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ABSTRACT

Surface coatings as artificial solid electrolyte interphase have been actively pursued as an
effective way to improve the cycle efficiency of nanostructured Si electrodes for high energy
density lithium ion batteries, where the mechanical stability of the surface coatings on Si is as
critical as Si itself. However, the chemical composition and mechanical properties change of
coating materials during lithiation and delithiation process imposed a grand challenge to design
coating/Si nanostructure as an integrated electrode system. In our work, we first developed
reactive force field (ReaxFF) parameters for Li-Si-Al-O materials to simulate the lithiation
process of Si-core/Al,Os-shell and Si-core/Si0,-shell nanostructures. With reactive dynamics
simulation, we were able to simultaneously track and correlate the lithiation rate, compositional
change, mechanical property evolution, stress distributions, and fracture. A new mechanics
model based on these varying properties was developed to determine how to stabilize the coating
with a critical size ratio. Furthermore, we discovered that the self-accelerating Li diffusion in
AL O3 coating forms a well-defined Li concentration gradient, leading to an elastic modulus
gradient, which effectively avoids local stress concentration and mitigates crack propagation.
Based on these results, we propose a modulus gradient coating, softer outside, harder inside, is

the most efficient coating to protect Si electrode surface and improve its current efficiency.
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1. Introduction

Silicon (Si) has long been considered as a promising high capacity negative electrode in
lithium ion batteries [1-4] to meet the demand from portable energy storage devices to large-
scale transportation applications. However, the use of high capacity Si based negative electrode
has been limited by its mechanical degradation caused by the large volume
expansion/contraction during cycling [5,6]. Nanostructured Si [2, 3, 7-9], especially below some
critical sizes [10, 11], can mitigate Si fracture [3, 11], thus becoming a promising solution.
However, the high surface to volume ratio of nanostructures along with the large volume change
of Si, lead to unacceptable amount of solid-electrolyte interphase (SEI) formation [12] and
growth [13, 14], which causes low current/columbic efficiency and short life [15, 16]. To address
the problem, multi-functional coatings, such as carbon [17-19], Cu [20], Al [21], Al,O5 [22-25],
TiO, [9, 26], TiN [26], SiO; and carbon double shells [27], have been developed as possible
artificial SEI layers to improve the performance and life of silicon electrode. Among these
artificial SEI coatings, atomic layer deposited (ALD) coatings [22-25] have been shown to slow
down or reduce SEI formation by changing the reduction process of ethylene carbonate (EC)
electrolyte solvent [28-32]. In fact, even the 2~5 nm thick native oxide layer on Si NWs can
reduce the side reactions during the first lithiation cycle [7, 15]. This is likely due to the

electronic insulating and high dielectric properties of Al,O3 and Si0O, [33].

Due to the multi-functions of the coatings, their electronic and ionic conductivity, mechanical
strength, and geometry will jointly alter the lithiation rates, lithium concentration gradient in Si,
and consequently mitigate the diffusion-induced-stress and crack generation [34-36]. When a

long Si nanowire is lithiated under in situ transmission electron microscopy (TEM) from one end,
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electronic conductive coatings, such as carbon [17-19] and Cu [20] can speed up the lithiation
rate of the Si nanowires along the axial direction significantly, and even alter the shape of
crystalline Si nanowire. Sandu et al.[37] used crystalline-Si-core/nickel-shell nanopillars as a
model system to investigate the effect of coating thickness to pillar diameter ratio on fracture
patterns. Thicker coatings changed the anisotropic lithiation of ¢-Si NW [38] into an isotropic
process and caused less cracking. However, electrodes made of Si nano-arrays or nano-particles
will be lithiated along the radial direction rather than the axial direction, so the electronic
conductive coating, such as TiN did not show much advantage [26]. Instead, conformal Li
activated oxide coatings, such as TiO, [9, 26] on Si NW, demonstrated a dramatic performance
improvement in terms of coulombic efficiency and capacity retention. Memarzadeh et al. [21]
also showed that co-lithiation of an Al shell on the Si nanowire creates a compressive stress on
the Si core and effectively reduced the magnitude of their cracking/disintegration. Typical SEI
formed by electrolyte reduction reactions contains Li;COs; and LiF and some organic
components, which will not be further lithiated during cycling. On the other hand, many coating
materials, such as SiO,, Al,O3, TiO,, and Al, do change their chemistry and properties during
battery operation.[9, 22-27] Theoretically, artificial SEI coating can be mechanically stable to
withstand the volume change in Si during lithiation and delithiation, if the material properties,
thickness of the coating, and the size/shape of Si can be optimized. However, the search for
optimized coating materials and thickness is complicated by the chemical evolution of the
coatings, as it will lead to volume and property changes. In order to understand the impact of
coating lithiation on its mechanical stability, we will compare the lithiation process of Si core-
shell structures with amorphous SiO; and Al,Os shells via atomic simulations. Such comparison

will be important to many experimental studies trying to compare the ALD-Al,0; coated Si with
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uncoated Si, while the uncoated Si is typically terminated by a few-nanometer-thick native
Si0,[39] layer.

