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ABSTRACT

Lithiation process of Si has been widely studied, while most of the previous works neglected
the effects of mechanical constraint from the accessory materials such as binder and conductive
additive on the Si. In this paper, we carry out molecular dynamics simulations to investigate the
effects of mechanical constraint on the performances, such as capacity and lithiation rate, of Si
nanosheets as the anode material for lithium-ion batteries. Our results show that strong
mechanical constraint would largely affect the capacity and lithiation rate of Si nanosheets.
Remedial strategies for improving the capacity and lithiation rate of the constrained Si
nanosheets are proposed, giving rise to guidelines for the design of Si-based anode material for

high-performance lithium-ion batteries.



1. INTRODUCTION

Silicon (Si) is deemed as one of the most promising anode materials for the next-generation
lithium-ion batteries (LIBs) due to its extraordinarily high capacity, while the huge volume
change during lithiation and delithiation processes and the consequent rapid degradation of
electrochemical performance impede its wider application. Similar problem was also
encountered by other anode materials with high theoretical capacity such as SnO..! To make the
best use of the high capacity of Si and meanwhile prohibit the side-effects of volume change,
considerable efforts have been devoted to the studies on the mechanical behaviors of Si in
cycling.%’ For example, Bower et al. theoretically analyzed the Li-ion concentration and the
resulting stress field in Si during the lithiation process.® Liu et al. accounted for the size-
dependent fracture of Si nano-particle during lithiation using an elastic and perfectly-plastic
model.® However, most of these analyses apply to free-standing Si particles. In fact, Si
nanomaterials as the active material to accommodate Li-ions are normally embedded in a matrix
of accessory materials including binder and conductive additive such as carbon black. The
effects of the matrix especially its mechanical properties on the performance of Si-based
electrode are still unclear and sometimes even contradictory. For example, Li et al. compared the
electrochemical performances of crystalline Si powder in two binders with distinct mechanical
properties.t® It was found that the Si electrode performed much better when an extremely stiff
and brittle polymer was used as binder. In contrast, Liu et al. successfully improved the
cyclability of Si particles by using a soft and compliant elastomeric binder.!! Moreover, two-
dimensional Si nanosheets, with the use of different binders, were found to exhibit distinct
capacities (~1500 mAh g and ~865 mAh g™1)!2%3 implying the important role played by the

accessory materials. For a better understanding of the alloying process of Si, the effects of



mechanical constraint on lithiation were investigated. For instance, Wang et al. simulated the
lithiation and delithiation processes of a substrate-constrained Si film. An asymmetric rate
behavior was found, which was attributed to the opposite directions of stress developed during
lithiation and delithiation.** Using finite element analysis, Xu and Zhao found that the evolution
of lithiation-induced stress in a single particle anode embedded in a matrix is quite different from

that in a free-standing counterpart.'®

Despite these progresses, the effects of mechanical constraint on the performance of Si-based
electrodes are still unclear. In this paper, we apply the molecular dynamics (MD) simulations to
investigate the performance of the mechanically constrained Si-based anode, including the mass
capacity and the lithiation rate. Our study will be mainly focused on Si nanosheets rather than
particles because the large active surface area and small thickness (less than 10 nm) of
nanosheets would result in a high lithiation/delithiation rate'®'’ and stable solid electrolyte
interphase (SEI) layer2. More importantly, a method for fabricating mass Si nanosheets was

recently developed implying a great promise of Si nanosheets as an anode material for L1Bs.1? 8

2. MODELING AND COMPUTATIONAL DETAILS

When preparing electrode for LIBs, active materials such as Si nanosheets normally are
mixed with accessory materials including binder (e.g. sodium alginate), conductive additive (e.g.
carbon black) and solvent (e.g., DI water). The obtained slurry is then uniformly spread on a
current collector and dried for use. Clearly, in such a composite electrode material, the Si
nanosheets are not free-standing. Instead, they are embedded in a composite matrix consisting of
binder and carbon black with structure schematically shown in Figure 1a. During the lithiation

and delithiation process, the volume change of the Si nanosheets will be mechanically



constrained by the surrounding accessory materials. Consequently, the performance of the Si in

the electrode might be affected.
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Figure 1. (a) Schematics of the structure of anode composite consisting of Si nanosheet as the
active material, sodium alginate as the binder and carbon black as the conductive additive. (b)
Illustration of the MD model. The gray planes indicate the position of the virtual walls used to
model the mechanical constraint applied on Si. (¢) To simulate the mechanical constraint from

the surrounding accessory materials, virtual tethering forces are applied on the Si atoms that

cross the virtual walls.

