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ABSTRACT

Lithium-germanium binary compounds are promising anode materials for secondary lithium-ion batteries due to their high capacity, low
operating voltage, and high electronic conductivity of lithiated Ge. For their successful application in batteries, it is essential to know the tem-
perature stability of different Li-Ge phases and the variation of their ionic conductivity depending on the operating temperatures of the bat-
teries. This work aims to comprehensively study the thermodynamic stability and ionic conductivity in Li-Ge binary compounds using a
combination of first-principle computations and machine-learning interatomic potentials. We calculated convex hulls of the Li-Ge system at
various temperatures and a temperature—composition phase diagram was obtained, delineating stability fields of each phase. Our calculations
show that at temperatures higher than 590 K, LiGe undergoes a I4, /a-P4/mmm transition, which leads to a change in the ionic conductivity.
We show that all stable and metastable Li-Ge compounds have high ionic conductivity, but LiGe and Li;Ge;, have the lowest lithium diffu-
sion. Trajectories of diffusion and Ge arrangements depend on lithium concentration. Based on advanced theoretical approaches, this study

provides insights for the development of Li-Ge materials in lithium-ion and lithium-metal battery applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0208577

Lithium-ion batteries (LIBs) have been extensively studied and
are used in many sectors of human life."  Most of them have a graph-
ite anode for many reasons, including low cost, high availability, non-
toxicity, reversible intercalation of lithium, and low electrochemical
potential. A drawback of graphite is its relatively low theoretical capac-
ity of 372mAhg ', Today, there is a demand to increase the energy
density of lithium-ion batteries," and one of the possible ways to meet
this demand is to switch from graphite to other anode materials, such
as Li alloys.*”

Various elements have been proposed for anode applications,
such as silicon,”® phosphorus,"’m germanium,(”ll tin,”"” and metals
and metallic alloys.” Ge is one of the candidates because of its high spe-
cific capacity (1564 mA h g_l, based on Li;;Gey), high electronic con-
ductivity,"” good surface stability,'>'* and high diffusivity of Li in Ge
(which is approximately 400 times that of Li in Si at room tempera-
ture)."” Although Ge comes at a high cost, it is an abundant element,
and its high price is merely a consequence of the current low
demand."® The drawback of Ge as anode (like for P, Si, etc.) is a high
volume expansion during cycling (greater than 200%); however, this
problem might be overcome by microstructural modifications, such as

coating with amorphous black carbon, using porous structures, or
composite materials.'”~”

Thermodynamic stability and average voltages of intermediates
during the charge-discharge process are important characteristics of
anode materials. A large number of compounds have been reported in
a binary Li-Ge system, both experimentally and theoretically.”' " >
Tipton et al.”' predicted Liy,Ges, Li;sGey, Li,Ge,, LisGe,, LioGe, and
LiGe to be stable. Using DFT calculations, Morris et al.® showed that
LiGe (I4,/a), Li;Ge; (P32,2), LisGe, (R3m), LigGe; (R3m), Li;sGey
(I43d), and Li,,Ge, (F43m) are thermodynamically stable, while elec-
trochemical voltage decreases from ~0.52 to ~0.07 eV; these struc-
tures were experimentally investigated using x-ray diffraction (XRD),
pair distribution function (PDF), and nuclear magnetic resonance
(NMR) methods.”” DFT calculations for Li-Ge compounds were per-
formed at 0K, and also showed many low-energy metastable struc-
tures; one should note that not all structures predicted by Tipton
et al.”' or Morris et al.” using DFT matched the experiment.”” More
accurate estimations of the phase diagram might be obtained by
including the entropy term into energy and using van der Waals
(vdW)-corrected DFT functionals.
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Another important parameter of anode materials is the ionic con-
ductivity of lithium; however, unlike thermodynamic properties, it has
been investigated to a much lesser extent. In the paper,”” the dynamics
of lithium in a silicon and germanium host was examined using DFT,
and it was shown that Li diffusivity in Ge is high (D ~10~7 cm*/s) and
remains almost constant with the increase in lithium concentration.
Values of diffusion coefficients, ionic conductivity, and corresponding
activation energies of stable and metastable structures in the binary
Li-Ge system remained unexplored.

In this paper, we revise the enthalpy—composition phase diagram
at finite temperatures (up to 1000 K) using vdW-corrected DFT meth-
ods and study ionic conductivity, diffusion trajectories, and activation
energies of diffusion in stable and metastable Li-Ge structures using
molecular dynamics (MD) simulations with machine-learning inter-
atomic potentials (MLIP). We use moment tensor potential (MTP),”*
which has been successfully used for many applications, such as crystal
structure prediction, magnetic materials, phase transitions, thermody-
namics, and kinetics,”” >~ and has allowed simulating diffusion in large
systems (up to several thousand atoms) for a long time (a few nanosec-
onds) with DFT accuracy.

