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ABSTRACT: Lithium alloying reactions are beneficial in promot-
ing uniform plating and stripping of lithium metal in all-solid-state
batteries. First-principles calculations are performed to predict
thermodynamic, kinetic, and mechanical properties of lithium and
several important Li−M alloys (M = Mg, Ag, Zn, Al, Ga, In, Sn, Sb,
and Bi). While the Li−Mg binary system forms a solid solution,
most other lithium−metal alloys prefer stoichiometric intermetallic
compounds with common local motifs that enable fast Li diffusion.
Lithium and Li-rich alloys exhibit an unusually flat energy
landscape along paths that connect BCC to close-packed structures
like FCC and HCP, with important implications for mechanical
properties. Very low migration barriers for Li diffusion that rival those of superion conductors are predicted, both in pure Li and in
Li−M intermetallics. However, vacancy concentration, which is crucial for substitutional diffusion, is predicted to be low in metallic
Li and most Li−M intermetallics. Compounds such as B32 LiAl and LiGa as well as D03 Li3Sb and Li3Bi exhibit structural vacancies
at higher ends of their voltage windows, which together with low migration barriers leads to exceptionally high Li mobilities. In the
Li−Mg solid solution, the addition of Mg is found to decrease the vacancy tracer diffusion coefficient by an order of magnitude.

1. INTRODUCTION
All-solid-state batteries promise significant increases in the
energy densities of Li-ion batteries, as they will enable the
replacement of graphite with lithium metal as the anode.1

Anode-free solid-state batteries are especially attractive since
they are less challenging to manufacture. The Li that is to be
shuttled between the cathode and the anode of an anode-free
battery is introduced as part of the fully lithiated cathode at the
time of battery assembly, eliminating the need to handle
metallic lithium. Charging of an anode-free battery results in
the deposition of lithium metal between the solid electrolyte
and the anode current collector. Unfortunately, there are many
challenges to realizing the uniform plating and stripping of
lithium metal.2−6 Surface inhomogeneities and poor wetting
thermodynamics can cause ionic and electronic current
hotspots that lead to dendrite growth during charging and
void formation during stripping.7−9 This has motivated a
search for interphase layers and surface treatments that are able
to facilitate reversible and uniform Li deposition and stripping.
Metallic alloying elements, placed between the solid

electrolyte and the current collector, have been shown to
affect the mechanisms and rates with which Li plates and strips
in all-solid-state batteries.10−21 While the specific role that
metal additions play during Li deposition and stripping
remains poorly understood, their ability to alloy with Li
appears to be crucial. A variety of mechanisms have been
proposed in which metallic particles affect Li deposition and
stripping. Li reacts with many metals to form intermetallic

compounds. These may wet the solid-electrolyte surface and
thereby improve the bonding between metallic lithium and the
solid electrolyte.22−25 An intermetallic that wets the solid
electrolyte surface must exhibit a high Li mobility to allow for
Li passage. Some Li-metal alloys, such as Li−Mg, form solid
solutions instead of intermetallic compounds. Yang et al.14

have suggested that a Li−Mg solid solution enables a
dealloying reaction during Li stripping, thereby leaving behind
an interconnected metallic sponge that maintains an electronic
connection between the solid electrolyte surface and the anode
current collector for subsequent Li deposition. Choi et al.26