Both Al,O3; and SiO; coatings have shown improved performance due to the combined effect
of passivating the Si surface, constraining Si deformation, and reducing cracks [7, 22-24, 40, 41].
While thicker coating can mitigate cracking of Si more effectively, it may block Li ion transport,
thus an optimized coating thickness needs to be obtained. Xiao et al.[40] observed that a ~ Snm
thick ALLO; coated 75nm thick Si thin film showed much fewer cracks than the uncoated Si film.
Nguyen et al.[24] observed a 9nm thick Al,O; layer coated on Si-based nanowire arrays (~50nm
thick a-Si on 75nm diameter of NiSi core) cracked but still protected the Si and extended the
cycle life compared to non-coated samples. McDowell et al.[7] suggested that a native SiO; layer
with a thickness of 2~5 nm can suppress the volume expansion of Si nanowires with diameters
less than ~50nm. This is partially due to oxide-induced compressive stress could shift the
chemical potential of Li and limit the amount of lithiation of the Si (at the same open circuit
voltage but stress free) [42, 43]. Artificial SiO, coatings with thickness ranging from 2~15 nm
were compared by Sim et. al. [41] and the 7nm thick coating was identified as optimal in
suppressing volume expansion of Si while still allowing fast Li diffusion.

To fully understand the benefits of SiO, and Al,Os3 coating on Si, the evolution of the chemical
composition, diffusion and mechanical properties of the coatings during cycling must be taken
into account. Philippe et al.[44] showed that reaction of SiO, with lithium after cycling leads to
an increase of LisSi04 which has long been shown as Li ionic conductor [45, 46]. This is not
surprising as SiOx can be an anode material itself [47]. Xiao et al.[40] found that the structure of
the Al,O; coating changes to Al,O3/AlF;3/LiAlO; after cycling. Wang et al.[48] stated that the co-

existence of AlF; and Al,Os; is beneficial for improving the ionic conductivity in the SEI layer.
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The initial Li diffusion barrier in Al,O3 is extremely high, as predicted by density functional
theory (DFT) calculations [49, 50]. The lithiation of Al,Os into LiAlO; on the top surface has
been proven to reduce the diffusion energy barrier of Li diffusion [49-51]. Kim and Qi [49]
performed DFT calculations to investigated the property evolution of Al,O; and SiO; upon
lithiation and found that the Young’s modulus and Li diffusion energy barrier in Al,O3 decrease
significantly upon lithiation. The naturally formed 4-5nm thick Al,Os layer covering aluminum
nanowires was also demonstrated to form a stretchable and stable Li-Al-O amorphous layer
under in situ TEM [25].

The role of the chemical evolution of the coating materials on the lithiation kinetics,
mechanical deformation of the Si electrode and the failure mechanism of the coating itself are
rarely discussed, partly due to the fact that it is difficult to simultaneously track the chemical,
structural, and mechanical evolution of the nano-structures experimentally and computationally.
In this paper, we tracked these changes during lithiation of Si core-shell structures at atomic
scale, with reactive molecular dynamics (MD) and a newly developed reactive force field
(ReaxFF) for Li-Al-Si-O system. This ReaxFF is built upon the Li-Si-O system [52, 53], which
has been used to illustrate compressive stress caused by the SiO, coating can slow down the
lithiation process [54] via MD simulations. In this study, amorphous Al,O; and SiO, covered Si
nanowires were compared. The amorphous SiO, represents naturally formed oxides on Si
nanowire and Al,O; represents an ALD-Al,O3 coating on Si nanowires. The details of lithiation
mode, fracture mechanism, and stress distribution of the ALD coating during lithiation of the Si-
core-shell structure were analyzed. To our surprise, we found that the increasing Li diffusion in
Li-Al-O system with increasing Li content leads to a well-defined Li density gradient along the

coating thickness. This Li density gradient leads to an elastic modulus gradient (harder inside
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and softer outside) and plays a critical role in avoiding local stress concentration and crack
generation. This natural gradient coating provides a new avenue for coating design on nano-

structured Si electrodes.

