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ABSTRACT: In this work, lithiation process of silicon was investigated using ab initio
molecular dynamics. Diffusion coefficients of Li in Li-Si alloys were calculated to be in the
range between 2.08x10™ cm®-s” and 3.53x10” cm*'s™ at room temperature. Results showed that
the Li mobility is strongly dependent on the composition of the Li,Si alloys. The Li diffusivity in
the Li,Si1 alloy can be enhanced by two orders of magnitude when x is increased from 1.0 to 3.75,
which can be explained by the instability of the Si network due to the charge transfer from Li to

Si.
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1. Introduction
Due to the huge demands for energy storage and continued miniaturization of portable
devices/consumer electronics, there is a stringent requirement for longer lasting portable energy
storage systems with high power densities." Binary lithium alloys (such as Li,Si, LixGe and
LixSn) have been considered as the suitable anode materials because of their larger specific
capacities compared to graphite, which is currently widely used in lithium ion batteries. The
gravimetric energy density of silicon is 3579 mAh-g","*) which is about 10 times as large as that
of graphite (372 mAh-g™).’) Unfortunately, Si suffers from large volume changes upon alloying
with Li, which frequently cause Si anode to crack and pulverize, thus leading to its premature
failure and poor cycle life time.'¥ Considerable effort has been made to improve the capacity of
Si anodes by structural modifications such as using nano-structured Si based materials (i.e., Si
nanowires and SiC nanocomposites)”, and alloying with active/inactive elements.'® Lithiation
of crystalline Si results in different structural changes compared with those from transition metal
oxides or graphitic electrode materials, where Li is intercalated into the Si lattice sites with
structural distortions. Crystalline Si is generally changed into amorphous lithium silicide upon
lithiation, and the phase transitions in the Li,Si alloys during Li insertion have been investigated
using various techniques, such as scanning electron microscopy!”, in-situ X-ray diffraction
(XRD)™®, ex-situ XRDY, in-situ transmission electron microscopy analysis'” and real time
nuclear magnetic resonance (NMR)! .

Large values of Li diffusivity in electrode materials are preferred for the development of
rechargeable batteries with an optimum performance. The diffusivity value of Li in a vacuum-
deposited silicon film on a Ni substrate was measured to be 10° cm?-s™ at 298 K,!'*! whereas the

value obtained from a single crystalline silicon plate was 2x10"" cm?-s™".'*! The relatively larger



value obtained with the vacuum-deposited Si film was attributed to the relatively

porous/columnar structures of the Si film.!'?

There were two types of Li diffusion processes in
the crystalline Li;,Si; alloy with activation energies of 0.32 and 0.55 eV obtained from NMR
measurements.””) Due to complexity of the experimental measurements, and difficulty in
controlling the precise conditions/parameters, it is quite complicated to experimentally obtain the
true values of diffusivity of Li. From literature, there is a large discrepancy existed for the
experimentally obtained values of diffusivity of Li in Si, spanning four orders of magnitudes,
between 10" and 107" cm?s™, with an average value of 102 cm?*-s™ .I'% 14

Density functional theory (DFT)-based methods can provide an atomic-level description of
diffusion mechanisms in solids, which is a prerequisite for a better understanding of the lithiation
process and its diffusion kinetics. Ab initio calculations were frequently used to investigate the
lithiation of both crystalline and amorphous Si.'™ To study the lithiation behavior at the onset
stage, most work was focused on insertion of single Li atom into Si with different axis

orientations and sizes.!!>*¢!

However, with increasing the Li content in the Si, LiSi alloys will
form, thus it is critical to theoretically determine the diffusivity of Li in the LisSi alloys with
various Li contents. Ab initio molecular dynamics were frequently used to study the crystalline to
amorphous phase transition of the Li-Si alloys.!"® For example, Johari et al. '° investigated the
diffusivity of Li in Si using the ab initio molecular dynamics. The diffusivity of Li in crystalline
Si anode at 298 K was found to be 4.88x10” cm*'s™, with an energy barrier of 0.33 eV for Li
diffusion into Si. Jung et al."”) reported that the diffusivity of Li in Lis ;Si alloys at a temperature
of 300 K was 1.8x10® cm?s™. Chou and Hwang'® reported that the diffusivity of Li in
2 -1

amorphous Liss;Si at a temperature of 298 K was 1.66x107 ¢cm?s'. Due to the large

discrepancy and scattering of the experimental values, it is important to systemically and



theoretically study the composition dependent diffusion in the Li-Si alloys in order to clarify the
true mechanisms for different lithiation stages in Si.