also demonstrated that dilute additions of Mg to the anode
alters the morphology of Li upon plating, improving the
cyclability of all-solid-state batteries. A uniform dispersion of
metallic particles may also promote the nucleation of Li-rich
phases at potentials above that of Li metal formation, thereby
eliminating the need of a nucleation overpotential once the
potential at the solid electrolyte interface has reached that of
pure metallic Li.20,27,28
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Lithium alloys are unique in many ways, yet their basic
thermodynamic, kinetic, and mechanical properties remain to
be determined and understood. Here we survey fundamental
properties of lithium alloys using first-principles electronic
structure calculations. The energy surface of lithium metal
along crystallographic deformation paths that connect BCC to
close-packed phases such as HCP and FCC is unusually flat
and anharmonic. This has fundamental implications about the
true nature of the room temperature BCC form of lithium
metal and about its deformation mechanisms. The migration
barriers for Li hops into neighboring vacancies in BCC, FCC,
and HCP are predicted to be unusually low, but the cost to
form vacancies is high and comparable to that of other metals.
Hence, vacancies are rare, but once present are exceptionally
mobile in lithium metal. We next focus on the thermodynamic
and kinetic properties of the Li−Mg alloy, which forms a BCC
solid solution. Here as well, migration barriers for diffusion are
predicted to be exceptionally low, but vacancies are dilute due
to their high formation energies. Kinetic Monte Carlo
simulations predict that the addition of Mg to BCC Li leads
to a reduction of the tracer diffusion coefficients by an order of
magnitude. In contrast to the Li−Mg alloy, most Li-M binary
phase diagrams contain a wide variety of intermetallic
compounds. We show that many Li-M intermetallics are
orderings of Li and metal over the sites of a BCC parent crystal
structure. Furthermore, important intermetallic crystal struc-
tures can be generated algorithmically from the C49 Li2M
structure upon introducing a periodic array of antiphase
boundaries. This results in local networks of Li sites that are
interconnected by nearest-neighbor hops, with beneficial
consequences for Li diffusion mechanisms. Of the intermetallic
compound formers, we focus on Ag, Zn, Al, Ga, In, Sn, Sb, and
Bi as these have shown promise in fostering lithium plating and
stripping in all-solid-state battery configurations. Unusually low
migration barriers are predicted in most Li-intermetallic
compounds investigated in this work. Vacancies, which are
crucial in mediating substitutional diffusion, in contrast, have
high formation energies in most Li-intermetallic compounds.
However, several intermetallic compounds, including B32 LiAl
and LiGa as well as D03 Li3Sb and Li3Bi, are predicted to host
structural vacancies at high concentrations. These compounds,
therefore, belong to a class of unique intermetallics that are
characterized by exceptionally high Li mobilities.

2. METHODS
First-principles density functional theory (DFT) was used to calculate
the energies and to analyze the electronic structures of intermetallic
compounds in Li-M binary alloys, where M was chosen to be Mg, Ca,
Ag, Zn, Al, Ga, In, Sn, Sb, and Bi. All first-principles calculations were
performed within the GGA-PBE29 approximation of DFT using the
Vienna Ab initio Simulation Package (VASP).30−32 The projector
augmented wave method33 pseudopotentials, Lisv, Mg, Casv, Ag, Zn,
Al, Gad, Ind, Snd, Sb, and Bid were used for the calculations. A plane-
wave energy cutoff of 650 eV and an automatic Γ-centered k-point
grid with a length parameter Rk of 64 were used for all the calculations
to keep the error within 1 meV/atom. Gaussian smearing with a
smearing width of 0.02 eV was used while performing geometric
relaxations. Subsequently, the tetrahedron method with Blöchl
corrections was used in a final static calculation of the total energies.
The energies and forces were converged with a cutoff criterion of 10−5

eV and 0.02 eV/Å respectively.
Migration barriers for atomic hops were calculated using the

nudged elastic band (NEB) method as implemented within the
Transition State Tools for VASP (VTST-Tools).34−36 A climbing
image method with a quick-min optimizer was used to accurately

determine the energy of the transition state. All the energies were
converged within 10−5 eV and the forces within 0.03 eV/Å. The NEB
calculations were performed using large supercells containing 128
atoms or 108 atoms depending on the ordering of the intermetallic
compound. All the symmetrically unique atomic hops in a supercell
were enumerated with the CASM software package.37 Vacancy
formation energies were also calculated by placing a vacancy in large
supercells containing different arrangements of Li and M atoms.
There is no unique definition of a vacancy formation energy in an
alloy38,39 due to the ambiguity as to which chemical species occupied
the site of the crystal that is made vacant. A meaningful definition of a
vacancy formation energy in a multicomponent crystal should be
formulated in the grand canonical ensemble since the composition of
the solid changes upon the introduction of a vacancy. Within the
grand canonical ensemble of a solid with a fixed number of crystal
sites, the chemical potentials are held constant and a vacancy
formation energy can be defined according to

= = =E N E N N N( 1) ( 0)Va Va Li Li M M (1)

where E(NVa = 1) is the energy of a large supercell of the compound
containing one vacancy, while E(NVa = 0) is the energy of the defect-
free compound. The ΔNLi and ΔNM are either equal to −1 or 0,
depending on whether a Li or M is removed from the compound to
form the vacancy. The compound is assumed to be in equilibrium
with a reservoir of Li and M having chemical potentials μLi and μM,
respectively. Due to the Gibbs−Duhem relationship, the chemical
potentials of Li and M are not independent, but are instead related
according to μM = (g(x) − xμLi)/(1 − x), where g(x) is the Gibbs free
energy per atom of the compound at a composition x = NLi/(NLi +
NM). For intermetallic compounds that exhibit minimal disorder, the
free energy g(x) can be approximated by their energy (e(x)=E(NVa =
0)/(NLi+NM)).
The equilibrium thermodynamic voltage (V) is defined according

to the Nernst equation as follows,

=
°

V
e

Li Li
(2)

where μLi is the chemical potential of Li, μ°Li is the chemical potential
of the reference electrode, and e is the charge of an electron.40 In a
binary alloy, the chemical potential of Li can be related to the Gibbs
free energy per atom (g) according to