To estimate the effect of mechanical constraint on the lithiation of Si nanosheet, an MD
model was constructed to simulate the lithiation process of Si nanosheet. Figure 1b shows the
unit cell of the model which includes a Si nanosheet sandwiched by two thick Li plates.
Originally, the Si sheet is single crystalline with in-plane dimensions equal to 7.3 nm and 6.2 nm
along [111] and [110] directions, respectively. Periodic boundary conditions are applied along
the in-plane directions. Lithiation takes place along [112] direction, which is the out-of-plane
direction of the Si nanosheet. Three different thicknesses of the Si sheet are considered including
3.6 nm, 4.3 nm, and 5.0 nm. Due to the limitation of MD simulation, here accessory materials
including binder and carbon black are not constructed in our simulation model, but their
mechanical constraint to the Si nanosheet is considered by introducing two virtual walls situated
at the surfaces of Si sheets before lithiation, as shown in Figure 1b. During lithiation, Si atoms on

the surface that cross the virtual reference walls are assumed to experience tethering force given



by F.e =Kr, where k is the spring constant of the virtual tether and r stands for the distance

from the corresponding virtual wall, as illustrated in Figure 1c. As a parameter characterizing the
intensity of mechanical constraint, the order of magnitude of k can be estimated using a simple
sandwich model shown in Figure 2a. Here, the surrounding accessory materials are modeled as
particle-reinforced composite plates whose mechanical properties can be estimated by a 2D
representative volume element (RVE) model shown in Figure 2b. The original thicknesses of the
Si nanosheet and the surrounding plates are denoted as ho and Ako, respectively. The ratio A can

be roughly taken as half of the volumetric ratio between the accessory materials and Si sheets.
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Figure 2. (a) Simplified model of anode consisting of Si nanosheets embedded in a composite
matrix. (b) Representative volume element model of the composite accessory materials
consisting of binder and carbon black, P.B.C.: periodic boundary condition.

Let the Si nanosheet have a virtual uniform expansion along the thickness direction, which
results in a displacement of the surface of the nanosheet into the accessory material, denoted as
Ar. If the surfaces of the surrounding plates are fixed (as shown in Figure 2a), the force
experienced by a single Si atom on the surface is AoEAr/Aho, where E is the effective elastic
modulus of the composite matrix and Ao is the sectional area of a single Si atom. Therefore, the
derivative of the force with respect to the displacement, which represents the spring constant k, is

given by
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In Eq. (1), the upper and lower bounds of the effective elastic modulus E of the composite matrix

can be estimated through the rule of mixture

E,. =EV,+EV.

upper

Eb Ec
EIower =
E\V.+EV,

where Ep and E. are the elastic moduli of binder and carbon black, and V, and V. are the volume
fractions of them. Taking the mass ratio between binder and carbon black as 1:1, and the
densities of binder (e.g., sodium alginate) and carbon black as 1.6 g cm® and 2.3 g cm?
respectively, the volumetric ratio between them is estimated to be 6:4. Taking the Young’s
moduli of the binder (sodium alginate) and carbon black as 2.7 GPa and 100 GPa respectively,®
the upper and lower bounds of the effective elastic modulus are estimated to be 42.6 GPa and 4.5
GPa. For a more precise prediction, we carry out Finite Element Analysis (FEA) (see Supporting
Information). The result of the FEA simulation shows that the effective elastic modulus is around
7 GPa. This will be used as the typical value of the composite matrix in the following discussion.
For a real electrode, if the mass ratio between Si/carbon black/sodium alginate is 3:1:1 and the
densities of Si, sodium alginate and carbon black are 2.3 g cm™, 1.6 g cm® and 2.3 g cm™
respectively, A can be estimated to be 0.4. Substituting E = 7 GPa and 4= 0.4 into Eqg. (1) and
taking Ao = 7 A2 and ho = 4 nm, k is estimated to be around 0.3 N m™. In our MD simulations,
various values of k ranging from 102 to 10® N m™ are considered to study the effect of
mechanical constraint on the lithiation of Si nanosheets. MD simulation is carried out by using
the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)® with charge