In this work, we used DFT-based ab initio molecular dynamics to determine the diffusivity
of Li in Li,Si alloys with various Li contents (x=1.00, 1.71, 3.25 and 3.75), in order to
understand the lithiation mechanisms of the Si based anode materials, and provide fundamental

data on the diffusion of Li in Si.

2. Results and Discussion

The electronic and structural properties of the crystalline LiSi, Li;»Si7, Li;3Sis, LijsSis, which
can be represent with Li,Si (x=1.00, 1.71, 3.25 and 3.75) were studied by using a double-( basis
set (DZ) and double-{ basis set plus polarization functions (DZP). The calculated lattice
constants are summarized in Table 1. The structural data in Table 1 agree well with experimental
studies and previous theoretical work.!'” As the electronegativity of the Si atom is not large
enough to completely accept all the electrons from the Li atoms, thus most of the Li-Si alloys do
not follow an electron counting rule ((8-N) rules)!*”’. Therefore, the Li atoms do not donate all
their valence electrons to Si atoms, so the Li,Si shows different connectivity depending on the x
value. The pair-correlation function (PCF) calculated for Si-Si, Li-Li, and Li-Si pairs in
crystalline LiSi, Li;,Si7, Li;3S14, Li;5Si4 are shown in Fig. 1, together with their atomic structures.
The PCF is defined as the number of neighboring atoms of a given atom per unit volume as a
function of distance, and provides important structural and bonding information for both the
crystalline and amorphous solids. Green and red balls represent the Si and Li atoms, respectively.
The coordination number (CN) calculated for the first nearest neighbor is presented in Table 2.

Fig. 1 and Table 2 show the connectivity in the crystalline Li,Si alloys. In a LiSi alloy, each Si



atom has three Si neighbors with a Si-Si bond length of 2.45 A. In the Li;;Siy alloy, there are
planar 5Si-rings with a Si-Si bond length of 2.39 A and a planar Si ‘Y’-shape with a bond length
of 2.42-2.45 A. In the Li;3Si4 alloy, half of the Si atoms are in the forms of Si dumbbells with a
Li-Si bond length of 2.49 A, while the other half atoms are surrounded by the Li atoms with a Li-
Si bond length of 2.47 A. The Si frameworks show a decrease in connectivity with increasing x
value, and the Li;sSis phase has only isolated Si atoms: i.e., there is no Si-Si bond within the
length of 4.48 A. The data of density of states (DOS) projected on the Si and Li atoms in
crystalline LiSi, Li;,Si7, Lij3Sis, Li;sSis are shown in Fig. 2. The Fermi energy level is set to be
zero. The results of the DOS also confirm the decrease of Si-Si connectivity with increasing Li
content. As the Li fraction is changed from 1 (LiSi) to 3.75 (Li;sSis) per Si in crystalline Li-Si
alloys, the splitting between the Si 3s and Si 3p states becomes larger and the distribution of the
Si 3s and Si 3p states becomes narrower, which is attributed to the decreasing Si-Si bond

(211 The DOS calculated with the double-C basis set plus polarization functions is the

interactions.
same with that calculated with double-{ basis set, which indicates that double-C basis set is
enough to be used in the calculations for this study.

Experimental results confirmed that the crystalline Si is changed into amorphous lithium
silicide upon electrochemical insertion of Li atoms during initial lithiation process. The atomistic
details of the amorphization process were investigated using ab initio molecular dynamics. There
is no apparent difference of atomic evolution upon lithiation of Si into Li,Si alloys (x=1.00, 1.71,
3.25 and 3.75). Fig. 3 shows structural snapshots of lithiation process of Si and formation of
amorphous Lis»sSi alloy at 1300 K. The Li atoms are inserted gradually into the Si lattice by

breaking and expanding the Si-Si bonds. Upon alloying with Li, the tetrahedrally bonded Si

network is weakened and changed into low-connectivity clusters due to the excess charges



1. 221 The Si atoms are relatively stationary at the initial lithiation step.

transferred from the Li.!
The Si lattice structure shows no apparent expansion at a simulation time of 0.4 ps, although the
Li atoms penetrate into the Si lattice. The Si diffuses into Li at a time of 0.8 ps. The diffusion
rate of Si is less than that of Li as shown in Fig. 3 at a simulation time of 8.7 ps. At a simulation
time of 15 ps, the Li and Si atoms are fully mixed, which indicates that 15 ps is sufficient enough
for a substantial lithiation process of Si.