= +g
g

x
x(1 )Li

Li
Li (3)

Statistical mechanics approaches that rely on cluster expansion
surrogate models41,42 and Monte Carlo (MC) simulations as
implemented in the CASM software package37,43,44 were used to
calculate room temperature thermodynamic and kinetic properties of
the Li−Mg alloy. A cluster expansion describes the energy of a crystal
as a function of the degree of chemical ordering among its
constituents and is a powerful surrogate model with which to
interpolate DFT formation energies within MC simulations. Trans-
lationally invariant cluster expansions were trained to large data sets of
DFT formation energies for the BCC and HCP parent crystal
structures of the Li−Mg alloy using the techniques described by Ober
and Van der Ven.45 Room temperature thermodynamic properties of
the BCC and HCP phases in the Li−Mg system were obtained by
performing MC simulations using the trained cluster expansions in
the grand canonical ensemble. A supercell size of 10 × 10 × 10 (13 ×
13 × 13) of the conventional unit cell of BCC (primitive unit cell of
HCP) was used for the MC simulations. The Gibbs energies (g) of
the BCC and HCP phases at room temperature were obtained by
integrating the results of MC simulations as outlined in Puchala et
al.43 Once the Gibbs energy was obtained, the voltage was determined
using eq 3. Vacancies were treated as a ternary species as described by
Belak and Van der Ven.39 Kinetic Monte Carlo simulations (KMC)
were performed to calculate tracer diffusion coefficients46−49 using the
CASM software package.37,43 The equilibrium vacancy concentration
at room temperature in the Li−Mg alloy was determined using the
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method outlined in Belak and Van der Ven.39 Since the predicted
equilibrium vacancy concentration was very low, any interactions
between vacancies can be neglected, and the transport coefficients can
be scaled linearly with vacancy concentration.48 The KMC
simulations were performed by placing a single vacancy in a 2000
atom supercell of BCC. The obtained kinetic transport coefficients
were then scaled to the calculated equilibrium vacancy concentration
at room temperature.48

3. RESULTS
3.1. Li Metal. Lithium is a highly unusual metal.50,51 While

it adopts the BCC crystal structure at room temperature, it has
a very low melting temperature (453 K, or 180 °C) and
becomes susceptible to martensitic structural transformations
upon cooling below room temperature. The low-temperature
phase that BCC lithium transforms to can be one of the many
possible close-packed crystal structures, such as FCC, HCP, or
9R, with the adopted stacking sequence depending on the
thermal and mechanical history.50−54 The susceptibility of
lithium to transform to a close-packed crystal structure having
one of many possible stacking sequences at low temperature is
apparent in the zero kelvin energy surface of Li. DFT
calculations predict a high degree of degeneracy among a
large number of close-packed crystal structures.50,51 Further-
more, there is a negligible barrier at zero kelvin separating the
BCC crystal structure from different close-packed crystal
structures.51

The unusual nature of the Li metal energy surface is revealed
upon inspection of its energy as a function of symmetry-
adapted strain order parameters.51 These are defined in terms
of the Cartesian strains, Exx, Eyy and Ezz, according to

55

= + +e E E E1
3

( )xx yy zz1 (4)

=e E E E
1
6

(2 )zz xx yy3 (5)