equilibrium package?2, The interatomic relationship between Si and Li is described by the



reactive force field (ReaxFF) potential >* which has been demonstrated applicable for simulating
the process of alloying between Li and Si.?43!, LAMMPS command “fix wall/harmonic” % is
applied with the associated spring constant taken as the value of k under investigation. The
temperature in all simulations is set as 300 K with Berendsen thermostat®? and time step is taken
as 2 fs. The mass capacity C of the anodes is computed through

N, .
C,=-u% 2)
mSi

where Nii is the number of Li atoms that have been inserted into the Si, eo the electron charge
and ms; the mass of the Si. Lithiation is deemed as completed if the ratio between the numbers of
Li-ions and Si atoms reaches 4.4 or the number of inserted Li atoms changes less than 1% within
10000 MD steps. The open visualization tool (OVITO)* is applied for post-processing and

visualization.

3. RESULTS AND DISCUSSION

Figure 3a depicts the snapshots of a free-standing Si nanosheet (k = 0) at different lithiation
extents. Here, the lithiation extent is characterized by the ratio of the number of inserted Li-ions
to that at full lithiation when lithiated Si is assumed to have formula Lis4Si with the
corresponding mass capacity equal to 4200 mAh g™. During the simulated lithiation process, a
sharp boundary between the lithiated and unlithiated regions is observed, which is consistent
with the previous results.?® ¢ Figure 3b shows the normalized mass capacities as a function of
k for different sheet thicknesses. Under weak constraint with k < 102 N m™, full lithiation can be
achieved; while under strong constraint with k > 10 N m, partial lithiation (~20%) is achieved,

giving rise to capacity around ~800 mAh/g. For a real case with mass ratio between Si/carbon



black/binder is 3:1:1, k has been estimated to be around 0.3 N m™* which, according to Figure 3b,
would lead to partial lithiation (~50%) and capacity around 2000 mAh/g. For an electrode with
mass ratio between Si/carbon black/binder is 8:1:1, k is around 1.0 N m™ which, according to
Figure 3b, leads to capacity as low as 1400 mAh/g. This may explain the phenomenon that high
mass loading of Si usually affects the performance of electrode.>” Compared to sodium alginate,
other binders such as polyvinylidene fluoride (PVDF) and carboxymethyl cellulose (CMC) have
comparable density but lower Young’s moduli (200-400 MPa for PVDF®3° and ~1.0 GPa for
CMC), resulting in less mechanical constraint and therefore higher mass capacity. Meanwhile,
Figure 3b compares the capacities of Si nanosheets with different thicknesses. It can be seen that
capacity exhibits little dependence on the thickness within the discussed range. This is consistent
with the earlier finding that thickness-dependent capacity occurs only when thickness is
relatively large (> 50 nm).***2 Figure 3c shows the lithiation extents reached within a prescribed
time (52.6 ps in MD time, which is the time when the 3.6 nm thick, non-constrained Si nanosheet
reaches full lithiation). Figure S3 (see Supporting Information) plots the migration velocity of the
phase boundary® as a function of the constraint intensity within the initial 20 ps of lithiation. It
can be seen that Si nanosheet under stronger constraint reaches lower-leveled lithiation, implying
that mechanical constraint would reduce the diffusivity of Li-ion in Si and therefore reduce the
lithiation rate. Meanwhile, the lithiation rate, unlike the capacity, exhibits a strong dependence
on the sheet thickness. For example, under constraint with k = 0.1 N m™ which is close to our
estimation for the realistic cases, a sheet of 5.0 nm thick achieves ~47% lithiation in 52.6 ps (MD
time), while a 3.6 nm thick sheet reaches ~74% lithiation in the same time. These results indicate
that thickness can also effectively affect the diffusivity of Li in Si of the anode material. Under

the same constraint, larger thickness leads to smaller Li diffusivity. This can be understood



because thicker sheet would lead to larger change in thickness and therefore experience higher

compressive stress from the accessory materials, resulting in smaller Li diffusivity.*®

Based on above simulation results, two remedial strategies can be proposed to improve the
performance of the Si nanosheet anode: one is to choose softer binder and the other one to reduce

the thickness of Si nanosheets.
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Figure 3. (a) Snapshots of a free-standing (k = 0) Si nanosheet at different lithiation extents. (b)
Normalized mass capacity (by the theoretical value 4200 mAh g) as a function of constraint
parameter k. (c) Lithiation extent achieved within a given MD time.

