas constant

T  Temperature

F Faraday constant

f:  Electrolyte activity coefficient

Li-ion concentration in the
electrolyte

¢ Li-ion concentration in particle

surf

Li-ion transference number

Li-ion flux in the electrolyte

Effective Li-ion diffusion coefficient
of electrolyte

Current density in solid phase

The effective electrical conductivity
of solid phase

Potential in solid phase

Effective surface area
Intercalation current density

The volume fraction of electrolyte
Mobility

Hydrostatic stress

Open circuit potential of the active
materials

The electrical conductivity of the
electrolyte

The electrical conductivity of the
solid phase

The volume fraction of the solid
phase

Li-ion diffusion coefficient of
electrolyte

Anode transfer coefficient
Cathode transfer coefficient
Rate constant

Chemical potential

Li-ion concentration

surface

in particle




Average Li-ion concentration in
particle

aver

1 Introduction

The increasing demand for high-energy-density lithium-ion batteries has attracted
a large number of research work on electrode materials[1, 2]. More specifically, alloy-
based anode materials, e.g. Si, Ge, and Sn, have become a heated topic among the
battery community due to their high theoretical capacities[3, 4]. Despite their high
capacity, the biggest disadvantage of such materials is its poor cyclability due to their
extra-large volume change (up to 300%) during charging/discharging cycles, which
may cause mechanical degradation like particle fragment[5, 6], stress generation[7], as
well as the solid-electrolyte interphase (SEI) layer instability[8]. In the past few years,
various advanced nanomaterial fabrication strategies, such as nanoparticle[9],
nanotube[10, 11], nanowire[12] and thin film[13], have been proposed to mitigate the
stress caused by the volume change and highly promising electrochemical performance
was obtained. However, the volumetric capacity of electrode fabricated by
nanomaterials is low due to the inherent nano-property accompanying low tap density
which induces excessive use of binder and conductive agent [14, 15]. Thus, the Si-C
composite [16] approach is widely adopted because it has the advantage of
nanomaterials as well as compensates the weakness of nano-properties. From these
studies, one may see its easier implementation and clear commercialization path
compared to the nanomaterials. Currently, Si-C composite anode has been regarded as

one of the most promising materials [17-19] to substitute current graphite anode to



achieve higher energy density gradually. Although the lab level fabrication and
application of Si-C composite are well developed now [20-22], its large-scale
commercialization is still emerging.

In addition to electrochemical characterization, in-situ, and microscale
experiments, which may give us a better understanding of the new material behaviors,
are usually expensive and unavailable[23], not to mention that stress measurement in
active particle level is unattainable on such complex structured materials. To alleviate
the headache in the experiment methodology, some pioneering theoretical models were
proposed. The core components of these models were mainly composed of two parts,
i.e. the mechanical model and diffusion model. At the particle level, the mechanical
models typically study the elastic behavior[24, 25], consisting of the plastic
behavior[26], fracture[27], anisotropic property[28]. The diffusion model is
concentration gradient driven, and the stress effects were integrated into the diffusion
model[29], considering the coupling effects from the mechanical behavior. At large
scale level, Newman model and classical continuum mechanical model were widely
used to model the electrochemical and mechanical behaviors of battery cells[30-34].
Furthermore, the coupling strategy of electrochemical and mechanical fields in a large
scale were proposed and verified, providing comprehensive knowledge on the
multiphysics behavior of battery cells[31, 35-37]. Also, for multiscale electrochemical
behaviors, some modeling works have explored the coupling strategy and mechanism,
which provide a comprehensive understanding [38-40]. Considering both the

mechanical and electrochemical in different scales, a more comprehensive multiphysics



and multiscale model is needed but few studies have been done towards this.

The high capacity battery design requires a multiscale work from material scale to
cell scale due to the complex nature of the battery system. It is important to understand
the coupling mechanism between material behaviors in microscale and cell behaviors
in macroscale during battery development. Some efforts have been made to combine
the multiscale as well as the multiphysics in one model by introducing the particles in
detail in the electrode of macroscale, which could be very complicated in modeling and
computationally expensive [41, 42]. Most recently, a simultaneous multiscale and
multiphysics model was reported in which only one kind of active material in the
microscale was considered[43, 44].

Compared to pure graphite anode, the Si-C composite brings in extra interfaces
between Si and C because the adding of Si is implemented through a Si-C composite
particle, as well as nonlinear large deformation across the length-scales. The combined
degree of freedom and governing differential equations significantly increase the
modeling complexities, hindering the success of model development for multiphysical
behaviors of the composite anode.