In order to provide further evidence of the lithiation induced crystal-to-amorphous transition,
the PCF was calculated for the Si-Si, Li-Li, and Li-Si pairs upon lithiation. The values of PCF
calculated for the Si-Si, Li-Li, and Li-Si pairs upon lithiation of Si to form amorphous Lij;»5Si
alloy at 1300 K are shown in Fig. 4. From Fig. 4, the PCF peaks of Si-Si and Li-Li decrease,
whereas those of Li-Si increase with increasing the lithiation time. This indicates that the
numbers of Si-Si and Li-Li neighbors decrease, whereas those of Li-Si neighbors increase upon
lithiation. There are several sharp PCF peaks for the Si-Si before lithiation. The first and the
second sharp peaks are located at 2.41 and 3.87 A, respectively, which are corresponding to the
first and second nearest Si-Si neighbors in Si. With increasing the simulation time, the sharp
peaks at the distances larger than 5 A disappear. Whereas the peaks at the distances smaller than
5 A are broadened. This indicates that the long-range order of atomic arrangement disappears
and the short-range order still remains. Finally all the sharp peaks disappear, which indicates the
formation of amorphization of Si induced by the Li lithiation. After the full lithiation, the nearest
neighboring distance becomes 2.71 A for Li-Si and 2.63 A for Li-Li. There are some Si atoms
which remain to be covalently bonded, but their bond distances are slightly increased from 2.41
to 2.65 A after the full lithiation. This is caused by the softening of the Si-Si bond after the

electrons are transferred from Li to Si.



Fig. 5 shows the calculated average values of the MSDs for the Li and Si atoms as a function
of simulation time at temperatures from 1100 to 1500 K. As expected, the values of the MSDs
increase with the simulation time. However, the slope increases with the temperature, indicating
a faster lithiation process at a higher temperature. The increase of the MSDs for the Si is slower
than that for the Li. The values of diffusivity at room temperature (i.e., 300 K) are shown in Fig.
6, which was obtained by extrapolating the data of diffusivities of Li and Si at different
temperatures. The inset in Fig. 6 shows the value of MSDs for the Li and Si atoms in Li; 7;S1 at
1300K with k-meshes of 1x1x1 and 2x2x1 and cut-off of 150 and 180 Ry. The curves are
overlapped indicating that k-mesh with I" point and cutoff 150 Ry were enough to be used in the
calculations for this study.

The diffusion barrier (E,) and diffusion coefficients (D) at 300 K obtained using Equation (3)
for Li in the Li,Si alloys (x=1.00, 1.71, 3.25 and 3.75) are shown in Fig. 7. The diffusion barrier
and diffusion coefficients of the Li depend on the composition of LicSi alloys. The calculated
diffusion coefficients are in the range between 2.08x10” cm’s”' to 3.53x107 cm*s™.
Experimental data of the diffusivity of Li in Si from literature are in the range between 10™* and
10® cm? s7' 11421 Clearly there are only minor differences between results from this study and
those from literature. From Fig. 7, the diffusion coefficients are increased from 2.08x10” cm*-s™
to 2.37x107 cm?'s” as the Li contents are increased from x=1.00 to 3.75. This suggests that the
diffusion coefficients vary in two orders of magnitude depending on the stages of lithiation.
Previous research reported that the diffusion coefficients of lithium varied with the lithium

[14a]

concentration in nano-Si. Our results show a nearly linear increase of the diffusion

coefficients with Li content, which is different from the earlier experimental observation of W-

