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Abstract

Crystalline lithium silicides Li,Si, are a group of Zintl-like compounds, of which Li,5Si, is observed
crystallizing in Si anodes after complete electrochemical lithiation. Here, Li diffusion in Li; Sij,
Liy,Si7, Lij3Sis and Li;sSiyg is extensively studied by means of ab initio molecular dynamics
simulations and nudged elastic band calculations considering various intrinsic point defects. Li
interstitials are identified as the main vehicle of diffusion due to typically low formation and
migration energies. They diffuse via an interstitialcy mechanism usually involving 2 or 3 atoms.
Moreover, Frenkel defects are found to play a role in Li;,Si; and Li;3Si4 only, as their formation
energies are relatively high in Li; Si; and Li;5Si4. All investigated intrinsic defects have an impact on
energy barriers of nearby as well as farther diffusion paths.

1. Introduction

Technological advances in fields such as renewable energy production and electric mobility demand
high-performance energy storages, for example rechargeable batteries. While lithium—ion batteries (LIBs) are
the established technology applied in portable electronic devices, they have also become the standard in
present-day electric cars. Driven by growing research activities, a main objective is to further increase the
batteries’ energy density, with the potential to employ them in even larger-scale energy storage systems. The
key to improving the energy density is searching for new electrode materials [1, 2].

One candidate anode material for future high-capacity LIBs is silicon. Exhibiting a gravimetric energy
density of 3579mAhg ™" in its fully lithiated state Li;sSis [3], Si is capable of storing about 10-fold the
amount of Li compared to the most common anode material graphite (372mAh gf1 for LiC¢ [4]). Currently,
the largest obstacle to the usage of silicon in LIBs is its substantially reduced cyclability compared to graphite
due to mechanical failure of the Si anode. This is a result of considerable changes in structure and volume
upon charging and discharging, e.g. Li;sSiy shows about 380% volume increase starting from crystalline
silicon [3]. Graphite anodes do not suffer from this problem because lithium ions are reversibly intercalated
between graphite layers during lithiation, which is accompanied by a volume expansion of only 13% (LiCq)
and rather small changes in structure. Thus, repeated lithiation and delithiation only cause a small capacity
loss [4, 5]. A widely studied concept to handle the cycling issues of Si anodes is the utilization of silicon
nanostructures and composite materials [3].

When a crystalline Si electrode is electrochemically lithiated under standard conditions, amorphous Li,Si
forms [6], which crystallizes to Li;sSis at x = 3.75 and no further Li is inserted [7-9]. Delithiation of Li;5Si4
leads to amorphous Li,Si and eventually amorphous silicon [7, 8]. While Li;5Siy4 is the sole crystalline lithium
silicide observed during cycling of a Si anode at room temperature, other Li,Si, compounds can be prepared
at elevated temperatures. Syntheses of Li; Siy, Li;,Si7, LizSis, Lij3Sia, LijsSia, Lig 11 Si;, Li; Sis, Li;7Sig and
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Li,,Si5 have been reported [10-18]. Generally, crystalline lithium silicides are described as Zintl-like phases
[19, 20].

It is important to understand Li mobility in such lithium-silicon compounds with well-defined
structures, as the fundamental local diffusion mechanisms can possibly be transferred to more complex
amorphous systems, in view of optimizing concepts for the design of actual Si anodes. Many properties of
crystalline solids are heavily influenced by defects, including diffusivity. Therefore, intrinsic point defects,
such as vacancies, self-interstitials, Frenkel and Schottky disorder, as well as extrinsic defects are commonly
studied objects regarding diffusion in solids. Point defects give rise to various diffusion mechanisms, e.g.
interstitial, interstitialcy and vacancy mechanisms. Additionally, non-defect mechanisms, like direct
exchange, ring and chain-like mechanisms, can take place, but are usually higher in migration energy [21].

Li diffusivity has been studied experimentally in crystalline [22-26] and amorphous [27-29] lithium
silicides. With regard to computational studies, diffusion of isolated Li ions has been investigated in
crystalline [29-36] as well as amorphous [36] silicon by means of nudged elastic band (NEB) calculations.
Furthermore, ab initio molecular dynamics (AIMDs) simulations have been carried out for the mixing of Li
with crystalline [35, 37, 38] and amorphous [37] Si, and for lithium mobility in amorphous Li,Si
compounds [29, 39]. Crystalline Li,Si, have been studied by both AIMD simulations [40-43] and NEB
calculations [38, 40-42, 44, 45].

While the before mentioned studies on Li migration in Li,Si, have all investigated defect-mediated
diffusion, they typically focus on either a small selection of defects or compounds or both. Besides, most
diffusion paths are hypothetical and have been constructed based on crystallographic considerations. This
motivated the present study, which aims at systematically investigating intrinsic defects, namely Li
interstitials, Li vacancies and a Schottky defect, in the four crystalline lithium silicides Li; Siy, Li;,Si7, Lij3Sis
and Li;5Si4. By a combination of AIMD simulations and NEB calculations, the arbitrariness in selection of
the Li migration pathways is reduced.

2. Experimental section

2.1. Crystal structures

Crystallographic information on the investigated Li,Si, compounds is summarized in table 1. We focus on
two crystals with high symmetry, tetragonal Li; Si; [10] and cubic Li;5Siy [14] with one or two
crystallographically distinct sites for Li and Si, and two less symmetric ones, orthorhombic Li;,Si; [11] and
Li;3Siy [13] with 13 and 7 Li sites as well as 9 and 2 Si sites, respectively. With Li,Si, being Zintl-like phases
[19, 20], different Si’’~ polyanions are observed (Zintl ions): a network of threefold coordinated Si in Li, Si,
[10], planar Sis rings and planar Siy stars in Lij,Si; [11], Si; dumbbells and isolated Si in Liy3Siy [13], and
only isolated Si in Lij5Siy [14]. Supercells of the crystal structures are illustrated in figure 1. Structures with
labeled crystallographic Li sites as well as interstitial sites and metastable positions identified in this and a
recent study [42] can be found in the supporting information, figures S1-S4. All structures in this work are
visualized using either VESTA [46] or VMD [47].

2.2. Investigated systems with point defects

In order to study point defects in crystalline lithium silicides, we have constructed supercells from the crystal
structures: 2 x 2 x 2 for Li;Sij, 1 x 1 x 1 for Li;,Siz, 2 x 1 x 3 for Lij3Siy and 2 x 2 x 1 for Li;5Si4. For each
compound, we have introduced defects into the supercell. Specifically, these were Li interstitials (LiY), Li
vacancies (v{;) and one Schottky defect (v{; 4 v§;). Table 2 gives an overview of all investigated systems,
which are given as Supplementary Data [48] (.xyz files) and are further characterized by lattice parameters in
tables S2—S5 in the supporting information. The system listed first for each defect in table 2 was used as an
initial structure for AIMD simulation. Subsequently, the defect could change its site through diffusion
depending on the system. Interstitial sites were detected using a repulsive pair potential [49], geometrical
considerations, and first principles MD results from this and a recent study [42]. Fractional coordinates of
interstitial sites and metastable Li positions are given in table S1 in the supporting information.