To bridge the gap, this paper established a modeling framework aiming at Si-C
composite anode. Half-cell tests were conducted to capture the electrochemical
property of the target material. An in-situ full-cell charging/discharging test was
conducted to provide the voltage and deformation profiles. A multiphysics-multiscale
model for composite anode was then established based on the classical mechanical and

pseudo electrochemical model and was validated by the testing data. Based on this



model, two cases with different geometrical configurations to achieve different Si ratios
were studied, as well as the constraint effect and charging rate effect. Electrochemical
properties such as voltage profile and Li-ion concentration, together with mechanical
behaviors such as the stress and deformation will be discussed for all cases to determine
a better configuration for high capacity LIB.
2 Method

2.1 Si-C composite anode multiscale characterization

Without loss of generality, two types of Si-C compound particles with different Si
proportions, i.e.20 wt% and 40 wt%, were selected in this study for Case I and Case I,
and the physical properties are listed in Table 1. The Si-C compound particles were
used to fabricate the composite anode (Fig. 1(a)). The active particle, binder, and
conductive agent were mixed with a ratio of 95:1:4 (see Table 1). Then, a classic slurry
cast (coating — drying — rolling — assembly) technique was used to get the composite
anode. The multiscale structure of Si-C composite anode can be seen in the scanning
electron microscope (SEM) images (Figs. 1 (a)-(d)). The active materials of the
composite anode (Fig. 1 (a)) is composed of graphite particles (dark part) and Si-C
compound particles (bright part), which is fabricated using nano Si particles, graphite
particles and amorphous carbon (Fig. 1 (b)). The nano Si particles, graphite particles
and amorphous carbon are purchased from BTR New Energy Materials Inc. The cross-
sectional SEM images (Fig. 1 (c) and (d)) show that graphite particles (~2 um) serve as
skeleton on which the nano Si particles (~100 nm) are attached by adhesive amorphous

C in Si-C compound particles, of which the capacity could achieve around 800 mAh/g



and 1200 mAh/g, i.e. more than 2 and 3 times of the theoretical capacity of pure graphite

particles, respectively.
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Fig. 1. SEM pictures of Si-C composite anode material and the electrochemical characterization.
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SEM images of (a) Si-C composite anode (dark zone is C particles and bright particle is Si-C
compound particle); (b) Si-C compound particle; (c) cross-section (section A-A) view of Si-C
compound particle; (d) nano Si and C particle distribution within Si-C compound particle; (e)
half-cell testing for pure graphite anode material and Si-C compound particle material with
different Si proportions (20 wt% and 40 wt%); (f) the OCP curves used for modeling
corresponding to (e) by change the x-axis to SOC (SOC equals to capacity divided by the
corresponding maximum value); (g) Full cell capacity retention at each cycle for 500™ cycle.
The CE is plotted on the secondary y-axis. Inset: SEM images of Si-C compound particle after
500 cycles. Scale bars shown in (a)-(d) and (g) are 5 um.

Then, the composite anode with 15wt% Si-C compound particles in Case I (the
baseline) was used to fabricate half-cell and full-cell for the following tests; the details
can be found in Table 2. The cathode used for half-cell is Li metal (purchased from
Tianjin Zhongneng) while the LiCoOx (LCO, purchased from Hunnan Shanshan with a
loading of 23.4 mg/cm?) was selected for full-cell. The electrolyte used here was LiPF6
with EC: DMC = 1:1 which was excess, and the excess was squeezed out during
package. The final quantity of the electrolyte used in this study was 1.6-1.7g/Ah.

Table 1 Physical properties of two types of Si-C composite anode

Si-C Si wt.% Si . Carbon . .
L Graphite, Binder, Loading,
comp, in Si-C wt. % Black,
wt.% wt.% mg/cm?
wt.% comp wt.%
11.25 20% 2.25% 92.75% 1% 4% \
Case | 15 20% 3% 92% 1% 4% 8
18.75 20% 3.75% 91.25% 1% 4% \
15 20% 3% 92% 1% 4% 8
Case II
15 40% 6% 89% 1% 4% \




Table 2 parameters of half-cell and full-cell used for testing

) Anode Cathode Energy density,
type Size, mm . .
thickness, um  thickness, um Wh/kg
Half-cell Coincell 13 (radius) 90-110 500 /
Full-cell  One layer 83*61%0.1 44 47
Full-cell Pouchcell 73*%60%*3.88 90-110 100-120 750

2.2 Electrochemical characterization of compound particles

A half-cell test was constructed on the Si-C composite anode material on the
testing system LAND CT2001H. The voltage profiles as a function of the reversible
capacities of two types of Si-C compound particles and the pure graphite particles were
measured by the constant current and constant voltage techniques with a rate of 0.1C,
from 0.005 V to 1.5V (for Si-C compound particles) and 1.8V (for graphite particles).
Only the results of the first cycle were measured here. The compound particles with 20%
wt Si and 40 wt% Si and the graphite particles exhibited first-cycle gravimetric
reversible capacities of 850 mAh/g, 1230 mAh/g and 353 mAh/g, respectively, with
initial coulombic efficiencies (CEs) of 86.3%, 86.3% and 92.4%, respectively (Fig. 1
(e)). The curves obtained from the half-cell test are adopted to be the input open circuit
potential (OCP) data since the applied current in this test is very tiny. It can be applied
as the anode material properties in the following modeling works (Fig. 1(f))

Also, a one-layer full-cell containing one layer of Si-C composite anode, one layer
of the separator and one layer of LCO cathode were tested in situ. The full-cell
configuration was placed in an optical high-power microscope to obtain the real-time
deformation video during charging/discharging. At the same time, it was connected to

the charging machine and was charged/discharged by the following strategy: CC
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charging with a rate of 0.5 C to 4.4V and then convert into CV charging until rate gets
down to 0.025C; rest 15 minutes; CC discharging with a rate of 0.5 C to 2.75V; stop.
The voltage profiles were recorded. Then the images at different time points were
extracted and analyzed to get the deformation values. So, the voltage and deformation
were obtained simultaneously in the test and used to validate the computational model.