The strain is measured relative to the BCC crystal structure
(i.e., the BCC crystal structure corresponds to zero Cartesian
strains). The first strain order parameter, e1, measures changes
in volume, while e3 measures tetragonal distortions of the BCC
crystal along the z ̂ axis. A positive e3 transforms the BCC
reference crystal to the FCC crystal along the Bain path. A
negative e3 compresses the BCC crystal along the z ̂ axis and
transforms the (110) planes of BCC into triangular layers.
Adjacent pairs of the resulting triangular layers can then be
shuffled in opposite directions to form the HCP crystal along
the Burgers path.51 Both the Bain and Burgers paths are
illustrated in Figure 1.
Figure 2 compares the energy of Al and Mg to that of Li as a

function of the two symmetry-adapted strain order parameters,
e1 and e3. Figure 2a clearly shows a deep well in the energy
surface of Al at strains corresponding to the FCC crystal
structure, the stable polymorph of Al, while Figure 2b shows a
deep well in the energy surface of Mg at strains corresponding
to the HCP crystal structure. Neither Al nor Mg are stable in
the BCC crystal structure, as manifested by the saddle point in
the energy surface at the BCC strain values. The energy surface
of Li, shown in Figure 2c, is very distinct from those of Al and
Mg, and is remarkably flat as a function of both e1 and e3. The
energies of BCC, HCP, and FCC Li differ by at most 1 meV
per atom, which is within the numerical accuracy of the density
functional theory calculations, and there is a negligible barrier

Figure 1. Bain and Burgers paths that connect BCC to FCC and BCC
to HCP respectively.

Figure 2. Energy surfaces of (a) Al, (b) Mg and (c) Li as a function of
symmetry-adapted strain order parameters e1 and e3.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.4c01279
Chem. Mater. 2024, 36, 7370−7387

7372

https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01279?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01279?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01279?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01279?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01279?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01279?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01279?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01279?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c01279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


separating the different crystal structures. Past DFT calcu-
lations have shown that the degeneracy of Li extends beyond
BCC, HCP, and FCC and includes most close-packed crystal
structures, including DHCP and 9R.50,51 The unusually flat
energy surface of lithium at zero kelvin, of which a small
portion is shown in Figure 2c, raises fundamental questions
about the true nature of the local structure of the BCC phase
of lithium at room temperature. The room temperature BCC
phase may be an entropically stabilized crystal, in which
anharmonic vibrational excitations stabilize the high symmetry
BCC crystal structure,56,57 in spite of the zero kelvin near-
degeneracy in energy with the infinitely large family of close-
packed crystal structures. This implies that the elastic
properties of the BCC phase should be very sensitive to
temperature. An alternative model of the local structure of the
room-temperature BCC form of Li could consist of many
different orientational and stacking ordered variants of close-
packed phases coexisting at the nanoscale that collectively
diffract as a high temperature BCC crystal.
The barriers for Li migration within different polymorphs of

Li are also unusually low.58,59 Figure 3a shows the migration

barrier for a nearest neighbor Li hop into an adjacent vacancy
within the BCC crystal structure. This energy was calculated
with the nudged-elastic band method in a 128 atom supercell.
The barrier for a nearest neighbor hop is predicted to be only
∼35 meV, an exceedingly low value. Figure 3a shows the
energy for a second-nearest neighbor hop. The barrier of ∼215
meV is slightly higher than that of the nearest neighbor hop,
but is nevertheless unusually low compared to the migration
barriers of other elemental metals.46,49,60−62 Figure 3b shows
the energies for nearest neighbor hops in the FCC and HCP

forms of Li. Here as well, the barriers are very low, having
values that range between 120 and 150 meV.
While the migration barriers for Li hops in BCC, FCC, and

HCP are very low, macroscopic diffusion requires the presence
of an abundant concentration of vacancies.48,49,63 The vacancy
formation energy, ΔEV, in BCC Li (as calculated using a 128
atom supercell) is 0.544 eV, which is consistent with previous
calculations.58,59 The calculated vacancy formation energies in
the close-packed FCC and HCP crystal structures are
somewhat higher, having values of 0.614 and 0.633 eV,
respectively. The equilibrium vacancy concentration, xV, at
room temperature can be estimated using =x e ,V

E k T/V B

where kB is Boltzmann’s constant and T is the temperature.
Using the BCC vacancy formation energy, the equilibrium
vacancy concentration at room temperature is of the order of
6.63 × 10−10, a very low concentration. The reported vacancy
concentration is purely estimated based on the vacancy
formation energy and does not include contributions from
vibrational excitations. This may change the equilibrium
vacancy concentration but not more than one or two orders
of magnitude.58,59,61,64 This very dilute vacancy concentration
results in a low Li tracer diffusion coefficient in spite of the
unusually low migration barrier for Li hops. The activation
barrier for diffusion, calculated as the sum of the vacancy
formation energy and the nearest neighbor hop barrier (0.57
eV), is consistent with that extracted from tracer diffusion
coefficient measurements.65 While high, the zero kelvin
calculations of migration barriers indicate that once a vacancy
is present in lithium metal, it should be exceptionally mobile.
3.2. Alloys That Form Solid Solutions: The Li−Mg