]

shape changes of diffusion coefficients with Li content.'*! Experimentally lithiated samples



generally exhibited a certain degree of inhomogeneity in terms of Li concentrations and
coexistence of crystalline and amorphous phases. This might cause the differences of the
obtained experimental results in literature. The energy barriers decrease with Li contents, which
also agrees with the reported values in Ref. ). However, the calculated diffusion barriers of Si
upon lithiation are 0.55-0.59 eV, which are less dependent on the Li contents. Diffusion
coefficients of Si are decreased from 3.02x10™'? cm?'s™ to 8.52x10™" cm?'s™ as the Li content is
increased from x=1.00 to 3.75, as shown in Fig. 7(b). The diffusivity of Si is several orders of
magnitude smaller than that of the Li, which suggests that the Si atoms are relatively stable
during the lithiation process. We also calculated the diffusion barriers of Li in the crystalline
alloys of LiSi, Li;»Siy, Lij3Sis, LijsSis using climbing image nudged elastic band (CI-NEB)
theory®. The Vienna Ab-initio Simulation Package (VASP) % code was used to calculate the
composition dependent diffusion. The calculated diffusion barriers through the mechanism of Li
vacancy migration are shown in Fig. 7 (a), revealing a path-dependent diffusion, and the
diffusion barriers have values of 0.12 and 0.27 eV in Li;sSis. It is interesting to find that the
minimum diffusion barriers decrease with increasing Li content, which shows the same trend for
Li diffusivity in the Li,Si alloy upon lithiation.

The increase of the diffusion coefficients with Li content can be explained by the charge
transfer from Li to Si. As more Li atoms are lithiated into the Si, more electrons will be
transferred to Si, which fills up the anti-bonding sp’ states of Si. Therefore, the Si network is
destabilized by lithiation process, which makes the diffusion of Li much easier. Except for the
crystalline Si, amorphous Si can also be used as anode for the LIBs. Generally amorphous LiSi
alloys are formed upon lithiation of amorphous Si.'%! The composition dependence of diffusion

is also critical to be investigated. We have analyzed the atomistic structure evolution upon



lithation. The atomic configurations after simulation of 0.8 ps are shown in the inset of Fig. 5. It
is found that the crystalline Si loses its crystallinity at about 0.8 ps for x=1.00, 1.71, 3.25 and
3.75, so the lithiation process could also be referred as lithiation of amorphous Si after 0.8 ps.
Therefore, we could draw the conclusion that the Li diffusivity will be enhanced and Si
diffusivity would decrease with increasing of Li content if the amorphous Si is used as anode for

the LIBs.

3. Conclusion

The electrochemical lithiation of crystalline Si was studied by using ab initio molecular
dynamics. The electrochemical process is a non-equilibrium process in which amorphous Li,Si
alloys are formed. The diffusion coefficients can be changed in two orders of magnitude
depending on the stages of lithiation. The diffusion coefficients are increased from 2.08x10”
em®s”! to 3.53x107 ecm*s” as the Li content is increased from x=1.00 to 3.75 at room
temperature. The diffusivity of Si is several orders of magnitude smaller than that of the Li.
These results provide fundamental data on the diffusion of Li in Si, which is important for the

design of the alloy electrodes for lithium ion batteries.

4. Simulation Details

A 2x2x2 suppercell (consisting of 64 Si atoms) without coordination defects was used to
model the Si anode. The most common crystallographic surfaces for the commercial Si wafers
are (100), (110), and (111). Si (100) surface was chosen as the lithiation facet in this work.
Volume expansion of the crystalline Si was calculated after it was fully lithiated into amorphous

phase LicSi (x=1.00, 1.71, 3.25 and 3.75) at 0 K. The volume expansion ratios were about 60%,



110%, 220% and 260% for x=1.00, 1.71, 3.25 and 3.75, respectively. The lithiation process of Li
into Si was modeled using the 64 Si-atom supercell with gradually increasing the length along
[001]-direction by 60%, 110%, 220% and 260%, respectively. The space above the silicon was
initially filled with 64, 110, 208 and 240 Li atoms with an amorphous arrangement.

The lithiation of Si was investigated using ab initio molecular dynamics calculations within
the framework of DFT using the SIESTA code®®, which adopts a linear combination of
numerical localized atomic orbital basis sets for the description of valence electrons and norm-