Stable phases in the Li-Ge system were predicted using the first-
principles evolutionary algorithm implemented in the USPEX pack-
age.” 7 More than 100 generations of 100 structures each were calcu-
lated. The evolutionary search was combined with structure
relaxations and energy calculations using the density functional theory
(DFT). All DFT calculations were performed using the Vienna
Ab initio Simulation Package.”” "’ The optB88-vdW functional was
applied to take into account van der Waals interactions between
atoms.”"*” This functional is one of those that provide the best match
with the experiment for the volumes and lattice constants of layered
electroactive materials for lithium-ion batteries as well as for a wide
range of metallic, covalent, and ionic solids.””** The energy cutoff of
400eV for the plane wave basis set with projector augmented wave
(PAW method) potentials*>*® was specified; the convergence criteria
of the self-consistent field calculations were for the electronic energy
and ionic forces 10 eV and 10 °eV/A, respectively. T-centered
k-points grid with the resolution of 27 x 0.1 A~ for the Brillouin
zone sampling and the first order Methfessel-Paxton smearing with
0 =0.1eV were used. All calculations were spin-polarized.

The thermodynamic phase stability of the systems was assessed
by the phase diagrams in (energy of formation-composition) coordi-
nates (convex hulls). A convex hull was constructed between the points
(x, E¢ /atom) = (0, 0);(1,0). Phases located on the convex hull are stable
with respect to decomposition into elemental Li and Ge or other
Li-Ge compounds. The energy of formation is defined as
E(Li,Ge,) — xE(Li) — yE(Ge) )

(x+7) ’
where, at 0K, E is the total energy with zero-point energy (ZPE) cor-
rection and at finite temperature it is Gibbs free energy.

We used the supercell approach and the quasi-harmonic approxi-
mation, as implemented in the Phonopy package,”*’ to calculate
vibrational frequencies and the entropy contribution to the Gibbs free
energy. The dynamical stability of all structures (both stable and meta-
stable) was verified by the absence of imaginary phonon frequencies
(see Figs. S2 and S3 of the supplementary material).

For two stable phases on the convex hull, Li, Ge and Li,, Ge
(n, > ny), the following reaction is assumed to occur during lithiation:

AE(Li,Ge,) =

ARTICLE pubs.aip.org/aip/apl

Li,, Ge + (n, — ny)Li — Liy, Ge. (2)

The average voltage of the structure, V, is calculated by the following
formula:
Vo _ AG _ G(Li,, Ge) — G(Liy, Ge) . G(Li) )
q(ny —m) q(ny —m) q
where G = E + pV — TS is the Gibbs free energy (E is the DFT total
energy, pV is assumed to be small, and TS is calculated from vibra-
tional frequencies) and g =1 is the formal charge of lithium ion.

Tonic conductivity was simulated using LAMMPS code™™ at
temperatures 300-500 K with the step of 50K for the supercells with
2% vacancies on lithium sites. The size of the supercells was chosen so
that lattice parameters were greater than 30 A (see Table S2 of the sup-
plementary material). Each simulation in LAMMPS was performed
with an NPT ensemble and a Nose-Hoover thermostat™** with a 1 fs
time step for 4 ns, after preliminary heating and equilibration for 1 ns.
We used moment tensor potential (MTP)™* of the 20th level and the
MLIP-3 code.” " The training set for the MLIP was created based on
structures from ab initio molecular dynamics (AIMD) trajectories and
active learning (AL). The size of the supercells for AIMD and AL (see
Table S2 of the supplementary material for more details) was chosen
so the lattice parameters of the structures were greater than 10 A (or
close, if the supercell is too large). The final training set consists of 563
configurations. The root mean square (RMS) errors in energies per
atom and forces, as predicted by the MLIP, are less than 5 meV/atom
and 100 meV/A, respectively, for the training set, and for the validation
dataset, the constructed MLIP reproduced DFT data well. Detailed
errors and parameters of the MLIP are shown in the supplementary
material (see Tables S1 and S2 of the supplementary material, Figs. S6
and S7, and their description).

Diffusion coefficients were calculated using mean square dis-
placements (MSD) of Li" cations,

1. d1& ,
=2 lim > (|n(0) = r(O)), @

i=1

D

where N is the number of atoms in the supercell, i is the atomic num-
ber of mobile ion (Li), and r;(0) and r;(¢) are the radius vectors from
the host center of mass to the ith atom at time 0 and ¢, respectively.