Alloy. Magnesium has been studied as a metal additive to
anode-free solid-state battery architectures.13,14,66 The Li−Mg
alloy is experimentally well characterized67 and is known to
form a large solid solution on the BCC parent crystal structure
between x ≈ 0.3 and x = 1. Pure Mg and dilute LixMg1−x
alloys, in contrast, adopt the HCP parent crystal. First-
principles DFT calculations predict similar behavior, with
different orderings of Li and Mg over the sites of the BCC
parent crystal being stable above x = 1/3 and pure Mg favoring
the HCP crystal structure. Figure S15 of the Supporting
Information shows the formation energies of 630 (223)
different Li−Mg orderings over the sites of the BCC (HCP)
parent crystal structure. Most orderings have negative
formation energies with many residing on or very close to
the convex hull.
In addition to comparing the formation energies of different

Li−Mg arrangements on the BCC and HCP parent crystal
structures, it is instructive to analyze the variation of the energy
of several configurations on the convex hull along the Bain and
Burgers paths. Figure 4a clearly shows that the addition of Mg
to BCC Li leads to an increase in the curvature of the energy
along the Bain and Burgers paths at e3 = 0, corresponding to
the BCC phase. As described above, the energy of pure Li
along the Bain and Burgers paths is unusually flat, with BCC,
FCC, and HCP being degenerate in energy within the accuracy
of the DFT calculations. A dilute addition of Mg leads to a
slight change in the energy surface along the Bain and Burgers
paths, as is evident for the lowest energy arrangement of Li and
Mg at x = 0.833. While BCC (at e3 = 0) has become a clear
minimum at x = 0.833, the energies of the FCC and HCP
forms of this ordering are only slightly above that of BCC. At x
= 0.5, however, the lowest energy arrangement of Li and Mg

Figure 3. (a) Li - Va nearest neighbor hop and next-nearest neighbor
barrier energy in BCC. (b) Li - Va nearest neighbor hop barrier
energy in FCC and HCP. The calculations for BCC and HCP are
carried out in a 128 atom supercell whereas a 108 atom supercell is
used for FCC. NN and NNN represent lithium hopping to a nearest
neighbor and a next(second)-nearest neighbor vacant site, respec-
tively.
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on the BCC parent crystal structure, which corresponds to the
CsCl B2 ordering, exhibits a clear minimum in the BCC phase.
Figure 4b shows that as the Mg concentration increases, the
BCC phase progressively becomes less stable and even
unstable, while the local minimum corresponding to HCP
decreases to become the globally stable state in pure Mg at x =
0.
While the BCC form of Li−Mg is unusually anharmonic and

only marginally stable with respect to the Bain and Burgers
transformations to FCC and HCP, respectively, at high Li
concentrations, we nevertheless explored the configurational
thermodynamics of the BCC alloy at finite temperature,
neglecting the effects of anharmonic vibrational excita-
tions.56,57 The fully relaxed formation energies were used to
train cluster expansions of the configurational energies of the
BCC and HCP parent crystal structures of LixMg1−x. The
cluster expansions were implemented in Monte Carlo
simulations to calculate free energies and voltage curves at
and around room temperature. Figure 5 shows the free energy
of the LixMg1−x alloy and voltage curve with respect to a
lithium metal reference electrode at room temperature.40,44 At
room temperature, the Li−Mg alloy forms a uniform solid
solution in the BCC phase between x = 0.292 and 1. At dilute
Li concentrations, the alloy is stable in the HCP phase. The
voltage is very low at Li-rich concentrations and rises rapidly
below x = 0.5. The transition from the BCC solid solution to

the Mg-rich HCP solid solution is manifested by the plateau in
the voltage curve predicted to occur at 0.169 V.
The addition of alloying elements to a metal will not only