2. Computational Methods
In the ReaxFF method, the energies and forces are derived from a general energy expression

=E,q+E E

under + Elp + Eval + EvdWaaIs + Ecoulomb (1)

system over +

The partial contributions in Eq. (1) include bond energies ( E,,), energy to penalize over-
coordination ( E,, ) and stabilize under-coordination of atoms ( E,, ), lone-pair energies (E,)),

valence angle energies ( E ) and terms to handle non-bonded Coulomb (E_,,) and van der

Waals ( E ) interaction energies. All terms except the last two include bond-order

vdWaals
dependence and depend on the local environment of each atom. The Coulomb energy ( E.,om)

of the system is calculated using a geometry dependent charge distribution determined using the
electro negativity equalization method (EEM [55]). All other non-bonded interactions (short-

range Pauli repulsion and long-range dispersion) are included in the van der Waals term
( E,qwaais )- The non-bonded interactions ( E ., and E gy.q5 ) are screened by a taper function and

shielded to avoid excessive repulsion at short distances. For a more detailed description of the
ReaxFF method, see van Duin et al.[53] This ReaxFF formalism has been previously employed
to simulate the lithiation mechanisms in sulfur [56] and Si NW electrodes [54]. Here, in order to
simulate this system, we developed new ReaxFF Li-Si-Al-O parameters in ReaxFF, by adding
new training sets of DFT results, such as Li ion diffusion energy barrier, formation and lithiation

energy to the existing ReaxFF Li/Si/Al/O description from Narayanan and co-workers [57].
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After finishing the development of Li-Si-Al-O parameters of ReaxFF, the reactive MD
simulations were performed on amorphous Si core-shell structures, in which the shell was
amorphous Al,Os or SiO; at different thicknesses. The core-shell structures were surrounded by
Li atoms in a 3D periodic simulation boxes at the dimension of 78Ax53Ax72A. The length of
the core shell structure was the same as the length of the y dimension of the simulation box, as
shown in Figure 1. This simulates an infinitely long Si nanowire covered by coatings lithiated
along the radial directions. More specifically, six simulation sets (listed in table 1) were prepared
to investigate coating materials and shell thickness effect upon lithiation to Si nanowire. The
initial diameter of Si core is 15A. The initial thicknesses of shells were 2.5 A, 4.5 A and 7.5 A
for SiO, and Al,Os, respectively. The amorphous Si core consisted of 478 Si atoms with initial
density of 2.38 g/cm’ (compared well with experimental value of 2.33 g/cm’ .[58]). The densities
of initial amorphous SiO, and Al,O3 were 2.18 g/cm’ (experimental value of 2.2 g/cm’ [59, 60])
and 3.16 g/cm’ (experimental value of 3.1 g/cm’.[61]), respectively. These amorphous structures
were obtained by first melting and quenching, then equilibrating the structures at 298K by NPT
ensemble. The initial core-shell structures were constructed based on these equilibrated
amorphous structures. Energy minimizations were performed for the core-shell structures
surrounded by Li until the energy tolerance of 10 eV was satisfied or 2000 steps. MD
simulations were then carried out in the canonical ensemble (NVT) at the temperature of 900K
using the velocity Verlet algorithm with a time step of 0.25 fs. The forces were computed using
the ReaxFF, and implemented in the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) package [62].

The lithiation process of Si-core-oxide-shell structure is spontaneous due to the large negative

heat of mixing. Figure 1 shows the cross-section of core-shell structures during the lithiation
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process. To facilitate the comparison of the lithiation process in different core-shell structures,
the innermost and outermost Si/O (Al/O) atoms in the shell of the initial configurations were
tracked during the simulations. Since the atomic shuffling and diffusion in these shell atoms
were negligible compared to lithium atoms, the innermost and outmost atoms in the shell stayed
mainly as the boundaries of the shell. The average positions of the innermost oxide shell atoms
defined the radius of the Si core and those of the outmost oxide shell atoms define the radius of
the shell. The Li atoms located outside the core and inside the shell radii were counted as the Li
content inside the shell, and those diffused inside the innermost boundary of the shell were
counted as the Li in the core and its ratio with Si is the Li content x in the Li,Si core. When

x=3.75, full lithiation of the Si core was reached and the MD simulations were terminated.