Cycling tests after the first cycle of the full cell shown in Table 2 were also
performed in the voltage range between 2.5V and 4.4 V at 1C on testing system LAND
CT2001H. As shown in Fig. 1 (g), the composite anode can keep 97.2% reversible
capacity after 100 cycles, 93.9% after 200 cycles and 78.9% after 500 cycles, which is
comparable to the current commercial ones. For the CE, it can reach 99.5% after about
37 cycles. This may be explained by the SEM image of Si-C compound particle after
500 cycles that the nano Si exhibited irreversible swelling which may cause severe
stress conditions and further lead to fracture and capacity degradation. Thus, the
simulation work in the following parts may provide an excellent way to elaborate on
the mechanism. Further studies will be conducted in the future besides the multiscale
modeling in the current study.

2.3 Multiphysics-multiscale computational methodology

The left part of Fig. 2 shows a 3D multiscale structure of the Si-C composite anode
(one unit layer with a structure of anode active material-anode current collector-anode
active material-separator-cathode active material-cathode current collector-cathode
active material). The binder and additives are not considered here and the Si-C
compound particles are simplified as a homogenous particle (Supplementary Fig. 1 and
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Note 1). To further simplify the modeling process, 2D representative volume element
(RVE) model in macroscale (both for mechanical and electrochemical sections)
considering only one layer of anode active material, separator and one layer of cathode
active material were established where the anode active material was divided into two
parts, i.e. C zone and Si-C zone (mid part of Fig. 2). C zone represented the graphite
particles which were in dominant quantity while Si-C zone represented the converged
Si-C compound particles. Considering the proper simplification (1D simplification in
right part of Fig. 2) of the particle shape, several trial simulation works (Supplementary
Note 2 and Figs. 2, 3) indicate us to choose four grey circles in 2D model to represent
the dispersed Si-C particles by setting the overall weight percentage same as baseline.
Then in microscale, single-particle for pure graphite and Si-C particle were simplified
into 1D problem and considered by extra dimension node method.

The coupling strategy of field variables is also illustrated in Fig. 2. There are two
types of couplings: multiphysics and multiscale. In multiphysics coupling at the

microscale level, the average Li-ion concentration (¢, ) in C particle and Si-C particle

increases with charging process (governed by electrochemical model), leading to the
swelling behavior of C and Si-C particles (governed by mechanical model). In return,

hydrostatic stress ( 0, ) derived from the swelling of two kinds of particles (mechanical

model) affects the Li-ion diffusion (electrochemical model). Similarly, the multiphysics
coupling at macroscale happens between the average Li-ion concentration (c,,, )

change within C zone and Si-C zone (electrochemical model) and its induced eigen

strain (¥ ) change (mechanical model).
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In multiscale coupling of electrochemical model, the intercalation reaction current
density (/) in macroscale for C zone and Si-C zone that dominates the Li flux on
corresponding particle surfaces in microscale would be passed from macroscale to
microscale while on the contrary the surface Li-ion concentration (c,,,, ) in micro C and
Si-C particles that determine the potential of C zone and Si-C zone in macro scale,
respectively, would be passed from microscale to macroscale. While in the multiscale
coupling of the mechanical model, only the deformation gradient () would be passed
from macroscale to microscale to determine the local deformation. This coupling
strategy showed in Fig. 2 can achieve a simultaneously multiphysics-multiscale
modeling of the composite anode in single layer Li-ion cells. The principal governing
equations are showed in the following sections while the detailed descriptions can be

found in Supplementary Note 3.

1D simplification
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Fig. 2. Multiphysics-multiscale modeling methodology with the coupling strategy

2.3.1 Mechanical model in microscale

For spherical particle, the typical equilibrium equation can be described as
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49, 26 -5,)=0. (1)
dr r

In the current study, hydrostatic stress was considered on the surface of particles to
represent the effects of surrounding particles, under which the particle would not turn
into a plastic stage. Thus, only elastic behaviors are considered here, and the
constitutive equation could be derived as

o.=2Ge. +A,0.—Q Ac Lé‘ 2)

i ij kk = ij eff s ij -
1-2v

where Ac, =c, —c!. Different material properties would be applied for C particle and