2.3. Computational methods

All calculations were performed using density functional theory (DFT) [50, 51] as implemented in the
program package CP2K [52, 53]. Within CP2K, the Quickstep code [53, 54] solves the Kohn—Sham
equations [51] with the Gaussian plane wave method [55] applying a dual basis of atom-centered Gaussians
for the orbitals and plane waves for the electronic density. A DZVP-MOLOPT-SR-GTH basis set [56] was
used along with GTH-Perdew—Burke—Ernzerhof (PBE) pseudopotentials [57-59]. A plane-wave energy
cutoff of 350 Ry and a relative cutoff of 40 Ry were chosen. Only the I" point was sampled due to sufficiently
large supercells. The exchange-correlation energy was described with the PBE functional [60, 61], and the
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Table 1. Crystallographic information on lithium-silicon compounds studied in this work.

Compound xly Space group No. Li No. Si a(R) b(A) c(R) Reference
Li; Siy 1.00 88 (141/01) 16 16 9.354 9.354 5.746 [10]
Li;»Siy 1.71 62 (Pnma) 96 56 8.600 19.755 14.336 [11]
Li;3Sig 3.25 55 (Pbam) 26 8 7.949 15.125 4.466 [13]
Li;5Siy 3.75 220 (143d) 60 16 10.687 10.687 10.687 [14]

(@)

Figure 1. Crystal structures of (a) Li; Sii, (b) Lii»Siz, (c) Lii3Sis and (d) LisSis (Li: blue, Si: yellow).

Table 2. Data on studied systems containing point defects.

Compound Defect System Compound Defect System
Lix Li @ Intl Li@ Li2®
e d Li @ Int2 Li* Li @ Li1/Li2®
Ll] Sl] L' S 1
Vi v@Lil H3ol Li @ Int
Vi +ve  V@Lil +v@Sil o v @ Lil/Li2"
x
LiX Li @ Intl ' v@Lil
LipSiy ' Li @ Int2 Li¥ Li @ Int
o V@ L9 Li1sSiy o v@Lil
Li v@Li8 Li v@Li2

@ Split interstitial/dumbbell interstitial, 2 Li atoms occupying Li2.
®) Crowdion-like interstitial, 5 Li atoms occupying 2x Lil and 2 x Li2.
(©) 4 Li atoms occupying 4x Lil and 1x Li2.

DFT-D3 method was employed for dispersion correction [62]. Broyden mixing [63] with & =0.2 and
Fermi-Dirac smearing [64] with an electronic temperature of 600 K were used for a self-consistent field
convergence accuracy of 10~°. For all calculations, periodic boundary conditions were applied and the total
charge of the systems was neutral.

To set up the systems described in section 2.2 for AIMD simulations and NEB calculations, lattice
parameters and atomic coordinates had to be relaxed. In a first step, lattice constants and atomic positions of
both defect-free and defect-containing systems were fully relaxed at zero temperature and 1 atm pressure.
The computed lattice constants of the systems with defects were scaled with a correction factor obtained
from the ratio of the experimental (see table 1) versus computed lattice constants for the defect-free systems.
This correction can be seen as an approximation for the thermal expansion as well as for systematic
computational errors in the cell optimization. In analogy to this, the lattice constants for the defect-free
crystals were equally scaled to the corresponding experimental values. Finally, atomic coordinates were fully
relaxed within fixed corrected lattice parameters for each system. All cell and geometry optimizations were
carried out using a Broyden—Fletcher—Goldfarb—Shanno minimizer [65-68].

AIMDs simulations were performed with a time step of 1 fs in a canonical ensemble (NVT) at 500 K
(Liy,Siy, Lij3Sig) or 800 K (Li; Siy, LijsSiy) controlled by a Nosé—Hoover chain thermostat [69, 70]. The
relaxed systems were equilibrated for 1 ps applying massive thermostatting with a time constant of 7 = 10 fs,
followed by 1 ps with 7 = 100 fs. Then, 100 ps of trajectory with a global thermostat and 7 = 100 fs were
produced for analysis.

Li diffusion pathways observed in the AIMD simulations were mapped with climbing image [71] NEB
[72-75] (CI-NEB) calculations using 16 replicas including initial and final structure with fully relaxed atomic
positions, that were fixed in the NEB calculation.

Lattice parameters and atomic coordinates of all defect-free as well as defect-containing structures were
re-optimized with the following adjusted DFT parameters to calculate defect formation energies: no
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dispersion correction, TZVP-MOLOPT-GTH (Si) and TZVP-MOLOPT-SR-GTH (Li) basis sets, and a
Monkhorst—Pack scheme [76] k-point sampling for Brillouin zone integration (for used meshes see
supporting information, table S6). Crystal structures of elemental Li and Si were fully relaxed accordingly.
Defect formation energies were then calculated from the following formula [77]:

Eform (defect) = E(defect) — E(bulk) — > ni ;. (1)

E(defect) and E(bulk) are the energies of the defect-containing and defect-free systems, respectively, #;
are the numbers of atoms of element i added or removed to transform the latter into the former system and
i are the chemical potentials of one respective atom, which are approximated as the energies of one atom in
the elemental crystal structure.

Elastic constants were computed following an established stress—strain methodology from the literature
[78], that is described in section S1.1 in the supporting information. Diffusion coefficients were determined
via the mean square displacements (MSDs), see section S1.2 in the supporting information for details.
Formation energies of the compounds were calculated according to section S1.3 in the supporting
information.

3. Results and discussion

3.1. Interstitial Li atoms

Li diffusion coefficients in Li; Si;, Li;,»Si7, Lij3Siy and Lij5Si4 systems containing intrinsic points defects (see
section 2.2) were calculated from AIMD simulations according to equation (S5) and are given in table 3.
Corresponding MSDs are shown in the supporting information, figure S5. Results of defect-free systems are
taken from [42] for comparison. Li},Si; and Li;3Si; were simulated at 500 K, Li; Si; and Li;5Si4 at 800 K.
According to Braga ef al Li; Siy, Li;»Si; and Li;3Siy are stable at these temperatures, while Li;5Si4 is narrowly
stable around room temperature only [79]. However, decomposition was not observed in any trajectory, due
to fixed cell parameters and only 100 ps simulation time. Chevrier et al obtained Li partial atomic charges of
approximately 4-0.73 e in all crystalline Li,Si, from Bader charge analysis [20]. Therefore, Li can be assumed
to be cationic in these compounds and to diffuse as Li* as well.