3. Results and discussions

3.1 The Chemical and structural evolution of Si core

Figure 2 shows the number of Li atoms in the Si core and the radius of the lithiated Si core
with respect to time until full lithiation. As is shown in Figure 2(a), the thin SiO, shell (2.5A)
case reaches the fully lithiated state first. The difference between the cases of thin (2.5A) and
intermediate (4.5A) SiO, shells is minor because Li penetrates through very fast (even during
minimization stage) in SiO, when it is not thick enough. However, for the cases of Al,Os, the
thickness affects lithiation time significantly since Li moves relatively slowly in Al,O3 compared
to in Si0,. [49] The time to reach full lithiaton for the six core-shell structures considered in this
study is shown in Table 1. The overall lithiation time and the radii of the core-shell structures

follow the relationship of Ry oc \/t. Here we defined an effective diffusion coefficient, D¢s tO
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describe the lithiation rate as Ry = ,/D .+t and obtained it by a linear fitting. The lithiation rate

in Si0; shell covered Si core is almost four times faster than Al,O5 covered Si core.

Figure 2(b) shows the radii of the Si cores and shells with respect to time until the fully
lithiated state. The initial Si core radius is only 7.5A. Due to the periodic boundary condition of
the simulation cell, all the volume expansion of the Si core occurs along the radial direction.
Therefore, the 300% volume incensement will double the Si core size. Indeed, as shown in
Figure 2(b), the final Si core radii of the thin (2.5A) SiO,, intermediate (4.5A) SiO, and thin
(2.5A) AlL,Oj5 cases are nearly doubled (15A), which indicates that these shells did not impose
significant compressive constraints on the Si core. In comparison, for the thick (7.5A) SiO,,
intermediate (4.5A) Al,O3, and thick (7.5A) Al,O; cases, the radii of the Si cores only expands to
14A, corresponding to a 13 % volume compression compared to the free volume expansion. This
is a clear indication of the mechanical constraints imposed by the shell, which also goes through

chemical and structural changes.

3.2 The Chemical and structural evolution of the SiO, and AL, O; shells

When lithium atoms inserted into the Si-core/SiO;-shell structures, the SiO, shells were
immediately lithiated followed by the lithiation of the Si cores. In contrast to the SiO, shells,
lithiation happened relatively gradually for the Si-core/Al,Os-shell models compared to the Si-
core/S10;-shell models due to the higher Li diffusion energy barrier of Al,O3 than that of SiO,.
[49] Figure 3 shows the chemical evolution of the SiO, and Al,Os shells until full lithiation of
the Si core in terms of Li/Si and Li/Al ratios in the shell. The maximum Li/Si ratio and Li/Al

ratio are around 7.0 and 3.5, respectively. This can be explained as follows.
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According to DFT calculations [49], the lithiation reactions up to SEI formation voltage (0.8V)
can be expressed as
2Li + SiO, = 0.5Li4Si04 + 0.5Si (2)
As the voltage drops below 0.5V, Li continues to replace the Si out of the LisSiO4, so it
gradually becomes Li,0, and the replaced elemental Si can also be fully lithiated Si (Li;5Siy).
5.75 Li+ 0.5Si + 0.5Li4Si04 = 2Li,0 + 0.25(Li;5Sis) 3)
Combining reaction (2) and (3) results in
7.75 Li + SiO, = 2Li,0 + 0.25(Li;5S1s) 4)
So the theoretical Li/Si ratio can be as high as 7.75. Since the current SiO; coated Si exists
next to Li metal (at 0V) and the Si core is also fully lithiated (~0.1V), this level of lithiation of

the SiO, shell is reasonable.

Similarly, for Al,O3, the initial lithiation reactions up to SEI formation voltage (0.8V) can be
written as

1.5Li+AL,O; = 1.5LiAlO; + 0.5A1 (5)

When the voltage drops below 0.5V, Li atoms continuously replace the Al in the LiAlO, and
gradually form Li,0, and elemental Al can be lithiated to either LiAl or Li, »sAl, according to Li-
Al phase diagram. If Li, 5sAl is formed, the reaction is

9Li + 0.5Al + 1.5LiAlO, = 3Li,0 + 2(Liy»5Al) (6)

Combining reaction (5) and (6) yields

5.25Li+0.5A1,05 > 1.5Li»O + Lis 1Al (7)

10
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So, the Li/Al ratio can be as high as 5.25. Based on the current results in Figure 3b, full
lithiation of Al did not occur. Instead, the suitable lithiation reaction for the current result is
expressed as

4Li+ 0.5A1,05 > 1.5Li,0O + LiAl (8)

This is consistent with experimental results on Li-Si composite anode, where Li;sSis and LiAl
were formed at the full lithiation state [63].