Si-C particle (subscript or superscript “C” and “Si-C” to represent parameters for C

particle and Si-C particle, respectively). The boundary conditions could be

u.=0atr, =0

, 3
Ugc=0atr.=0 ®
U, = (\3/detF —1) Focatrie=r,. W

U sic™= ( VdetF _l) Iysicc AL =T, ¢

2.3.2 Electrochemical model in microscale

The composite anode contains two kinds of particles in microscale. Similar to
mechanical model in Section 2.3.1, variables like Li-ion concentration, c,, should have

two substances that are ¢, and c _ . To make the description concise, specific

s,Si—
substances are not showed here.
Governing equation of Li-ion diffusion within a particle is[29, 45]

oc. 1 or*J
—+— +=0. 5
ot r* Oor )

The microscale behaviors are achieved by extra dimension nodes method here. The
basic principle is: extra dimension nodes are defined by each macroscale node which
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can carry the all the variables from macro electrochemical and mechanical model and
is governed by Eq. (5). This method is implemented in COMSOL Multiphysics by weak
form equations. Then the weak form of Eq. (5) can be expressed as follows by

introducing a test function, ¢, :

2
j[acs f Lo J“jésdr=0. ©6)

or r* or

r

The boundary conditions and initial conditions are

% _0atr=0, (7)
or
1
JS:F atr=r,, (8)
c,(r)=c’att=0s )

As described before, intercalation reaction current density, I, is passed from the
macroscale electrochemical model.

2.3.3 Mechanical model in macroscale

The macroscale stress in the composite anode for either C zone or Si-C zone is

given by (similarly, substances are not showed here)

%, = Cou (P =¥ onSe) (10)

eigen

The eigen strain of the macroscale materials here, ¥, J, , is determined by the

eigen
volumetric change caused by the Li-ion intercalation/deintercalation of its microscale

particles. W is determined by the average Li-ion concentration within the

eigen
materials, giving

Q
=L Ac,. (11)

eigen 3
The equilibrium of macroscale stress gives

15



V. 2=0 (12)

2.3.4 Electrochemical model in macroscale

Porous electrode theory[30] is used to describe the electrochemical behavior of the

macroscale. The kinetics of the current density and Li-ion flux density in electrolyte are

given by
L=« |vo ~2RL[ AL g yyie |, (13)
' - F dInC,
J,=-D7VC, +%Ie. (14)

When it comes to solid phase, the current density is given by
I =—xk"V®, . (15)

The current density in electrolyte and solid phase can be connected by the intercalation

reaction current density, /, as described by the following equations:

VI =al, (16)
VI =-al, (17)

aC al
£ e=V.J +25 18
° ot F (18)

To make this model more functional and suitable for future aging studies, the
formation of the SEI layer is also involved in this computational framework. The

following kinetic expression describe the kinetics of the parasitic reaction[46]:

Jing (19)
(a”SEIF)+ qSEIfJ

RT

i, =—(1+ HK)

eXp
lref

where i,

., 18 the local current density, HK is a dimensionless expansion factor

function (which is zero during delithiation), J is the exchange current density for

parasitic reaction, « is the transfer coefficient of the electrochemical reduction
16



reaction, 7], is the overpotential, ¢, =Fcy, /A, is the accumulated charge
of Li lost related to a concentration of SEI (¢, ) and area of particles (A,) and
f 1is a parameter based on the SEI properties. The SEI behavior is mainly
dominant in cycling condition so it is not discussed in the present work.

The computational framework mentioned above was then implemented into
COMSOL Multiphysics 5.3a platform. A Dell Precision 7820 Tower workstation
with 16 CUPs and 3.49 GHz was used.

3 Results

To demonstrate the multiphysics-multiscale methodology described in Section 2.3,
as mentioned above, a baseline configuration of Case I was established with four circles
of Si-C zones of which the Si proportion in corresponding micro Si-C particle is 20 wt%
(Fig. 3 (a)). For mechanical boundary conditions, the bottom surface of cathode was
fixed while the top surface of the anode was set to be free. Given that the in-plane
deformation in anode could be ignored compared with deformation in the thickness
direction, symmetrical boundary conditions were applied on both side edges of the RVE
model. For electrical boundary conditions, the cathode surface was connected to the
ground while a constant current density was applied on the anode surface. The OCP
curves used to define the potential of electrodes were from the half-cell test (Fig. 1(e)).
All the other parameter values both for the electrochemical model and mechanical
model can be found in Table 3. Considering the deformation of cathode (material
LiCoO; (LCO) was used in this study) during cycling are not evident compared to the
Si-C composite anode, no multiphysics and multiscale coupling were applied on
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cathode. The deformation of the cathode will cause mechanical loading on the anode
which may lead to a condition similar to the mechanical constraint boundary. Thus, an
analogy can be drawn between the effect of cathode deformation and the effects of

mechanical constraint. This model was validated by comparing the results with full-test

data.