Experimentally, Li diffusivities were measured to be ~ 4 - 1077 cm?s~! at 573 K [26] and 5- 1077 cm? s~
at 688 K [22] in Li»Siz, and 4 - 10~7 cm? s ! at 688 K [22] in Li;3Sis. The values presented in this study are
between a factor of 2 and 10 higher, which can at least partially be attributed to supercell size as discussed in
[42]. Gruber et al used a smaller cell for Li;3Siy and obtained an even higher Dy; of ~ 300- 1077 cm?s™! at
500 K [41]. For both computational and experimental values, Li;,Si; and Li;3Si4 are fast Li ionic conductors.
The same applies to Li;5Si4 in this study if interstitial Li atoms are considered. No diffusion is observed in
Li; Si;. The exclusion of Li interstitials has no effect on the diffusivity in Li, Si;, Li;,Si; and Li;3Si4, but
substantially reduces Dy; in Li;5Sis. Note that here the term ‘defect’ refers to changing the numbers of atoms
of certain elements in the system, i.e. all structures with the original stoichiometric atom numbers are
considered as ‘defect-free’ systems. Because diffusion takes place via low-energy migration paths mediated by
Frenkel disorder in Li;,Si; and by a transition to a metastable structure in Li;3Si4, these compounds exhibit
high Li diffusivities even in the defect-free systems. Therefore, we conclude that Dy; can increase by
introduction of an interstitial Li atom, if no defect-free diffusion is possible (Li;sSis), but is unaltered if
defect-free diffusion is already high (Li;,Si7, Li;3Sis) or if interstitial Li diffusion is high in energy (Li; Si;, for
discussion of migration energies see below). Formation energies of Li; Si;, Lij,Si7, Lij3Siy and Li;5Siy were
calculated according to equation (S6). The respective values are —0.18, —0.23, —0.24, and —0.22 eV/atom.
We point out that these values correlate with the defect-free Li diffusivities: the more thermodynamically
stable the compound, the higher the diffusion coefficient. The reason for this correlation is not obvious, but
it is also important to note that the data set, consisting of only four points, is very limited. Regarding
(an)isotropy of diffusion, we report spatially resolved Dy; in table S7 in the supporting information. While
anisotropy changes only slightly in Li;,Si; with interstitial Li, in Li;3Sis new diffusion paths result in
anisotropic three-dimensional instead of highly anisotropic one-dimensional diffusion in the defect-free
system. In Li;5Si4 diffusion is isotropic, as expected for a cubic crystal structure.

A protocol to map overall diffusivities to a more atomistic picture of atom jumps between lattice sites was
described in detail in [42] and employed here. The results are depicted in figures 2(Li;3Sis) and S6-S8
(Li; Siy, Liy,Siy, LijsSig). Relaxed atomic coordinates of a defect-free system define the basic lattice for a given
compound, and jumps between lattice sites in our MD trajectories are counted and visualized by red lines for
each pair of lattice sites. The line thickness is scaled logarithmically according to the jump frequency. Since it
was shown that interstitial sites and metastable positions are necessary for a reliable jump detection [42],
their coordinates are also considered as lattice sites.
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Table 3. Li diffusivities Dy; / (1073 A2 ps~! = 1077 cm? s~ !) in crystalline Li,Si, systems containing intrinsic defects, calculated from
AIMD simulations, Li;;Si; and Li;3Siy at 500 K, Li; Si; and Li;5Siy at 800 K, defect-free results from [42].

Compound No defect [42] Li Vi Vi + vy
Li; Siy 0.0 0.0 1.0 0.7
Li,Siy 11.6 11.4 10.5 —2
Li;3Siy 39.5 46.3 21.2 —
Li;5Sig 0.2 18.6 7.5 —
2 Not studied.
(a) no defect (b) interstitial Li (c) Li vacancy

Figure 2. Jumps of Li atoms between lattice sites (red connections) in AIMD simulations of Li;3Si4 systems containing (a) no
defect [42], (b) an interstitial Li atom and (c) a Li vacancy. Li blue, Si yellow, interstitial site or metastable position violet.

For Li;,Si; and Li;3Si4, the contributions of individual lattice sites to defect-free Li diffusion were
discussed in detail in [42]. Here, the focus is only on describing the differences that arise from an interstitial
Li atom. In Li; Si; and Li;5Sis, defect-free diffusion is close to zero. Detected jumps in figures S6(a) and S8(a)
are an artifact and can be ascribed to thermal vibrations. Regarding the systems with an interstitial Li atom,
no Li jumps are detected for Li; Si;, while many jumps can be observed in Li;,Si7, Li;3Sis and Lij5Siy.
Comparison with the defect-free systems shows no change in the total jump numbers for Li; Si; and Li;,Si7, a
slight increase for Li;3Si4 and a larger one for Li;5Siy. These results are in accordance with the Li diffusivities
discussed above. In both Li;;Si; and Li;3Siy, new connections between lattice sites are detected in the upper
half of the depicted systems, which is where the interstitial Li atom was located in the trajectories, respectively.
For Li},Siy, these new connections are for example Li5-Li7, Li5-Lil1, Li7-Li12 and Lil1-Li13, while other
connections vary in frequency. Overall, the jumps reflect anisotropic diffusion as mentioned above. In
Li;3Si4, in addition to the unaltered prevalent jump pattern involving Lil, Li2, M1 and M2 known from the
defect-free system, many jumps are observed between Li6 and Int in x-direction and between Li3 and Int in
z-direction. This directly maps the change in diffusion anisotropy discussed for Dy; to an atomistic picture of
involved lattice sites, explaining the new component of Li diffusivity in z-direction. For Li;5Si4, connections
are detected between Lil-Lil, Lil-Li2, Lil-Int, Li2-Int and Int-Int, causing an isotropic picture of diffusion.

NEB calculations were performed on migration pathways observed in the AIMD simulations or
constructed theoretically in order to obtain an even more atomistic picture of diffusion. The compounds’
crystal structures along with crystallographic Li and Si sites, as well as interstitial sites and metastable
positions for Li were described in sections 2.1 and 2.2. All investigated Li,Si, exhibit one or two
crystallographically distinct interstitial Li sites, but Li;3Sis can additionally accommodate interstitial Li atoms
as split interstitials and crowdion-like interstitials. The studied diffusion paths for each system are analysed in
terms of involved sites, diffusion mechanisms and migration energies in tables S9, S13, S16 and S19 in the
supporting information. Additionally, the fully relaxed pathways are given as Supplementary Data [48] (.xyz
files) together with the respective energy profiles (.txt files). The lowest-energy paths for interstitial Li
diffusion in each compound are also illustrated in figures S9 (a), S10 (a), S11 (a) and S12 (a). All paths are
numbered consecutively for distinction, and to compare the same unique path within different systems. In
the systems containing defects, a path number appended by ‘_def” indicates that the defect itself diffuses,
‘_near’ refers to a path with at least one of the diffusing atoms in vicinity (<3 A) to the defect, and ‘_far’
means that the path takes place with a distance of >3 A to the defect.