The initial, intermediate, and final lithiated amorphous coating materials were calculated using
the current force field and tabulated in Table 2 to show the details of the evolving material
properties. The lithiation of the coating material causes density decrease, volume expansion, and
softening. Table 2 indicates that the Young’s modulus for amorphous SiO, and lithiated
compound of SiO, are softer than Al,O3 and the lithiated compound of Al,O; at similar Li
content. In addition, the volumes of both amorphous Al,O3; and SiO, increase by 300 % when
Al,O3; becomes LigAl,O3 and SiO; is changed to Li7 75S10;.

Figure 3 shows that for the thick SiO, and Al,Os cases, the Li/Si and Li/Al ratio kept
increasing toward, but still remained less than, the theoretical Li/Si and Li/Al ratios up to full
lithiation. This is more obvious in the Al,Oj; case, as the full lithiation ratio may only occur near
the outer surface due to the slow diffusion of Li in AL,Os. For the 2.5A and 4.5A SiO, and 2.5A
Al,Oj3 the Li content in the shell increased first and then decreased. This observation is attributed
to the fact that these coatings are broken (Figure 4d) so the shell boundaries were not clearly
defined as the other cases.

By analyzing the final atomic structures, three coating failure mechanisms are identified. The
2.5A and 4.5A SiO; shells and 2.5A Al,Oj; shell are considered totally broken at the end of the

simulations (Figure 4(d)). Therefore, they did not impose any mechanical constraints on the

11
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expanding Si core. We also tracked the position of the Si atoms in the core. After the shell broke,
the core Si atoms diffused out of the shell. Thick (7.5A) SiO, and intermediate Al,O3 (4.5A)
shells exhibited cracks in the final structures (Figure 4(c)). The cracked coatings still maintained
its mechanical integrity and imposed a compressive stress on the Si core. Another indication of
the cracked coating is that some of the core Si atoms diffuse to the surface of the shell (Figure 5
(b1)). This is reasonable, as the lithiated Si core is under compression and can be squeezed out of
any cracks in the coating. Finally, the thick (7.5A) Al,Oj3 shell is mechanically intact as shown in
(Figure 4(b)) and no core Si atom ever diffused out of the shell (Figure 5 (b2)). More discussions
on crack formation in the shell will be given in next section.

As Si expands during lithiation, the coating will be stretched thinner. However, the lithiation of
the coating itself also induces volume expansion. To show the details of the geometry change of
the coating, Figure 4(a) shows temporal variations of the shell thickness for the six core-shell
structures. As shown in Figure 3, the lithiation of the shell is almost instantaneous, proceeding
very fast in the first 1ps for SiO, and Sps for Al,Os, after which the lithiation rate becomes
slower. The lithiation of Si core started after Li penetrated through the shell, as we noticed from
the Figure 1. Once started, the lithiation rate is relatively linear with time (Figure 2a), consistent
with interface controlled lithiation process in Si. Therefore, the shell thickness is governed by its
own volume expansion due to lithiation at the initial stage of time, while the mechanical
stretching effect reduces the shell thickness during the later stage of time. This trend is very clear
in the two cracked coatings, 7.5A thick SiO, and 4.5A thick Al,Os shells. For the 7.5A Al,O3
shell, these two competing effects reach dynamic equilibrium and a stable shell thickness of 11A
is obtained after 5 ps, providing a mechanically intact coating. The Li/Si and Li/Al ratios, which

are responsible for volume expansion, keep increasing when the shells are thick, and the

12
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stretching effect is more pronounced when the thickness is thin and the lithiated shell is sofft.
Dramatic coating thickness reduction is observed in the three broken coatings. It should be noted
that since we defined the shell thickness based on the initial positions of the shell atoms, after the
shells are broken, the boundaries of the shell is no longer well defined. Based on our definition,

the shell thickness will be greatly reduced due to smearing of the initial coating boundaries.