Table 3 Input parameters in multphysics-multiscale model
Parameter Symbol Value
Microscale
Partial molar volume of Si[47] Qg 9%10™° m’/mol
Partial molar volume of C[48] Q. 3.17x10°° m’/mol
Modulus of Si[49] Esi Eg(¢c,s)
Modulus of C[48] Ec 19.25+82.23x GPa
Maximum Li concentration in Si[50] € 278000 mol/m?
Maximum Li concentration in C[51] i 31507 mol/m?
The diffusion coefficient in Si[47] Dy, 1.67x107" m*/s
The diffusion coefficient in C[52] D, 1x10° m*/s
The radius of Si-C and C r, 5 um (estimated)
Macroscale
Anode thickness anode 44 pm (measured)
Cathode thickness cathode 47 pm (measured)
Separator thickness separator 9 um (measured)
RVE width of the cell w 200 pm (estimated)
The volume fraction of solid in electrode £, 0.4 (estimated)
Volume fraction of electrolyte in electrode g, 0.4 (estimated)
The electrical conductivity of cathode [53] Kj"‘”’”"“ 100 S/m
The electrical conductivity of anode [50] Kf””de 1S/m
Initial Li-ion concentration in electrolyte [54] Cf 1000 mol/m?
Diffusion coefficient in electrolyte [51] D, 7.5%107" m?*/s
Transference number [54] t, 0.363
Transfer coefficient o, o, 0.5 (estimated)

As shown by the comparison of normalized capacity profiles (Fig. 3 (b)),
18



simulation results well predict the test data within a voltage range of 2.8-4.44V. Average
deformations during the charging process for both test and simulation are also
compared (Fig. 3 (c)) giving that they are well consistent with each other despite a small
deviation of 3%. It also indicates that the volume increase of a Si-C composite anode
during charging can reach about 17% which is acceptable for commercial application
compared to several reported Si-involved anode materials[18], although it is still a main
defect of this kind of materials. The results shown in Fig. 3 (b) and (c) (also see
supplementary Movie 1) indicate that the computational model established in this study
can accurately predict the electrochemical-mechanical coupling behavior of Li-ion

battery cell containing Si-C composite anode and can be used for parametric studies.
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Fig. 3. Model configuration and validation. (a) parametric study outline for Case I (different

wt% of Si-C compound particle with same Si proportion) and Case II (same wt% of Si-C
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compound particles with different Si proportions); (b) and (c) model validation (Case I baseline)

in respect to voltage and mechanical deformation, respectively.

4 Discussion

To further understand composite anode multiphysics-multiscale mechanism and
explore a better configuration aiming for application, a series of parametric studies
using this validated model was carried out and analyzed in the following sections.

Basically, there are two types of Cases (Fig. 3(a) and Table 1). Case I and II
consider different Si percentages in two different ways: Case I-- different amounts of
Si-C zones with same Si proportion in micro particles (20 wt%) are set in anode which
gives around 3 wt%, 2.25 wt% and 3.75 wt% overall Si percentages for baseline, Low
and High case, respectively; Case II-- same amount of Si-C zones with different Si
proportions in microparticles of 20 wt% and 40 wt% are set in anode which give around
3 wt% and 6 wt% overall Si percentages for Baseline and High case, respectively.
Besides the Si percentage, constraint effect and charging rate effect are also considered
in this study. Except for the parameters described above, all the other settings are the
same, including initial conditions and boundary conditions.

4.1 Electrochemical behavior for Case I and Case Il with and without constraint

Although the Si proportion was changed for different cases, the thickness of anode
and cathode are kept unchanged and the same current density value (10 A/m*> which
leads to 0.5C for baseline) was applied for all cases in this part. As shown by the
charging and discharging profiles of all cases (Fig. 4 (a) and Supplementary Fig. 4), a
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very small difference can be seen in the charging process both for Case I and Case I1.
However, an obvious difference can be seen from the discharging process for Case 11
where cell with 40 wt% Si shows a faster voltage drop. This lower voltage profile of
the full cell with 40 wt.% Si is due to the higher discharge voltage (delithiation) of the
Si-C electrode as shown in Fig. 1 (f). Also, the Li-ion concentration profiles (Fig. 4 (b))
can provide a better understanding of this. A similar tendency can be seen in Fig. 4 (b)
among different cases that Li-ion concentration in C zone increases smoothly until
reaches its maximum value, while Li-ion concentration in Si-C zones increase faster
initially and slow down to a platform, then sharply increase towards its maximum value
at the end of charging process. During the discharging process, Li-ion concentration in
C zone decreases continuously till it reaches zero at 4000 seconds (about 2/3" of
discharge). On the other hand, Li-ion concentration in the Si-C zone keeps almost
unchanged at the beginning and starts to decrease when Li-ion concentration in the C
zone is almost zero. Such computational results have good qualitative consistency with
the experimental results[55], which can be explained by the different behaviors of C
and Si under different potential windows (Fig. 1 (e) and (f)).