We found that interstitial Li diffusion pathways follow interstitialcy—also called indirect interstitial—
rather than direct interstitial mechanisms in the four studied compounds. The migration energy barriers for
observed interstitialcy paths vary between 0.25-0.86 eV in Li,; Si;, 0.01-0.25 eV in Li;,Si7, 0.03 - 0.38 ¢V in
Li;3Si4 and 0.00-0.32 eV in Li;5Siy, respectively. These low barriers in Liy,Si7, Li;3Sis and Li;5Sis cause high
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(a) Diffusion of interstitial Li atom (b) Diffusion near interstitial Li atom (c) Diffusion far from interstitial Li atom
1.2 0.6 0.8
W Li;Siy v V¥ Li2Siy
101 v LinSiy A 0.57 A LissSig
. , v - 0.6 Y
0.8 A LhsSk e 0.4 v % ’
> i .Si ] > -7V 3 e
[ Li15Sig ’ [ A A /- v v ’
; 0.6+ h 4 s\ 0.34 ; 0.4+ i
”,
4 /4 4 PRs Wy v
044 vy ¥ Vy 024y .~ v/
A\, /v - 0.2 47V
] VV’ Y A\ ] V  LinaSiy
0.2 0.1 v e
v A Li3Sig A
00 T T T T 00 1 T T T T 00 T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.2 0.4 0.6 0.8
AEM [ eV AEM. [ eV AEM [ eV

Figure 3. Migration energy barriers of defect-containing systems compared to defect-free systems for (a) diffusion of an
interstitial Li atom, (b) diffusion near an interstitial Li atom (<3 A) and (c) diffusion far from an interstitial Li atom (>3 A).
Black lines are identity lines, red dashed lines are linear fits y = mx + n with (a) m = 0.85, n=0.01, (b) m =0.52, n=10.15, (c)
m=0.78, n=0.02.

diffusivities as discussed above. Most typically, 2 or 3 Li atoms migrate simultaneously. Whereas direct
interstitial diffusion is not observed in Li; Si;, Li;»Si; and Lij3Siy, which is consistent with minimum
migration barriers of 0.69 and 0.41 eV for constructed paths in Li; Si; and Li;,Si7, a migration energy of only
0.04 eV would make this mechanism possible in Li;5Sis. Few direct jumps between two interstitial sites have
also been detected by the protocol described above. However, when relaxing every 1000th snapshot of the
Li;5Si4 trajectory and tracing atom coordinate changes between the snapshots, these direct interstitial jumps
could not be identified, and thus might be detection errors of our protocol. Overall, direct interstitial
diffusion could be possible in Li;5Sis, but is observed significantly less frequently than interstitialcy diffusion.

Considering Li migration via intersticialcy mechanisms in more detail, no low-energy path is found in
Li; Si;. In Lij; Siy, especially path (40)_def with the jump pattern Lip, — Lil2 — Intl and only 0.01 eV
migration energy adds to the low-energy paths already discussed in [42], that originate from Frenkel defects.
In Li;3Sis, the prevalent low-energy path from the defect-free structure [42], here path (44), is supplemented
by paths (49)_def (Lijyy — Li3 — Int) and (50)_def (Lip,; — Li6 — Int) with energy barriers of 0.09 and
0.10 eV, respectively. Path (49)_def causes the diffusivity component in z-direction. For Li;5Siy, paths
(61)_def, (62)_def, (63)_def and (65)_def are comparatively low in energy, making intersticialcy mechanisms
with 2, 3 or 4 involved atoms equally important for interstitial Li diffusion.

In order to investigate the importance of interstitial defects, we have correlated the NEB migration
barriers computed for Li,Si, systems with interstitial Li atoms to the corresponding barriers of the same paths
in systems without Li interstitials. In figure 3, this is done for (a) diffusion of the defect itself, i.e. compared to
an interstitial Li atom from a Frenkel defect in an otherwise defect-free system, (b) diffusion near the defect
(<3 A) compared to a path in absence of it and (c) diffusion far from the defect (>3 A) compared to a path
without it. As a guide to the eye, linear regressions are performed on these energy barriers to identify trends.

In figure 3(a), it is evident that for Li; Si; and especially for Li;5Si, the data points are close to or on the
identity line, while for Li;,Si; and Li;3Si4 they are not. Considering differences between defect formation
energies of a Frenkel defect and the sum of an isolated Li interstitial and an isolated Li vacancy (see table 5),
these are —0.11 eV (Intl) and —0.17 eV (Int2) for Li;Si;, —0.17 ¢V (Intl) and 0.03 eV (Int2) for Li;,Siy,
—0.18 eV (Int) for Li;3Siy and 0.01 eV (Int) for Li;5Sis. These suggest that interstitial Li atom and Li vacancy
of a Frenkel defect are considerably more seperated in Li;5Si4 than they are in Li; Siy, Lij,Si; and Lij5Siy,
because negative values can be understood as stabilisation via electrostatic interaction. Subsequent migration
of the Frenkel interstitial Li atom in Li;5Siy is then relatively unaffected by interactions with the Li vacancy, it
diffuses like a separate interstitial Li atom, causing the points to be on the identity line. For Li;,Si; and
Li;3Si4, it appears that small migration energies of a Frenkel interstitial Li, possibly favoured by electrostatic
interaction, tend to increase without the vacancy, whereas larger migration barriers tend to decrease. Note
that the spread of AEM is rather large for a given AEM,, meaning that paths behave very differently when
comparing separate interstitial Li atoms with those from Frenkel defects. Nevertheless, the linear regression
reveals on average 15% smaller migration barriers for separate interstitial Li atoms. In figure 3 (b), the
influence of interstitial Li atoms on other Li atoms diffusing by them within 3 A is illustrated. Most of the
investigated paths increase in energy, some drastically up to + 0.5 eV, and only few decrease. The spread of
data is too large to give a meaningful linear fit, but it can be concluded that interstitial Li atoms clearly move
the potential to block diffusion pathways. Figure 3(c) shows the potential impact of interstitial Li atoms on
paths with a distance of more than 3 A to the defect. The data points are on the identity line with medium
spread, showing no large influence of the defect. A linear regression gives an average 22% decrease in
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Table 4. Voigt averages of bulk moduli Ky / GPa and shear moduli Gy / GPa for crystalline Li,Si, systems containing intrinsic defects as
well as no defect.