Ionic conductivity of lithium was calculated using the Nernst-
Einstein formula:

ng*D

’ T HoksT' )

where n is the Li* ion density, q is the formal charge of the lithium ion
(q=1), kg is the Boltzmann constant, T is temperature, and H, is the
Haven ratio (assumed to be 1).

The activation energy E, of ionic conductivity was calculated
using the Arrhenius formula:

0 = 0 X exp (;E;) (6)
B

Before calculations of ionic conductivity in Li-Ge systems, we
performed a study of known stable and metastable Li-Ge compounds.
Computational databases have varying information on the stability of
diverse structures. For example, in the OQMD”™”° database, LisGe,
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appears to be stable, while in the Materials Project’” database and the
AFLOW"* database, this structure is not present at all. However, previ-
ously, it was shown by Tipton et al.”' and Morris et al.® to have space
group R3m. In order to understand which compounds are stable, we
recalculated all known Li-Ge structures and studied their thermody-
namic stability. We also carried out USPEX** *° calculations in order
to predict previously unknown Li-Ge structures.

The stability of Li-Ge compounds was analyzed by the calcula-
tion and construction of a convex hull, as shown in Fig. 1. Zero-point
energy (ZPE) contribution was taken into account during the calcula-
tion of the convex hull. Seven phases on the convex hull were found to
be thermodynamically stable, namely Ge-Fd3m, LiGe-I4,/a,”
Li,Ge;~P3,12,° Li;3Ge,~Cmmm, LijsGe,~143d,”° Li,,Ge,~F43m,”
Li-Im3m.

Tipton et al” theoretically determined the phase of LisGe, using
the genetic algorithm for structure and phase prediction (GASP) code. In
our calculations, LisGe, is above the convex hull by 0.8 meV/atom at 0K
and 1.7 meV/atom at 300 K, but in calculations without ZPE, it is on the
convex hull (see the supplementary material). Li;»Ge; is also close to the
convex hull (2meV/atom at 0K and 15meV/atom at 300 K). Morris
et al.” similarly found LisGe, and Li;»Ge; to be above the convex hull.

l.Zl
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Using the USPEX calculation, we also found the stable phase Li;;Ge,
previously revised from Liy,Ges by Goward et al* using a more accurate
description of the position of lithium atoms in the structure. Li;Ge,,—-P2 /n
was detected experimentally,” but in our calculations it is slightly above
the convex hull (10 meV/atom at 0K and 5meV/atom at 300K) and
might be kinetically stabilized, as well as Li,,Ges (21.9 meV/atom above
the convex hull, see the supplementary material).

Due to the fact that these materials are used in batteries at non-
zero temperature, it is important to study the phase diagram at differ-
ent temperatures. For this purpose, we calculated phonon densities of
states (PhDOS) for the 32 stable and low-energy metastable structures
shown in Fig. 1(a). Integration over the phonon DOS allowed us to cal-
culate the zero-point energy and vibrational contribution to the Gibbs
free energy for all studied compounds and construct convex hulls at
finite temperatures.

The stability of the predicted compounds at different tempera-
tures is summarized in the composition-temperature phase diagram
[Fig. 1(b)]. Our calculations show that at temperatures higher than
590K, LiGe-I4;/a has a phase transition into the LiGe-P4/mmm
structure (Fig. 2). The LiGe-P4/mmm structure was also predicted by
USPEX calculation.

0
a) b) 14,8 P4/mmm
LiGe t
e Li-Ge
£ -01 T=0K
% with ZPE Li,Ge,
>
9 .
g -0.2 Li,,Ge,
S
® .
g -0.3 L|15Ge4
s LiGe L Ge,
Li,,Ge, "_ineA Li,,Ge,
04 Li,Ge, LisGeZLI“Ge‘
0 02 04 06 08 1 0 100 200 300 400 500 600 700 800 900 1000
Composition ratio: Li/(Li+Ge) Temperature, K
14,a-LiGe P4/mmm - LiGe
c) 20?0 o 0 0 o
Pl ® g ®lo o 0 O
e ® 0 ® © o—9 o
P P o
oo oo oo ° °
) ? ? b 0 G > ©O
1) ® o O O
? | Oa o O o

Cmmm - Li,,Ge,

FIG. 1. (a) Calculated convex hull of the Li-Ge system at T=0K with ZPE. Blue circles represent stable compounds and red diamonds show metastable ones.
(b) Composition-temperature phase diagram, solid lines show temperature regions where the structures are stable. (c) Crystal structures of considered Li-Ge compounds,
green atoms and purple atoms are Li and Ge, respectively. Convex hull without ZPE showing a larger number of metastable structures is in the supplementary material (see

Fig. S1).
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FIG. 2. Gibbs free energy of formation of LiGe phases.