Then, by comparing three cases in Case I, one may find that composite anode with
a lower percentage of Si-C particles has a higher increasing rate of concentration in the
Si-C zone near the end of the charging process. It should be attributed to the fact that
the same applied current density would generate the same total amount of transferring
Li-ion between anode and cathode. At the beginning of the charging process, the
majority of Li-ions are stored mainly within the C zone, little difference is observed in
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the Si-C zone. However, when the C zone is almost fully filled, the Si-C zone becomes
the dominating material. To store the same total amount of Li-ion, the one with a small
amount of Si-C zones need to store more Li-ion in Si-C zones at the same time. This
can also explain the discharging behavior among these three cases in Case I that Li-ion
concentration in the Si-C zone with less amount of Si-C particles would decrease later.
However, for Case II, the mechanism is different due to the various OCP properties of
different Si-C compound particles. It is indicated from Fig. 1 (f) that higher Si
proportion in Si-C compound particles would make the potential higher at the same
SOC value especially for discharging. Fig. 4 (b) shows that more Si addition in Si-C
particles significantly increases the Li-ion concentration in the Si-C zone and slightly
decrease it in C zone. This can be explained by Fig. 4 (c¢) which is the overall
equilibrium potential of C zone and Si-C zone. It indicates that the equilibrium potential
in different materials should keep almost same at the same time, which means C and
Si-C materials should be in the same SOC at the same time in the charging process
since the charging OCPs are almost the same. Consequently, the Li-ion concentration
in the Si-C zone with higher Si proportion increases faster to reach the same SOC since
its maximum Li-ion concentration is higher.

On the contrary, Li-ion concentration in C zone would increase slower compared
to the baseline to ensure the total Li-ion amount keeps the same simultaneously. These
two factors coupled together to determine the Li-ion concentration evolution. For the
discharging process, although Si-C zone with lower Si proportion should reach a low
SOC faster (Fig. 1 (f)), Li-ion concentration in the one with higher Si proportion
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decrease faster instead due to its higher maximum Li-ion concentration value.

The constraint effect is also studied here. A fixed boundary condition was applied
on the top surface of the anode considering that different layers would cause constrain
effect on each other in the real-world applications of batteries. Fig. 4 (a) and (b) show
that constrains on the anode surface does little effect on voltage and Li-ion
concentration. The way that mechanical constraint would affect the electrochemical
properties is that the constrain can influence the mechanical stress which conversely
affects the Li-ion diffusion in the active particles. The results show that the stress plays
aminor role in Li-ion diffusion compared to concentration gradient and electrochemical
conditions. So the mechanical constraint effect on electrochemical can be ignored. Note
that this study only focuses on the first cycle of the battery, when it comes to cycling
properties in which the mechanical failure and fatigue behaviors dominate the battery

performance degradation, stress effect would be more significant.
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Fig. 4. Electrochemical properties for different configurations of Case I and Case II, with and
without constraint. (a) voltage comparison; (b) Li concentration comparison in Si-C zone and
C zone, respectively, in macro-scale; (c) equilibrium potential in Si-C zone and C zone in
macro-scale; (d) Li concentration in Si-C compound particle and C particle in microscale

Furthermore, the Li-ion concentration distributions within microparticle (Si-C
compound particle for Si-C zone and C particle from C zone) are analyzed, as shown
in Fig. 4 (d). It indicates that the Li-ion concentration gradient along the particle radius
is small for all cases since the low charging rate usually leads to a quasi-equilibrium
status. The mean value of Li-ion concentration in microscale matches the one in
macroscale (Fig. 4 (b)) which indicates that the multiscale model works well.

4.2 Mechanical behavior for Case I and Case Il with and without constraint

The deformation of the anode is mainly generated by the Si-C zones, which
contains nano Si particles (exhibition a maximum of 400% volume change during
cycling). From an overall view of Fig. 5 (a), the shapes of curves are very similar to the
Li-ion concentration curve (Fig. 4 (b)), which agrees to the conclusion that deformation
of Si-C zone is mainly dominated by the Li-ion concentration (electrochemical behavior)
and the swelling coefficient (material property).

For Case I, Si-C zones are made of Si-C particles with the same Si proportion in
microscale which means they have the same swelling coefficient. From Fig. 4 (b) we
know that the Li-ion concentration in Si-C zones has little difference till the end of
charging. However, we observe that both the maximum deformation and the average
deformation of the anode would be larger with more Si-C zones. It is reasonable that
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even the deformation of every single Si-C zone is almost the same, more amount of Si-
C could generate more deformation in total. Note that the maximum deformation mostly
depends on one single Si-C zone, especially the one closed to the surface, but when the
amount of Si-C zone increases, they would affect each other that in-plane deformation
is restricted and leading to a larger deformation in the thickness direction. The increase
of Si-C zones influences more on average deformation that the overall deformed areas
would increase (more green and yellow zones show in the one with more Si-C zones
(Fig. 5 (b)).

For Case II, the maximum deformation of the one with 40 wt% Si in Si-C particles
shows an extremely huge increase compared with the baseline (20 wt% Si in Si-C
particles). This is due to the increased swelling coefficient of the Si-C zone caused by
the increased percentage of Si. However, the increase in average deformation is not as
huge as that of the maximum deformation. This can be attributed to the fact that the
average deformation is a coordinate result from the deformation of the Si-C zone and
the constraint of C zone. Thus, to reduce the deformation, deformable zones (or
particles in reality) should be embedded as deep as possible into the matrix so that the
matrix may help to constrain the deformation. Note that when a fixed boundary
condition is applied on the top surface, there will be no deformation of the anode such
that the constraint effect on the overall anode deformation is not discussed here.