Compound System Kv Gy Compound System Kv Gy
No defect
Li; Si; 52.9 38.9 Li13Sis 32.7 29.3
Li1»Siz 37.4 33.9 Li15Sis 30.2 23.1
Li*

Lissi Li @ Intl 52.8 38.7 Li@Li2® 32.0 29.2
10 Li @ Int2 52.7 38.4 Li13Sis Li @ Li1/Li2® 32.6 29.5
o Li @ Intl 36.4 33.8 Li @ Int 32.6 29.4

L112817

Li @ Int2 36.7 32.7 Li15Sis Li @ Int 29.9 23.0
i
Li;Siy v@ Lil 52.7 38.1 o v @ Lil/Li2® 32.3 29.1
L113Sl4
o v@Li8 36.1 32.9 v @ Lil 323 29.2
L112517
v@Li9 35.5 32.6 Livesi v @ Lil 29.9 22.6
1590 v@Li2 29.8 223
v+ v
Li; Siy v@Lil, v @ Sil 51.1 36.3

@ Split interstitial/dumbbell interstitial, 2 Li atoms occupying Li2.
®) Crowdion-like interstitial, 5 Li atoms occupying 2 x Lil and 2x Li2.
(9 4 Li atoms occupying 4x Lil and 1x Li2.

migration energy due to the defect, revealing a potential small effect, which, however, is only really observed
for Lij;Siy. This is further discussed in connection with elastic properties.

Elastic constants of all systems were computed according to section 2.3, from which bulk and shear
moduli were calculated and are given in table 4. Generally, bulk and shear moduli decrease with increasing Li
content and weakening Si—Si connectivity, meaning that crystalline lithium silicides become softer in the
order Li; Siy, Liy,Siz, Lij3Sis and LijsSiy. Li; Sij is significantly stiffer than the other three due to the network
of Si-Si bonds. While the elastic properties alone do not correlate with the Li diffusivity in the compounds,
softening or hardening of a crystal lattice could influence migration barriers, since atomic jumps in solids
require pushing aside other atoms and therefore straining the lattice. For interstitial Li atoms, all of the
investigated systems exhibit a slight decrease in Ky (—0.1 ... —1.0 GPa) and most of them also in Gy (40.2 ...
—1.2 GPa), indicating softening compared to defect-free systems. This fits to the results presented in
figure 3(c), that show a small decrease in migration energy barriers, which might now be interpreted as a
consequence of lattice softening. It is only reasonable to consider the paths in larger distance to the defect
here, since these are not affected locally by it, and the elastic moduli are calculated for the entire system and
therefore non-local as well.

Apart from the migration energy barriers of defects, it is equally important to consider their
concentrations in order to evaluate whether they contribute to diffusion. Concentrations of defects are
determined by their formation energies: higher E¢or, result in lower concentrations and, consequently, lower
diffusivity for a given diffusion barrier, and vice versa. Defect formation energies were calculated according
to section 2.3 and are given in table 5. Interstitial Li atom formation energies are generally low in all
considered compounds making Li interstitials a very probable intrinsic defect. For the regular interstitial sites
in Li;;Si; and Lij3Sis, Egorm i even negative, indicating unhindered Li incorporation when in contact with a
Li reservoir. Formation energies of regular interstitials in Li; Si; and Li;5Si4 as well as for split and
crowdion-like interstitials in Li;3Si4 are between 0.22 eV and 0.29 eV and therefore also very low, with Intl in
Li; Si; being the only exception. Equilibrium interstitial site fractions in a NVT ensemble are given by
[Li;] = gexp(— %) Assuming the geometric factor g to be 1, which is valid for regular interstitials, and
approximating Fg,rm by Eform neglecting entropic contributions, Li interstitial concentrations can be
estimated by the Boltzmann factor exp(—%), giving [Li;] &~ 10™* to 10> for formation energies between
0.22 eV and 0.29 eV at room temperature.
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Table 5. Defect formation energies Eg, / €V for crystalline Li,Siy, systems containing intrinsic defects.

Compound  System Eform Compound  System Eorm
Li + v}
Lo Li @ Intl, v @ Lil 1.61 R . .
Li; Si; Li@ Int2, v @ Lil 111 Li;3Siy Li @ Int, v @ Lil 0.28
C e Li @ Intl, v @ Li8 0.29 C e . .
Li»Siy Li@ Int2, v@ Li8 0.58 Lii5Siy Li @ Int, v @ Lil 1.57
Li*
LisSi Li @ Intl 0.69 Li @ Li2® 0.28
e Li @ Int2 025 LiisSis Li @ Li1/Li2® 0.29
.o Li @ Intl —0.21 Li @ Int —0.29
L112517
Li @ Int2 —0.12  LisSig Li @ Int 0.22
vii
Li; Siy v@Lil .03 . .. v @ Lil/Li2© 0.78
L113SI4
C e v @ Li8 0.67 v @ Lil 0.75
L112517
v@Li9 0.80 Lir<Si v @ Lil 1.34
159 v@Li2 1.54
v+ v
Li; Sip v @ Lil, v @ Sil 2.69

C Kirsch et al

@ Split interstitial/dumbbell interstitial, 2 Li atoms occupying Li2.
®) Crowdion-like interstitial, 5 Li atoms occupying 2 x Lil and 2x Li2.
(9 4 Li atoms occupying 4 X Lil and 1x Li2.

In conclusion, Li diffusivity in crystalline Li.Si, can increase or remain relatively uninfluenced by
interstitial Li atoms, and diffusion (an)isotropy can be altered. Li interstitials are found to migrate via
interstitialcy diffusion mechanisms involving 2 or 3 atoms much more likely than via interstitial
mechanisms. Generally, migration energy barriers are on average 15% smaller compared to Li interstitials
created by Frenkel defects. Interstitial Li atoms have a local effect by increasing energy barriers for paths in
vicinity by up to 0.5 eV, and a potential non-local effect by decreasing migration energies on average by 22%
via lattice softening. Moreover, Li interstitial formation is very likely in all Li,Si, due to low formation
energies of typically below 0.3 eV. From a perspective of the individual compounds, Li;5Sis becomes a fast
ionic conductor with interstitial Li atoms, making it comparable to Li;,Si; and Li;3Siy, that both exhibit high
diffusivities even in the stoichiometric systems. For all three compounds, close-to-zero energy migration
paths exist for interstitialcy diffusion, whereas migration barriers in Li; Si; are significantly larger, hindering
fast Li diffusion in this compound.