The dependence of voltage on temperature is a key parameter
when using anodes in fast-charging/discharging batteries. Figure 3
shows the average voltages of stable structures relative to lithium metal.
At 300K, the average potential of LiGe is 0.67 eV and the average
potential of Li;,;Ge, is 0.06 V. With the increase in temperature, the
average potential of LiGe increases and the average potential of other
phases decreases.

To be used as anodes, all components of the anode must be elec-
tronic conductors; therefore, we calculated the electronic density of
states for all stable and metastable Li-Ge compounds and found that
all these phases there is a zero bandgap, indicating all structures are
electronic conductors (see Figs. S4 and S5 of the supplementary
material).

Ionic conductivity (diffusivity) is an important parameter of
anode materials for fast charge and discharge, but previously it was not
studied for Li-Ge stable and metastable phases. We calculated diffu-
sion using molecular dynamics simulations and machine-learning

Specific capacity (mAh g=1)
69 861

0 1199 1383 1568
0.8 : :
—— OK + ZPE
’ —=— 300K
0.7 ._iGe_'_ —- 600K
0.6 1
Li,Ge,
So05{ = fFEmm=====mT
v l . -
g 0.4 .
5 Li,,Ge,
=03y  FEm==== Li,Ge,
P
0.2 A -
0.1 Li,,Ge,
0.0 . . . . . . —
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
nin Li,Ge

FIG. 3. Calculated average voltages relative to lithium metal for Li-Ge stable struc-
tures at 0K (with ZPE correction), 300, and 600 K.
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interatomic potentials. In our previous works, this method showed
results in good agreement with experiments.””" Figure 4 shows the
ionic conductivity of stable systems and low-lying metastable phases
with 2% vacancy concentration as a function of temperature. Figure S8
(see the supplementary material) shows the diffusion trajectories of the
Li ions. Most structures have high ionic conductivity of about
~1072-10~! S/cm at room temperature. (One should note that molec-
ular dynamics, in general, tends to overestimate values of diffusion
coefficients and ionic conductivity at low temperatures; however, even
adjusted accordingly, ionic conductivity should remain at a very high
level in real systems.) Both phases of LiGe, as well as LiGe, and
Li;Ge,,, are inferior in ionic conductivity to the other phases; more-
over, in LiGe (I4,/a), diffusion strongly depends on vacancy concentra-
tion (our calculations show there is no Li' self-diffusion without
vacancies), and reactions involving these compounds might be the bot-
tleneck in the overall charge-discharge rate. Li;Ge, is the only phase
with a ratio of Li atoms to Ge atoms lower than 1, and because of the
strong bonding of Li to the special five-membered Ge rings, there are

Stable structures

1.0
a) ® Li;Geq (115 meV) Vv LiisGes (75 meV) <« LiGe* (106 meV)
0.51 m Li;sGey (148 meV) A Li;Ges (88 meV)
0.0
—_ \\\.
S 0° ’\'\,\’
S~
0
o)
~ -15
o
—
D20
o
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« <
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Metastable structures
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FIG. 4. Calculated ionic conductivity and activation energies (in parentheses) of sta-
ble (a) and metastable (b) Li-Ge compounds as a function of temperature. LiGe*
and LiGe™" are /41 /a and P/4mmm phases, respectively.
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fewer loosely bound mobile ions remaining, making diffusion more
difficult.

Diffusion trajectories depend on Ge motifs in the crystal structure
and these in turn change with Li concentration. At high lithium con-
centration, Ge is fully surrounded by Li and isolated from other Ge
atoms (Li;3Ges, Li;;Gey, LiyGe, Li;sGey, and Li;Ge,); at medium con-
centration, Ge form Ge-Ge dumbbells (Li,3Ge,, LisGe, LisGe,, Li;Ges,
LioGe,, Li;3Geg, Li,Ge, and LiGe-I4,/a); and at low lithium concentra-
tion, germanium starts to form five-membered rings and stars
(Li};Ges, LijpGey, and Li;Gey,). The bonding patterns of germanium
might be described within the Zintl-Klemm concept and 8 — N rule.
Pure germanium has 8 — 4 =4 covalent bonds. Each lithium atom
donates an electron, so at Li/Ge = 1, germanium imitates phosphorus,
at Li/P = 2 germanium imitates sulfur, at Li/P germanium imitates hal-
ogens, and at Li/P =4 germanium is isolated from other germanium
atoms (the same patterns were obtained in a recent paper for Li-P
compounds®'). At high Li concentration (isolated Ge arrangement),
the diffusion is three-dimensional. In structures with Ge dumbbells,