To analyze the stress within composite anode in macroscale during the
charging/discharging behavior, two stress components are considered here,i.e. o, and

0, , in the in-plane and thickness direction, respectively. Two specific points, a and b,
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in two directions were analyzed in this study (Fig. 5 (c)). For both directions, stress
component at Point a is usually tensile stress while stress at Point b is compressive
stress. From an overall view, we can see that the stress evolution in both directions
behave very similarly as the Li-ion concentration does (Fig. 5 (d) and (e)). This is
because the stress here is mainly caused by the deformation of Si-C zones which is
directly related to the Li-ion concentration. Due to the Li-ion concentration evolution
behavior, the stress in the discharging process would keep the value at the beginning
for a while until the Li-ion concentration in the Si-C zone starts to decrease. The tensile
stress at Point a is the driving force of fracture which may cause cracks in C zone.
Compressive stress at Point b is one of the responsible reasons for interface crack or
debonding between C zone and Si-C zone. This is because if we consider the plastic
behavior of C zone which may cause irreversible deformation, the compressive stress
here may change into tensile stress which is the driving force of debonding. That means
a long platform of stress in discharging would be very harmful. Therefore, a tradeoff
between the high capacity (high Si proportion) and mechanical robustness needs to be
considered. When considering the constraint effects, the stress evolution changing can
be seen in Figs. (d) and (e). A general changing for all cases is that the constraint may
contribute to more compressive stress. Thus, stress at Point b exhibiting an obvious
increase of magnitude while stress at Point a decrease. That means the constraint may
mitigate the risk of tensile crack in C zone but increase the possibility of debonding and

crack at interface of C zone and Si-C zone.
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Fig. 5. Mechanical properties comparison for different configurations of Case I and Case II,
with and without constraint. (a)deformation comparison in macro-scale for Case I and Case 11
without constraint; (b) deformation distribution in macro-scale for Case I and Case II without
constraint; (c) stress extract point and stress component distribution illustration; (d) and (e)
stress component along thickness and in-plane direction at two specific points of Si-C zone and
C zone in macro-scale; (f) particle radius changes in microscale during charging process for
Case I and Case II, with and without constraint; (g) stress distribution in microparticles of

baseline.
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In microscale, particle radius change shows a similarly trend to the macro
deformation (Fig. 5 (f)). Si-C particle shows bigger radius change with a lower amount
of Si-C zone for Case I. This is because the Li-ion concentration increase faster in the
Si-C zone when the amount of Si-C zone is lower (Fig. 4 (b)). However, when the Si-
C particle contains more Si (Case II), the radius shows an obvious increase compared
with the baseline. As for the C particles, the radius almost keeps unchanged since the
swelling of C can be ignored compared with Si. When considering the constrains, the
radius increase of Si-C particles is reduced for all cases. And the radius of C particle
shows a decreasing behavior, which is attributed to the extruding caused by the
expanding Si-C particles. That means the macroscale constraint boundary condition
would have effects on the microscale particle deformation. The deformation behavior
of the Si-C and C particles is not only dominated by the Li-ion concentration but also
affected by the mechanical boundaries. For the stress in microscale, the baseline case
is selected to be the representative (Fig. 5 (g)). The hydrostatic stress at the end of
charging in the Si-C particle is larger than that in C particle, and both are in the
compressive status. The stress magnitude in microscale particles is slightly larger than
that in macroscale due to the porous structure of the anode.

4.3 Better strategy to achieve high capacity

In this study, we proposed two ways to achieve the high capacity of composite
anode, 1.e. Case I and Case II mentioned above. Electromechanical and mechanical
properties of all cases from Case I and Case II are discussed in Sections 4.1 and 4.2. To
point out which one is a better way to achieve high capacity aiming at commercial
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application, a new configuration of Case I called “ultrahigh” with eight Si-C zones was
established to achieve a same overall cell capacity with the high-case of Case II (the
one with 40 wt% Si in Si-C zone). Considering that the constraint condition is closer to
the real working circumstance of batteries, only the models with constraint are studied
in this section.

Both electrochemical and mechanical performances are shown in Fig. 6. The
voltage profile shows that the voltage of a cell is greatly related to the overall capacity
(or Si proportion) rather than the specific structure (Fig. 6 (a) and Supplementary Fig.
5). The Li-ion concentration in Si-C zones of high-case of Case II is much higher than
the ultrahigh-case of Case I while the Li-ion concentration in C zones shows little
difference (Fig. 6 (b)). The higher Li-ion concentration in the Si-C zone of the high-
case of Case Il results in a larger deformation of Si-C zones which then leads to larger
stress components both in in-plane or thickness direction (Fig. 6 (c) and (d)). As shown
in Fig. 6 (e), the Mises stress distribution in macroscale for these two cases further
agrees that the overall stress magnitude of the high-case of Case II is larger than that in
ultrahigh case of Case I and the large stress usually occurs at the boundary of Si-C
zones. The stress in microscale Si-C particles shows that the stress magnitude in Si-C
particle from high-case of Case II is almost double to that of the ultrahigh case of Case
I. However, the stress in microscale C particles shows an opposite result, which implies
that the increase of Si-C zones would play a more important role on C zones.