3.2. Li vacancies

Li diffusivities in Li; Siy, Li;;Siz, Lij3Siq and LijsSiy containing a Li vacancy are shown in table 3. Li; Siy
exhibits low, but non-zero diffusion, Li;,Si; and Li;3Sis remain very good ion conductors, and Dy; in Li;5S5is
is in between. In comparison with the defect-free systems, Li diffusion coefficients increase for Li; Si; and
Li;5Si4, which are both compounds with zero defect-free diffusion. In Li;,Si, diffusivity is unchanged, while
in Li;3Siy it is even halved. Li; Si; is the only compound studied here with higher vacancy- than
interstitial-mediated Li diffusion, whereas it is relatively constant in Li;,Si; and significantly lower in Li;3Si4
and Li;5S5i4. (An)isotropy of diffusion is discussed by means of values for Dy, D, and D, presented in table S7
in the supporting information. Li diffusion in Li;Si; shows a Dy = D, # D, behaviour expected for a
tetragonal crystal structure. In orthorhombic Li;,Si;, diffusion is anisotropic in all systems, but the ratio of
Dy, D, and D, is different in the defect-free and both of the so far discussed defect-containing systems,
indicating that each defect can alter anisotropy uniquely. In orthorhombic Li;5Si4, Dy is by far the largest
component in all systems, but as already observed for the Li interstitial, diffusion is not one-dimensional as
in the defect-free system, but rather three-dimensional. Anisotropy is higher with the Li vacancy than with
the interstitial Li atom, because D, is substantially smaller. Diffusion in cubic Li;5Siy is isotropic for both Li
vacancy and Li interstitial.
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Atom jumps between lattice sites were analysed and are illustrated in figure 2 for Li;3Si4 and S6-S8 for
Li; Siy, Lij,Si; and Lij5Sis. No jumps apart from detection errors are depicted in Li; Si; due to an applied
threshold for a minimum number of jumps required. In Li;,Si;, many jumps are observed reflecting
anisotropic diffusion discussed above. Connections between lattice sites appear very similar with a Li
vacancy, that is found in the upper half of the depicted system in the trajectory, compared to the defect-free
system. New connections are merely observed between Li5 and Lil2. Atom jumps observed uniquely with a
Li interstitial are missing with a Li vacancy again. In Li;3Si4, the large number of jumps involving Lil, Li2,
M1 and M2 causing high diffusivity in x-direction is prevalent for all studied systems. It was discussed in
section 3.1 that additional connections appear with an interstitial Li atom. This is the case with a Li vacancy
as well, causing components of Dy; in y- and z-direction. It is visible that these connections differ in both
systems, for example, there is no large number of jumps involving Li3 or Li6 with a Li vacancy, explaining
lower D, and D,. In Li;5Sis, many isotropic jumps are detected between Lil-Lil, Lil-Li2 and Lil-Int, but the
total number of jumps is lower than with an interstitial Li atom, which is in accordance with calculated Li
diffusivities.

In the AIMD simulations of the investigated crystalline lithium silicides, Li vacancies were initially
introduced into the crystal structure according to table 2, and for a major part of the trajectories they were
observed on Lil in Li; Si;, on Li8 or Li9 in Li;,Siy, on Lil or distributed over rows of Lil and Li2 in Li;3Siy4
and on Lil or Li2 in Li;5Sis. Migration pathways of the vacancies between these lattice sites were computed
using NEB calculations, along with other observed paths. Detailed results are given in tables S10, S14, S17
and S20 as well as figures S9 (b), S10 (b), S11 (b) and S12 (b) in the supporting information and as
Supplementary Data [48]. In Li;,Si7, a vacancy on Li8 or Li9 leads to occupation of the adjacent metastable
position M1 or M2 by the second adjacent Li8 or Li9, respectively. In Li;3Sis, a vacancy on Lil drives the
second adjacent Lil onto M1, and a vacancy on Li2 becomes distributed over 5 lattice sites by 2x Lil moving
to 2x M2 adjacent to the Li2 vacancy and 2 x Lil moving to 2x M1 adjacent to the 2 Lil vacancies created
before. Thus, vacancies in Li;;Si; and Li;3Siy are usually distributed over at least two lattice sites by
occupation of metastable Li positions, in which a Li atom is placed between two regular lattice sites, whereas
in Li; Si; and Lij5Si4 regular single-site vacancies are found.

Consequently, Li vacancy migration follows a standard vacancy mechanism with single-atom jumps in
Li; Si; and Li;j5Siy. In contrast, at least 3 atoms move collectively in Li;,Si; as well as Li;3Si4, and vacancy
jumps are coupled to (de)occupation of metastable Li sites, which is a result of the distributed nature of Li
vacancies in these two compounds as discussed above. Calculated migration energies of isolated Li vacancies
are 0.22-0.28 eV in Li; Si;, 0.05—0.32 eV in Li;,Si7, 0.01-0.66 eV in Li;3Si4 and 0.00-0.52 eV in Li;5Si4. These
ranges cover energy barriers computed by Wang et al [38]. as well as Moon et al [45], and they enable
diffusion in all four compounds. In Li; Si;, paths (6)_def, (7)_def and (8)_def are three crystallographically
distinct jumps of a Lil atom into an adjacent Lil vacancy with increasing distances. Migration energies are
0.22 eV, 0.25 eV and 0.28 eV for jump distances of 2.2 A, 2.7 A and 2.8 A, respectively. In Li;,Siy, path
(34)_def is the migration of 3 Li atoms between a Li8 and a Li9 vacancy, with energies of 0.12 eV and 0.22 eV.
Path (42)_def transforms between a Li8 and a Li12 vacancy via 4 Li atoms, with migration energies of
0.22 eV and 0.05 eV. In Li;3Siy, path (45)_def converts a Lil vacancy into a distributed Li2 vacancy by a
movement of 3 Li atoms onto metastable positions, with the migration energy being as low as 0.01 eV.
Gruber et al obtained a comparably low Lil/Li2 vacancy migration barrier of 0.08 eV [41]. Paths (55)_def
and (56)_def couple vacancy jumps to collective chain-like motions to exchange a Li vacancy between two
different Lil/Li2 rows. With energy barriers of 0.24 eV and 0.31 eV, these paths mediate Li diffusivity in y-
and z-direction as already discussed. In Li;5Sis, paths (68)_def to (75)_def are jumps of a Lil atom into a Lil
vacancy. With increasing distances from 2.0 A to 3.5 A, migration energies rise from 0.08 eV to 0.52 eV.
Vacancy motion between Lil and Li2 is described by paths (76)_def to (80)_def, with migration barriers
increasing from 0.23 eV to 0.32 eV for distances between 2.3 A and 2.5 A (Li2 — vy;).