3.3 Incorporating lithiation of the coating in coating fracture analysis

Verbrugge et. al. derived an analytical solution for the diffusion induced stress in a core-shell
structure [64], and predicted that stress discontinuity occurs at the core-shell interface, which can
lead to coating delamination (spalling) or cracking. Based on our MD simulations, neither SiO;
nor Al,O3 coatings showed delamination, but cracks that were initiated at the interface then
penetrated through the coating did occur. Since lithiation and volume expansion only occurred
along the radial direction of the core-shell structure, the coating was continuously broken into
pieces in the radial direction when its thickness is small. These fractures occurred due to a large
tensile stress in the coating, as the Si-core is lithiated. For the core-shell structure, our MD
simulation results show that when the shell is intact, the core experienced a compression that
causes a volume contraction of 13% due to the confinement of the coating, and when shell
breaks (for sufficiently thin shells), the core can expand freely up to 300% volume expansion.
The lithiation causes a linear lithiation strain of &_ in the core and &, in the shell. Assuming that

the core is under a hydrostatic pressure p due to the confinement of the shell, we can calculate

the tensile stresses in the shell as

YR o, =P— (9)

13
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where ol is the tensile stress along the axis, o is the stress perpendicular to the axis, / is the

thickness of the coating layer, and R is the radius of the Si wire. The chemical potential of the Si

coreis y =—AG + pQ, where AG is the chemical potential for the lithiation reaction between Si

and Li, and Q is the atomic volume of lithium. The critical pressure that stops the lithiation is

a6

10
P="5 (10)
Combining the above equations results in the maximum attainable stress in the shell as
o, = AGR (11)
Q h

As lithiation proceeds, R increases, so o, increases. If the coating thickness, /4, also increases

during lithiation, the degree of @, increase due to core expansion will be reduced. This scaling

analysis also indicates that the stress in the coating can be controlled by tuning not only the
initial thickness of the oxide layer and the radius of the Si wire, but also the growth of both sizes

during lithiation. Fracture of the coating occurs in the radial direction when o, exceeds the

breaking stress of the coating, o{"*'. Thus, to have a fully mechanically intact coating, the R/h

ratio must satisfy, at any given lithiation stage,
(12)

It has been noted in previous studies [65-67] and the results in Table 2, the mechanical
properties of Si, coating and the interface are all subject to changes upon lithiation. To estimate

the crf'“”Ir for the SiO, and Al,O; coatings, we use their theoretical strength crf'“”Ir = 0.3E, where

14
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E is the Young’s modulus computed in Table 2 for various lithiated Li-Si-O and Li-Al-O
compounds. Therefore, comparing SiO, with Al,O; coatings on Si nanowires at the same

thickness, Al,Os; will tolerate more Si deformation due to larger crf”“, consistent with our MD

simulations. Other experimental results [24, 25, 40] also have indicated that Al,O; coating on Si
electrode is more stable during cycling than uncoated electrode and much fewer cracks were
found compared to uncoated (in fact SiO, terminated) Si film. Taking the fully lithiated core size
and coating, Young’s modulus, and assuming AG ~0.5eV and Q ~ 9 cm®/mol [42, 68] will lead
to an estimation of the critical coating thickness, which is found to be ~9.2A for lithiated SiO,
coating and ~6.0A for lithiated Al,O3 coating. This simple estimation is consistent with our
observation that the 7.5A thick Al,O3; becoming 11A thick stays intact as it is beyond the critical
thickness, but the 4.5A thick Al,Os becoming 7A thick at full lithiation cannot withstand the Si
expansion and showed some cracks and the 2.5 thick Al,O; became fully broken. In terms of
Si0,, none of the fully lithiated coating is beyond the critical thickness, so they either show some
cracks or are fully broken.

There are some differences between the SiO, and Al,O; coatings, which is not consistent with
this simple analytical model. Note that the two SiO, shells (2.5A, 4.5A) are broken in axial
direction, which is consistent with the model, but some part of the thin Al,O3 shell (2.5A) is
broken perpendicular to the axial direction. The fact that Al,O; is broken perpendicular to the
axis is consistent with the experimental results [24] and indicates that the stress in the core is not
hydrostatic. These requires a more detailed investigation on stress and Li distribution in the

shells.
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3.4 Li concentration gradient induced modulus gradient in the shell protects Si electrode
and avoids crack propagation