When achieving the same overall cell capacity, the structure construction as in
Case I would generate less deformation and stress in the Si-C zones but the increasing
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amounts of Si-C zones would bring more effects on C zone. Considering that the
mechanical damage of this kind of composite anode mainly occur within the vicinity of
Si-C zones, Case I is a better way to achieve high capacity. Further study needs to be

done to obtain the optimal configuration.
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Fig. 6. Electrochemical and mechanical properties for ultrahigh case of Case I and the high case
of Case II which have the same overall Si ratio in composite anode. (a) voltage comparison; (b)
Li concentration comparison in macro-scale; (c) comparison of deformation of Si-C zone; (d)
stress component comparison in micro-scale extracted from the same position defined by Fig.

5 (c); (e) stress distribution in different particles in microscale for both cases.
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4.4 Charging rate effects

To analyze the charging rate effects on this battery cell with the composite anode,
two more cases with different current densities of 50 A/m? and 80 A/m? are studied
based on the baseline case. All the other settings are the same to the baseline discussed
in previous sections with constraint. The charging profiles show that a higher charging
rate would generate a higher voltage at same SOC so that it would reach the limit
voltage at an early SOC (Fig. 7 (a)). It indicates that when the battery cell is charged at
a high charging rate, the usable capacity would be reduced. In the meantime, the
discharging profiles indicate that a larger voltage drop would occur at the beginning for
a higher discharging rate case which may cause a lower discharging platform as well as
a lower discharging capacity. This observation agrees well with the Ref.[56]. As shown
in Fig. 7 (b), the average Li-ion concentration profiles indicate that the Li-ion
concentration increases faster at a higher charging rate in Si-C zones in the charging
process while it decreases faster as well in the discharging process.

On the contrary, the Li-ion concentration increases slower at a higher charging rate
in C zones in charging process and decrease slower as well in discharging process. The
low average Li-ion concentration at the charging end of a high charging rate also
implies a low capacity. The Li-ion concentration behavior almost directly dominates
the deformation and stress evolution of the Si-C zone (Fig. 7 (c) and (d)). Here, we only
discussed the charging process that a higher charging rate would generate a larger
deformation of Si-C zone as well as larger stresses during the process. But the final
deformation and stresses of the higher charging rate at the charging end are smaller
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instead. Then at the discharging process, the initial residual deformation and stresses
would be lower for a higher charging rate. Thus, from the mechanical point of view,
fast charging is beneficial for the mechanical integrity under the promise of the same
nominal voltage at the cost of less utilized capacity though. This can be further
explained by the Li-ion concentration profile in microscale particles (Fig. 7 (e)). It
indicates that the concentration difference between the particle surface and center
would be larger of the higher charging rate, especially for the C particles. Thus, the Li-
ion concentration on particle surface which dominates the cell voltage would reach the
limit value faster at higher charging rate. Then the average Li-ion concentration would
be lower correspondingly, which further causes the lower deformation and stress. It also
indicates that the charging rate mainly influences the C materials. Note that the charging
rates here are primarily high rates; the slow rates are not considered here. Systematic

work describing the slow rates (like C/5, C/10, C/25) will be discussed in the future.
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Fig. 7. Electrochemical and mechanical properties comparison for different charging rate based
on baseline of Case I (a) voltage comparison; (b) Li concentration comparison in macro-scale;
(c) comparison of deformation of Si-C zone; (d) stress component comparison in macro-scale
extracted from point a of ¢_x defined by Fig. 5 (¢); (e) Li-ion concentration gradient in different

particles of microscale

5 Conclusion

A type of Si-C composite anode material was characterized by SEM method. The
electromechanical properties of this material were then measured by half-cell and the
voltage and mechanical deformation profiles were obtained via in-situ full-cell test. In
addition, a cycling test was also performed on a pouch cell based on this anode. To
further study the electrochemical-mechanical coupling mechanism in battery cell level
and microscale particle level, a simultaneous multiphysics-multiscale model was
developed and validated.

This model was then used to study the effects of Si ratio, mechanical constraint
and charging rate on electrochemical and mechanical performance. Two cases to
achieve different Si ratios were considered and Case I (different amounts of Si-C zones
in macroscale anode with same Si proportion in microscale Si-C particles) was
demonstrated to be a better solution to achieve high capacity. Mechanical constraint
showed more effects on mechanical behaviors which may cause electrochemical
degradation when considering the cycling behavior. High charging rate would reduce
the capacity but generate low deformation and stress of Si-C zones when the battery is
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fully charged.

This paper provides a versatile modeling framework to numerically describe the
multiphysics and multiscale behaviors of Si-C composite anode. Results pave the path
for next-generation anodes design, aiming at high-energy and commercially feasible Si-

C composite anodes.
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