Migration energy barriers in Li,Si, systems containing a Li vacancy are compared against those of the
same paths in defect-free systems in figure 4. In figure 4(a), migration energies of an isolated Li vacancy are
plotted against those of a Frenkel Li vacancy. Data points are on the identity line for Li; Si;, Li;;Si; and
Li;5Si4, above it for Li;,Si; and below it for Li; Si; and Lij3Siy. It was already discussed in section 3.1 why
Li;5Si4 is more on line than the other three compounds. Generally, diffusion of an isolated Li vacancy tends
to have similar energy barriers to a Frenkel vacancy in the low energy region, and smaller barriers for high
energies. A linear fit yields an absolute increase in energy of 4-0.06 eV, that is primarily important for low
energies, and a relative decrease of 40%, that impacts large energies more. In figure 4 (b), only four data
points from two migration paths in Li;;Si; can be analysed. Three out of four are above the identity line,
revealing a potential hindering effect of Li vacancies on nearby pathways, with migration energies increasing
by up to 0.2 eV. In figure 4(c), data points are around the identity line with a medium spread of ca. 0.15 eV.
A linear fit gives an average decrease in energy of 12% for paths more than 3 A from the vacancy. Compared
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(a) Diffusion of Li vacancy (b) Diffusion near Li vacancy (c) Diffusion far from Li vacancy
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Figure 4. Migration energy barriers of defect-containing systems compared to defect-free systems for (a) diffusion of a Li vacancy,
(b) diffusion near a Li vacancy (<3 A) and (c) diffusion far from a Li vacancy (>3 A). Black lines are identity lines, red dashed
lines are linear fits y = mx + n with (a) m = 0.60, n = 0.06, (b) m =1.06, n=0.10, (c) m = 0.88, n = 0.00.

to interstitial Li atoms, migration barriers show similar trends for Li vacancies, with the effect being larger
for diffusion of the vacancy itself, and smaller on surrounding diffusion paths. Note that the number of data
points in figures 4(a) and (b) limits the significance of these results.

Elastic moduli of all studied systems can be found in table 4. With introduction of a Li vacancy, bulk
moduli decrease by —0.2 ... —1.9 GPa and shear moduli by —0.1 ... —1.3 GPa with respect to the defect-free
systems. Thus, the lattice softening effect is comparable for Li vacancies and interstitial Li atoms. Again, this
could be correlated with the 12% average decrease in migration energies.

Li vacancy formation energies are presented in table 5. Values are the lowest in Li;,Si; and Li;5Sis with
approximately 0.7-0.8 eV, higher in Li; Si; (1.0 eV) and highest in Li;5Siy with 1.3-1.5 eV. For Li;,Si7, these
agree well with results from Shi ef al [40]. All of these formation energies are relatively high compared to Li
interstitials, being at least 0.8 eV higher in Li;Si;, 0.9 eV in Li;,Si7, 1.0 €V in Li;3Sis and 1.1 eV in Li;sSiy.
Note that Frenkel pair formation energies are thus largely determined by vacancy formation in crystalline
Li,Si,. Moreover, both Li interstitial and Li vacancy formation energies are notably smaller in Li;,Si; and
Li;3Si4 than in Li; Sij and Li;sSi4, causing significantly smaller Frenkel defect formation energies.
Approximating equilibrium site fractions for vacancies at room temperature using the Boltzmann factor
exp(— F;j;}" ), these are in the order of 10712, 107", 107!% and 10~ for the lowest computed formation
energy in Liy,Si7, Li;3Sis, Li; Si; and Li;sSis, respectively. Taking into account the ratios of interstitial sites to
Li atoms per crystallographic site for lowest energy vacancy formation, these are 0.25 in Li; Si;, 0.5 in Li,Si7,
1.0 in Li;3Si4 and 0.5 in Li;5Si4, so they can consequently be neglected when comparing orders of magnitude
of the Boltzmann factors. Site fractions of Li interstitials were approximated as 10~*~10~>, and are therefore
considerably larger than that of Li vacancies, leading to the conclusion that [Li;] > [vy;] for all four
compounds.

In summary, presence of Li vacancies can increase diffusivity in crystalline Li,Si,, but it can also leave it
unaltered or even lead to a decrease, depending on the compound. Likewise, diffusion (an)isotropy can be
affected. Migration of isolated Li vacancies takes place either via single-atom jumps or via simultaneous
jumps of at least 3 atoms, with on average lower energy barriers compared to vacancies from Frenkel pairs.
Migration energies of nearby paths tend to increase due to a vacancy by up to 0.2 eV, and those of farther
paths decrease on average by 12%, potentially caused by a slight lattice softening effect. Existence of
close-to-zero energy pathways enables facile Li vacancy diffusion in Li;,Siy, Li;3Sis and Li;5Si4, but also in
Li; Si; there is moderate diffusion with a minimum barrier of 0.22 eV. Overall, while in Li;,Si; and Li;3Siy
diffusion is always high independent of non-stoichiometric defects, vacanies could mediate it in Li; Si; and
Li;5Sis. However, Li vacancy concentrations are low in all four compounds due to high formation energies of
minimum 0.7-1.3 eV.

3.3. Schottky defect in Li; Si;

A Schottky defect was studied only for Li; Si;, because its stoichiometry does not change upon defect creation.
Li diffusivity is low, comparable to that of a Li vacancy, but not zero as in the defect-free system (see table 3).
In Li, Si;, there is only one crystallographic Li and Si site each, so all Li and all Si atoms are equivalent. The
defect was introduced by removing a Li and an adjacent Si atom. In the AIMD simulation, the Si vacancy was
immobile, while the Li vacancy migrated. Results of NEB calculations of all observed migration paths can be
found in table S11 in the supporting information and as Supplementary Data [48]. Additionally, the
lowest-energy Li diffusion pathway is illustrated in figure S9(c). Initially, one Li atom jumps into a position
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between Li and Si vacancy, partially occupying both lattice sites (path (16)_def). The migration energy for
this is 0.23 eV, but 0.49 eV for the reverse process, which leads to the Li atom remaining in this position
occupying the Schottky defect. The so created Li vacancy then migrates via single-atom jumps, which is
described by pathways (6)_def to (15)_def. Paths (6)_def to (8)_def were already discussed in section 3.2.
Their energy barriers between 0.22 eV and 0.29 eV depend on the jump distance and are relatively unaffected
when compared to an isolated Li vacancy. Paths (11)_def to (15)_def are nearer to the Si vacancy and thus
energetically influenced by it. Their energy profiles are asymmetrical with migration barriers between

0.05 eV and 0.56 eV. With path (17)_def, simultaneous migration of two Li atoms via a vacancy mechanism
was also observed, exhibiting migration barriers of 0.30 eV and 0.47 eV. In conclusion, the Li vacancy of the
Schottky defect migrates comparably to an isolated vacancy, with barriers being affected near the Si vacancy.
According to table 4, bulk and shear modulus of Li; Si; decrease by —1.8 GPa and —2.6 GPa, respectively,
with introduction of a Schottky defect. This decrease is substantially larger than for a Li vacancy, showing
that removal of a Si atom from the Si-Si bonding network degrades mechanical stability to a significant
extent. However, Schottky defect formation as such is highly unlikely due to a formation energy of 2.69 eV,
see table 5. Compared to an isolated Li vacany, additional creation of a Si vacancy requires roughly 1.7 eV
more. Therefore, concentration of Schottky defects, that is proportional to an exp(— §;<BT) Boltzmann factor,
is in the order of 10~2* at room temperature, five orders of magnitude lower than for Li vacancies.