In order to understand why SiO, and Al,O; behave differently even at the same initial
thickness, we compared the thick 7.5 A thick SiO, and ALOs shells in Figure 5. The local
average atomic densities as a function of distance to the center of the core-shell structures are
plotted at the beginning of the MD simulation after minimization (Figure 5 (al) and (a2)) and at
the moment of having LiSi in the core (Figure 5 (bl) and (b2)). Some interface smearing
occurred after the minimization steps before MD, but nevertheless, the boundaries between the
Si-core, Si0, or Al,Oj; shells, and the Li outside are clearly separated. When the core is lithiated
to LiSi, the boundaries between the lithiated Si-core and the shell is still clear, since both
coatings maintained its mechanical integrity. However, two differences can be found. The Si-
core atoms diffused to the surface of the SiO, coating (25 A from the center) in Figure (bl), but
stopped around ~20 A from the center (or 6 A into the coating) in the Al,O3 covered Si core-
shell structure. This means some cracks have penetrated the SiO, coating but not through the
AlL,Oj; coating. Another difference is the Li density in the lithiated Al,O3 coating showing a slope
(indicted by the yellow line). Figure 5 (cl) and (c2) show the cutaway configurations of Si
nanowires covered with 7.5A SiO, (c1) and 7.5A Al,O; (c2) at around LiSi ratio. It clearly
indicates that much less Li ions exist in the inner shell of Al,O3 forming well-defined lithium
concentration gradient along the shell while Si0, does not have (Figure 5 (bl) and (b2)). As we
observed from the lithiation dynamics, lithiation happens relatively gradually in Al,Os coating,
especially as the Li migration energy barrier decreases when Al,O; changes into LiAlO; [49],

making well defined Li density gradient inside the 7.5A thick Al,O;3 coating.
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The Li concentration gradient causes the mechanical property of the inner shell region to stay
stiff and strong and the outer region to become softer [49]. Under elastic deformation, the
stronger inside is more resistant to crack nucleation. This inner stiff region is expected to have
larger strength and helps to delay crack nucleation. In addition to this, the softer outer layer in
the coating releases stress in the coating by forming a stress gradient. Therefore, if there is a
crack, the crack will stop propagating. The stress gradient can be best illustrated by the Figure 5
(d1) and (d2) shows the von Mises stress distributions. Note in both the concentration and stress
plots, the Si core is only lithiated up to ~LiSi, in order to capture the early stage of stress
concentration and potential crack nucleation. In contrast, for the SiO; shells, there is no Li
density gradient inside the coating (Figure 5 (cl)).and the stress distributes uniformly inside the
coating (Figure 5 (dl)). Therefore, crack nucleated at the core/shell interface region will
propagate through the shell easily because local stress concentrations occurred in the entire shell.
Thus, the harder-inside and softer-outside modulus gradient will cause stress gradient, stop crack
propagation, and therefore maintain its mechanical integrity until the full lithiated state. Such
gradient coating occurs in many other applications, such as biomaterials. [69-71].

To build up the Li concentration gradient, certain thickness of the coating is required. Figure 6
shows that Li density gradient builds up gradually as the thickness of Al,Os coating increases
from 2.5A to 4.5A and consequently, lithiated 4.5A Al,Oj5 shell starts to form stress gradient due
to modulus gradient. For the thin Al,Oj3 shell (2.5A), although it did not have Li density gradient
at the fully lithiated state, it has the gradient at the initial stage of the lithiation process. The Li
density gradient also causes the elastic modulus gradient as mentioned before. Under this elastic
modulus gradient environment, generated stresses are distributed uniformly and the shell can

avoid local stress concentration, making it difficult for any crack to propagate along the shell
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thickness direction. Instead, created cracks grow along the axial region (delamination) in the
innermost circumferential direction. When Li density gradient along the shell disappeared as
more lithiation occurs in the shell, this defect region propagates through the shell (Figure 4(d)).
This failure mechanism applies to only thin (2.5A) Al,0s. For 4.5A and 7.5A Al,O; cases, the Li
concentration gradient exists until the fully lithiated state. Contrary to Al,Os, generated crack in
Si0; easily propagate through the coating thickness since it does not have Li density gradient
along the shell. Therefore, the optimum coating is 4.5A Al,O; among the 6 cases considering
both Li ion diffusion efficiency and mechanical stability of shell.

The mechanical stability analysis has assumed fully lithiated Si, where the largest volume
expansion occurs. Meanwhile, thicker coatings slow down diffusion. Therefore, in theory, the
minimum coating thickness that can be mechanically stable is the optimized coating thickness
without sacrificing the rate performance of the Si electrodes. More specifically to the
concentration gradient in lithiated Al,O3 coatings, the thickness of Al,O3 coating should be thick
enough to hold Li density gradient during lithiation. But, the thicker Al,O3, the lower the lithium
diffusivity, resulting in longer diffusion time. Therefore, the optimum coating is 4.5A Al,O3
among the 6 cases considering both Li ion charging rate and mechanical stability of shell. In
other words, the thresholding coating thickness, which starts to generate Li concentration

gradient during lithiation, should be selected for the optimized coating thickness.