It is worth noting in Figure 3b that the relative mass capacities reach a steady value when the
constraint intensity is relatively large (> 102 N m™). This trend implies that lithiation can always
happen regardless of the magnitude of the constraint intensity, and there exists a minimum

capacity even for very large constraint intensity. This phenomenon may be attributed to the facile



lithiation of the surface sites of Si (see Figure S4 in the Supporting Information),** which, in turn,
manifests the promise of Si nanosheet due to its high surface area. The effects of the mechanical
constraint on the lithiation time and Li diffusivity may help in understanding the relationship

between the constraint intensity and the impedance of the electrode material.*>#®

Considering that the mechanical constraint takes effect when the volume of Si varies during
lithiation, the effect of constraint on the performance can be greatly reduced if the lithiation-
induced volume change of Si can be absorbed. This might be achieved by introducing porosity
into the Si sheets. To examine the effect of porosity on easing the side effects of mechanical
constraint, above MD simulations are repeated on a porous Si sheet containing a through-hole in
the center, as shown in Figure 4a. Holes with diameters ranging from 1 nm to 5 nm are
considered, and the corresponding porosity varied from 1.7% to 45%. The thickness of the sheets
is fixed at 3.6 nm. The calculated mass capacity is plotted in Figure 4b as a function of porosity
for k = 0.1~100 N m™. As expected, higher porosity gives rise to higher mass capacity,
irrespective of the external mechanical constraint. Therefore, the side effect of mechanical
constraint can be alleviated by introducing porosity. For example, for a Si sheet under constraint
with k = 0.1 N m™, the mass capacity can reach that of an unconstrained counterpart if porosity
of 28% or even higher is introduced. Although larger porosity is beneficial for higher mass
capacity, it may not be necessarily preferred if volumetric capacity matters. Figure 4c shows the
variation of the volumetric capacity Cy with the porosity. Different from the mass capacity, the
volumetric capacity does not monotonically increase with the porosity. This is because the
volumetric capacity Cy = C, X p, where p denotes the apparent density of the porous Si. As the
porosity increases, the mass capacity C,, increases while the apparent density of porous Si p

decreases. There exists an optimal porosity around 10% for k = 0.1 N m™* for example, at which



the maximum volumetric capacity is achieved. For the cases with higher constraint such as k =10
and 100 N m, such optimal porosity may also exist even though it is not observed in the more
practically meaningful range of porosity as shown in Figure 4c. Therefore, higher porosity may

not necessarily lead to higher volumetric capacity especially when the external constraint is weak.
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Figure 4. (a) Simulation model of porous Si nanosheet, (b) relative mass capacity and (c)
relative volumetric capacity of the constrained porous Si nanosheet with different porosities.

4. CONCLUSIONS

In this study, the effects of the mechanical constraint from the matrix of carbon black and
binder on the performances of Si nanosheet anode material were investigated by MD simulation.
Results show that large mechanical constraint can reduce the mass capacity and lithiation rate of
Si nanosheets. Based on the calculations, we propose following approaches to improve the
performance of the Si nanosheet anode material in the constraining matrix: (1) choosing a softer
binder material, (2) reducing the thickness of the Si nanosheet, and (3) introducing porous
structure. In addition, with the usage of binder materials, the porosity of porous Si anode should
be designed cautiously to avoid a possible reduction in volumetric capacity. Although the results
are derived on the basis of Si, it can be generalized to the other electrode materials that also

experience large volume expansion during alloying with Li, such as Ge, Sn, SnO2, or even



cathode materials. We believe that our results can serve as a useful guideline for the design and

fabrication of the Si-based electrode materials for the next-generation LIBs.
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