3.4. Summary intrinsic defects and comments on the literature

It can be concluded that Li diffusion in crystalline Li,Si, is most frequently mediated by Li interstitials and to
some minor degree by Frenkel defects. Interstitial Li atoms exhibit both low formation and migration
energies in Li;,Si7, Li;3Sisy and Li;sSiy, while Frenkel pairs do so in Li;;Si; and Li;3Sis only. Additionally, in
Li;3Si4 another diffusion mechanism mediated by transition to a metastable structure is discussed in [41, 42]
and plays an important role. In Li; Si;, Li interstitials show low formation, but high migration energies, and
vice versa for Frenkel defects, thus no intrinsic defect offers an option for high Li diffusivity. This conclusion
was also drawn by Yao et al [44]. Although Li vacancies would exhibit low migration barriers in all four
compounds, their formation energies are rather too high to contribute to diffusion. A Schottky defect was
studied in Li; Si; only, but an even higher formation energy than for a Li vacancy with comparable migration
barriers renders this defect very unlikely to play a role in Li diffusion. Generally, both isolated Li interstitials
and vacancies were found to exhibit on average slightly lower migration energy barriers than Frenkel pairs.
Moreover, they have a local effect increasing migration barriers of nearby paths and a non-local one
decreasing average energy barriers, which can be understood in terms of lattice softening.

Kuhn et al performed 7Li NMR experiments on Lij;Si; in two studies [23, 26], obtaining activation
energies for Li diffusion of 0.18 eV (quasi 1D process), 0.32 eV and 0.55 eV (two 3D processes). Moreover,
they assigned Li mobilities to crystallographic sites, which was supported by computational results from Shi
et al [40]. In their ’Li NMR measurements, Dupke et al confirmed the results for Li;,Si; [24], and further
characterized Liy3Si4 and Li;5Sis[25]. They obtained an activation energy of 0.25 eV in Li;5Sis and concluded
that Li diffusion is close to isotropic in Li;3Sis and anisotropic in Li;5Sis. While the assignment of mobilities
to Li sites for Li;,Siy agrees with the results presented here as well as in our previous study [42], it should be
reconsidered for Li;3Sis along with the (an)isotropies, that are characterized as anisotropic in Li;3Siy and
isotropic in Li;5Si4 here, which is also more consistent with their crystal systems. These points are discussed
in more detail in our previous study [42]. For all three compounds, the experimentally determined activation
energies do not single out the dominant intrinsic defect, because our calculations of the various migration
barriers show that they are equally low for interstitials, vacancies as well as Frenkel pairs.

Therefore, it is necessary to compare the results presented here to previous computational publications.
To our knowledge, only Moon et al conducted a comparatively thorough study on various diffusion
mechanisms in different Li,Si, compounds [45]. They calculated Li interstitial formation energies of 0.46 eV
(here: Int1) and 0.15 eV (here: Int2) for Li;Si; and 0.25 eV for Li;5Siy, respectively, and Li vacancy formation
energies of 1.20 eV in Li; Si; as well as 1.37 eV (Lil) and 1.62 eV (Li2) in Li;5Sis. These values approximately
agree with the ones presented here, see table 5. They excluded ring mechanisms for diffusion because of high
migration barriers of more than 1.10 eV in Li;Si; and 1.87 eV in Li;5Sis, which is in accordance with our
results, see also [42]. They further computed vacancy migration energies of 0.23 eV, 0.25 eV and 0.27 eV in
Li;Si; and at least 0.12 eV in Li;5Si4, and interstitial diffusion barriers of more than 1.20 eV in Li; Si;. All of
these values agree excellently with ours, but then they obtain a direct interstitial migration barrier of 2.38 eV
in Li;5Siy, which is a significant contrast to 0.15 eV calculated in our study for a path of the same mechanism
and atomic jump distance. Moreover, Moon et al did not consider indirect interstitial (intersticialcy)
mechanisms, which yield comparatively low energy barriers here. They concluded that due to high interstitial
migration barriers in Li; Si; and Li;5Sis, diffusion has to be vacancy-mediated and proceeded only with this
mechanism for Li;;Si; and Li;3Si4. As outlined above, our results support this statement for the case of Li; Si,
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but not for Li;,Siz, Li;3Sis and Li;5Siy, especially with intersticialcy paths being considered. Thus, we disagree
that diffusion is dominantly vacancy-mediated, but rather conclude it is mainly interstitial-mediated.

4. Conclusions

We have comprehensively studied defect-mediated Li diffusion in crystalline Li,Si, for a variety of intrinsic
point defects. We have combined AIMDs simulations with NEB calculations to identify and characterize
relevant diffusion paths in the four Zintl-like lithium silicides Li, Si;, Li;,Si7, Li;3Sis and Li;sSiy. Contrary to
previous research, we observe that intrinsic Li diffusivity is mediated by Li interstitials and Frenkel pairs
rather than Li vacancies or Schottky defects due to high formation energies of the latter two. In particular,
low formation and migration energies are found for both Li interstitials and Frenkel defects in Li;,Si; and
Li;3Siy, and only for interstitial Li atoms in Li;5Siy. Li interstitials migrate via an interstitialcy diffusion
mechanism typically involving 2 or 3 atoms. Thus, this mode turns out to be the most relevant one for Li
diffusion in the technologically relevant compound Li;5Sis, that forms in Si anodes upon complete lithiation.
Moreover, all studied defects induce two complementary energetic effects: firstly, they locally increase average
migration barriers of nearby Li diffusion paths, and secondly, they lower average energy barriers of paths in
larger distance, correlated with lattice softening. Our perspective now is to move on to studying extrinsic
point defects, aiming at characterizing the influence of doping and impurities on Li diffusion in lithium—
silicon compounds. Additionally, the results obtained here for crystalline systems can be combined with
future results for amorphous Li,Si to construct multiscale models for simulating lithium mobility in lithium
silicides. Ultimately, these models could help with optimizing the design of silicon anodes.
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