4. Conclusions

Molecular dynamics simulations have been conducted to investigate lithiation of Si nanowires

covered by SiO, and Al,O; shells. As soon as the simulations start, lithiation occurs very fast in
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the SiO; shell followed by subsequent lithiation to Si core. Due to the large stresses caused by
sudden expansion of Si electrode, SiO, shells are broken unless the thickness of the SiO, shell is
comparable to the radius of Si electrode. When lithiation happen to the Si nanowire covered by
AlLOs shell, Li ions are inserted relatively gradually into Al,Os shell and Si electrode, making
well-defined Li density gradient along the shell. This gradient makes the Young’s modulus
gradient in the shell during the lithiation and has three positive effects. First, the innermost stiff
region of the Al,O3; can suppress Si electrode effectively and minimize Si volume expansion.
Second, the Al,O3 shell gets less stress due to the gradual swelling of Si electrode by giving Li
ions slowly to the Si electrode. Last, the Al,O3 shell can protect itself by avoiding stress
concentration with the help of elastic modulus gradient. Therefore, Al,O; shell is hardly broken
compared to SiO; shell upon lithiation to Si electrode. When Al,O3; was broken for thin case
(2.5A), the crack direction is perpendicular to axial direction, while the SiO, is broken in axial
direction. This different crack direction is also related to the local stress concentration in the
shells. Based on the simulation results of Al,O; coated Si, we propose a modulus gradient

coating, softer outside, stiffer inside, is beneficial to avoid coating cracking.
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FIGURES

(@)

e

Figure 1. Illustration of the reactive MD simulation of the lithiation process of oxide (shell)

covered Si nanowires (core) (Si: yellow, O: red, Li: cyan)
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Figure 2. The chemical and structural evolution of the Si-core until full lithiation
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Figure 5. Elemental mapping in the core-shell structure upon lithiation. Densities of elements
with radial distance from the center of the Si core at 0.0625 ps for 7.5A SiO, and 7.5A AlO:;.
(al, a2) Densities of elements with radial distance from the center of the Si core when the core is
lithiated to LiSi for 7.5A SiO and 7.5A Al,O;. (b1, b2) Uniformly distributed Li along the SiO,
shell and gradient Li distribution along the Al,O3 shell during lithiation. (c1, c2) von Mises stress
distributions for 7.5A SiO; and 7.5A Al,O; during lithiation showing lower uniformly distributed

stresses in Al,O3 compared to SiO, (d1, d2)
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Figure 6. Li density gradient builds up as the thickness of Al,O3 coating increases. (a) Densities
of elements with radial distance from the center of the Si core at 5.25 ps (fully lithiated) for 2.5A
Al,Os, (b) densities of elements with radial distance from the center of the Si core at 12.4 ps
(fully lithiated) for 4.5A Al,Os, (c) local stress concentration in the entire coating at 5.25 ps
(fully lithiated) for 2.5A Al,O3, (d) starting to avoid local stress concentration as the Li density

gradient build up at 12.4 ps (fully lithiated) for 4.5A Al,O3
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Tablel. The initial shell thickness, and the initial core-shell structure radius, Rg, MD simulation

to reach full lithiation of the Si-core, ¢, and the effective diffusion coefficient to lithiate the core-

shell structure. D - - is obtained by fitting R, =

Page 26 of 32

Initial shell thickness (A) | R (A) E‘EIII:Z‘Z(EE rte?;?) full D, s (cm’/s)
2.5 10 5.25

ALO; |45 12 12.44 34x107*
7.5 15 39.94
2.5 10 2.63

Si0, 4.5 12 3.25 159 x 107*
7.5 15 9.56

Table 2. Predicted Young’s modulus (Gpa) and density (g/cm3) for amorphous SiO, and Al,O3

as well as the corresponding lithiated compounds. The experimental measured data are also listed

for comparison.

Composition change | a-Al,O; a-LiAlO, a-LigAl,Os
Li-Al-O Density (g/cm”) 3.16 (expt.[61]=3.1) 2.55 1.62

Young’s  modulus

112.23(expt.[61]=122+12 88.68 45.56

(Gpa) (expt.[61] )

Composition change | a-SiO; a-Li4S104 a-Li775S10,
Li-Si-O Density (g/cm”) 2.18 (expt.[59, 60]=2.2) 2.07 1.36

Eg’;‘;g s modulus | o |5 exnt [59.60]= 76.6£7.2) | 60.77 28.91
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