o

O o

(2] O
:2.751\@ ) O I

:2.711\? o
® o
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the diffusion is also 3D, but the planes perpendicular to Ge-Ge dumb-
bell lines become more preferable (see the LisGe, example in Fig. S6 of
the supplementary material). Ge-Ge dumbbells are often separated by
2-7 Li atoms; closest Li atoms are strongly bonded with Ge (see the
example for Li,Ge, in Fig. 5) and have low diffusivity or do not diffuse
at all, while weakly bonded Li atoms in between diffuse quickly even
without vacancies. Diffusion in structures with Ge rings and stars
becomes 2D; lithium atoms inside Ge rings are strongly bonded and
do not diffuse in contrast to the outer lithium atoms closest to the
rings.

To summarize, we have performed an extensive study of Li-Ge
compounds using density functional theory, evolutionary structure
prediction algorithms, molecular dynamics, and machine-learning
approaches. Our first-principle calculations allowed us to determine
the stability regions of all considered structures in the temperature
range of 0-1000 K. We have found that LiGe-I4, /a, Li;Ge;-P3,12,
Li;sGe,~Cmmm, Li;sGe,~F43/a, and Li;;Ge,~F43m are stable at
room temperature. LiGe has a phase transition from I4, /a to P4/mmm
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FIG. 5. (a) Calculated trajectories of Li-diffusion in Li;Ge, (some additional trajectories correspond to the diffusion in parallel planes). (b) Charge difference (cross section
through 110 plane) for Li;Ge,. Yellow and blue areas are localizations of negative and positive charge, respectively. Atoms circled in red are most strongly bound to germanium
and have the lowest diffusivity. (c) Primitive cell of Li;Ge,. (d)-(h) COHP diagrams for the interaction between Ge atom and nearest Li atoms. The integrated COHP (ICOHP)
which reflects the bond strength (the more negative value, the stronger the bond strength) was also calculated. Li atoms that do not move are most strongly bound to Ge, as
can be seen from the ICOHP values (—0.84 eV). For more details about COHP calculations see the supplementary material.
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structure at a temperature of 590 K. Our results indicate a variety of meta-
stable compounds, some of which might exist at a solid electrolyte inter-
phase during battery operation and take part in complex charge-
discharge processes.

In this work, diffusion in Li-Ge binary compounds has been simu-
lated within molecular dynamics and machine-learning interatomic
potentials. We have found that most of the structures have high ionic
conductivity of about ~ 1072-10""' S/cm at room temperature. However,
both phases of LiGe, as well as LigGe, and Li,Ge,,, are inferior in ionic
conductivity to the other structures, and diffusion depends on the avail-
ability of vacancies; reactions with these compounds might be the limit-
ing in lithiation/delithiation. The study of lithium diffusion paths in
lithium-germanium compounds revealed that the concentration of lith-
ium atoms in the structure determines the topology of the diffusion
channel network. In high lithium concentration compounds, germanium
is surrounded by lithium atoms and isolated from other germanium
atoms, resulting in three-dimensional (3D) lithium diffusion. In medium
concentration compounds, germanium forms two-centered Ge-Ge
dumbbells, and diffusion remains 3D, but planes perpendicular to the
Ge-Ge dumbbell lines become more preferred. In low lithium concentra-
tion compounds, germanium starts to form five-membered rings and
stars, and diffusion becomes two-dimensional (2D), with strongly bound
lithium atoms that do not diffuse in contrast to the outer lithium atoms
closest to the rings. Our findings suggest that lithium-germanium com-
pounds are promising candidates for solid-state anodes, composite ano-
des in lithium-ion or lithium-metal batteries, where high lithium
diffusivity is essential.

See the supplementary material for details of structure prediction,
the convex hull without ZPE (Fig. S1); phonon band structures and
densities of states (DOS) of all stable (Fig. S2) and metastable (Fig. S3)
structures; electronic DOS for stable (Fig. S4) and metastable (Fig. S5)
structures; details of the machine-learning interatomic potential con-
struction, and errors for the training and validation sets of the con-
structed MLIP (Table S1); details of the structure of supercells, taken
for the training of the MLIP and MD simulations (Table S2); energy
and force errors in the validation dataset and their distributions (Figs.
S5 and S6); trajectories of diffusion of stable and metastable structures
(Fig. S7); and details of COHP calculations.
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