[27] The valence electron wave

conserving nonlocal pseudo-potentials for the atomic core
functions were expanded using a double-{ basis set. The charge density was projected on a real
space grid with a cut-off of 150 Ry to calculate the self-consistent Hamiltonian matrix elements,
and I point was used in the Brillouin zone sampling. The evolution of the system was derived
using the molecular dynamics (MD) method with a verlet algorithm and a time-step of 1.0 fs.
The LIBs operation was performed at room temperature. We did the simulation for Li;7;S1 at
300K with 50000 MD steps (50 ps) and found that only one layer of Si was lithiated. As eight
layers of silicon were used in the model, we estimated that at least 400 ps are need for the fully
lithaition of Li; 7;S1 at 300K, which will took several months to finish the simulation with twenty
central processing units in the parallel computation. To accelerate the simulation of lithiation
process, high temperatures of 1100, 1200, 1300, 1400 and 1500 K were applied during the
simulation under the NVT ensemble, in which number of atoms, volume and temperature were
kept as constant values. Starting from the initial configuration, the atom positions were relaxed at
a given temperature with 15000 MD steps. The time of 15 ps was verified to be sufficient for the

full lithiation of Si. A Nosé-Hoover thermostat was applied to the boundary atoms. Mean

square displacements (MSD) for the Li and Si atoms as a function of time were calculated to

10



compute diffusivities of Li and Si atoms at different temperatures, which were then extrapolated
to obtain diffusivities of the Li and Si at the room temperature.

The diffusion properties were determined based on the results from the ab initio MD
calculations. During the lithiation of Si, the positions r,(f) of all atoms at time ¢ were recorded.

The mean square displacements (MSDs) per atom were calculated using the equation (1):

MSD = <|r,(t)~1,(0) > :%i’?(t)—n(oﬂz M

where N is the total atomic number and ‘<>’ denotes the average values over all atoms. The

diffusion coefficient (D) at a given temperature was determined using the Einstein relation:

D=tim M2 _jim it <|r@)-rO)f > )
q;

t—0 qit t—©

where ¢;is a numerical constant which is dependent on the dimensionality, and ¢g; = 2, 4, or 6
describes one-, two- or three-dimensional diffusions, respectively. The relationship between the

diffusion energy barrier (E, ) and D is based on the Arrhenius equation:'*"

D=Dyexp(=E,/k,T). 3)
The values of E4 and D were obtained by fitting the diffusion coefficient with the data obtained

using equation (3) at different temperatures.
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Table 1. Structural parameters for crystalline LiSi, Li;,Si7, Li;3Sis, Li;sSis alloys.

Dz Dzp
Phase x Space group a(A) b(A) c(A) a(Ad) bA) c(A)
LiSi 1.00 1I41/a 955 955 558 934 934 567
Li;,Si;  1.71 Pnma 8.44 19.57 14.29 8.51 19.58 14.28
Li;sSi;  3.25 Pbam 7.92 14.86 4.39 7.92 15.04 4.43
Li;sSiy  3.75 14-3d 10.55 10.55 10.55 10.65 10.65 10.65

Table 2. Bond length and coordination number (CN) calculated for the first nearest neighbor in

crystalline LlSl, Li128i7, Li138i4, Li15Si4 alloys.

Si-Si bond Li-Li bond Si-Li bond
Phase Length (A) CN Length(A) CN Length (A) CN
LiSi 2.45 2 2.76 1 2.67 4
Li;,Si; 2.39-2.45 3/2/1 2.5-2.75 3/2/1 2.55-2.65 3
Li;3Siy 2.49 1 2.50 1 2.47 2
Li;sSiy - -- 2.61 2 2.61 3
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Figure Captions:

Figure 1 Pair correlation functions of Si-Si, Li-Li, and Li-Si for crystalline (a) LiSi, (b) Li;»Si7, (c)

Li;3Si4, and (d) Li;5Sig alloys. Atomistic configurations are shown as insert.

Figure 2 Density of states (DOS) projected on Si and Li atoms in crystalline LiSi, Li;,Si7, Li;3Sia,

Li;5Siy alloys, where the Fermi energy level is set to zero.

Figure 3 Structural snapshots of lithiation of Si to form amorphous Lij;»sSi alloy at 1300 K at

different simulation times. Green and red balls represent the Si and Li atoms, respectively.

Figure 4 Pair correlation functions of (a) Si-Si, (b) Li-Li, and (c) Li-Si upon lithiation of Si to form

amorphous Li;»5Si alloy at 1300 K at different simulation times.

Figure 5 MSD of (a) Li and (b) Si as a function of time upon lithiation of Si to form amorphous

Lis»5S1 alloy at temperatures 1300 K.

Figure 6 Diffusion coefficients of (a) Li and (b) Si with respect to the inverse of temperature.

The value of diffusivity is extrapolated to low temperatures using an exponential fit.

Figure 7 (a) Diffusion barrier and (b) diffusion coefficients show dependence on the composition

of Li,Si alloys at 300 K.
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