modify the thermodynamic properties of the pure metal but
also its kinetic properties. For example, alloying elements can
modify the equilibrium vacancy concentration and affect
migration barriers for diffusion.39,68 Furthermore, alloying
elements may either attract or repel vacancies, which can lead
to highly correlated diffusion that generally results in a
reduction of the diffusion coefficient.46,48,49 A first estimate of
the effect of an alloying element on diffusion kinetics becomes
evident upon inspection of migration barriers in representative
environments as a function of alloy concentration. In an alloy
such as BCC Li−Mg, the end states of an atomic hop are
generally not equivalent, as the hop leads to a rearrangement of
the Li−Mg decoration on the BCC lattice. As a result, the
energies of the end states are usually not the same and the
migration barrier for the hop becomes a function of the
direction of the hop as schematically illustrated in Figure 6. To
separate out the thermodynamic contributions to the
migration barrier, it is convenient to inspect the kinetically
resolved activation (KRA) barrier40,44,69 defined as the average
between the forward and reverse hops. Figure 7a collects KRA
barriers for the first and second nearest neighbor hops at
multiple concentrations in a BCC Li−Mg alloy. The barriers of
a total of 16 (17) Li (Mg) hops were calculated in supercells
containing 128 atoms using the nudged elastic band method.
Figure 7a clearly shows that the nearest neighbor hops of both

Figure 4. Energy along Bain and Burgers path for various orderings in
the LixMg1−x binary system for (a) x ≥ 0.5, (b) x ≤ 0.5. The Li−Mg
orderings are either ground states or structures within 5 meV/atom
from the global convex hull as calculated with DFT.

Figure 5. Room temperature (a) Gibbs free energy and (b) voltage in
Li−Mg binary system.
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Li and Mg in the BCC Li−Mg alloy remain unusually low,
having values that fluctuate around 75 meV as indicated by the
dashed line in Figure 7a. While the KRA barriers for Li are
overall slightly smaller than those of Mg, the difference is
negligible compared to kBT at room temperature. The addition
of Mg, therefore, appears to have a negligible effect on the
nearest neighbor hop barriers of vacancies. The KRA barriers
for the second nearest neighbor hops (as indicated by NNN
Figure 7a) in BCC Li−Mg, in contrast, are very sensitive to the
alloy concentration, steadily increasing as the alloy becomes
richer in Mg.
The addition of Mg to BCC Li will also affect the

equilibrium vacancy concentration. Figure 7b shows vacancy
formation energies as a function of the alloy composition upon
the removal of either a Li or a Mg atom at constant chemical
potentials μLi and μMg. The vacancy formation energies are
defined according to eq 1 and the Li and Mg chemical
potentials appearing in eq 1 are taken to be their values in the
solid solution at each alloy composition as determined by the
BCC free energy of Figure 5a. The addition of Mg does not
result in a general reduction of the relatively high vacancy
formation energy of pure Li.
Room temperature diffusion coefficients can be calculated

with kinetic Monte Carlo simulations using cluster expansion
techniques to describe the energies of the end states and
activated states in a disordered alloy.38,39,46,48,49,70,71 The
approach relies on a cluster expansion for the end states of
each hop that is combined with a local cluster expansion of the
KRA barriers.40,44 A constant KRA of 75 meV, along with a
vibrational prefactor of 1013 Hertz, was used for nearest
neighbor hops of lithium and magnesium within the KMC
simulations. Figure 7c shows the calculated tracer diffusion
coefficients of Li and Mg as a function of alloy composition
normalized by the Li tracer diffusion coefficient at x = 1. Since
the energy landscape of Li is highly anharmonic, methods
beyond the standard transition state theory are required to
compute the vibrational prefactor accurately.72 Nevertheless,
we can accurately estimate the relative changes in tracer
diffusion coefficients using an approximate vibrational
prefactor, as any errors arising from the vibrational prefactor
will be systematic. Using the aforementioned vibrational
prefactor in KMC simulations, the tracer diffusion of
coefficient of lithium at x = 1 is predicted to be 5.455 ×
10−13 cm2/s with an approximate equilibrium vacancy
concentration of 1.16 × 10−9. The tracer diffusion coefficients
of Li and Mg are very similar, in large part due to the fact that
their KRA barriers are very similar. A reduction by 1 order of

magnitude in both tracer diffusion coefficients with increasing
Mg composition is predicted. This is in agreement with
experimental measurements,66 which also report a decrease in

Figure 6. A schematic of a kinetically resolved activation barrier.

Figure 7. (a) Kinetically resolved activation (KRA) barriers as a
function of lithium composition. NN and NNN denote Li/Mg
hopping to a vacant nearest neighbor and next(second)-nearest
neighbor site, respectively. (b) Grand canonical vacancy formation
energies as a function of composition. (c) Tracer diffusion coefficients
of Li, Mg normalized with obtained tracer diffusion coefficient of Li as
a function of composition. (d) Vacancy tracer diffusion coefficient as a
function of composition.
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diffusion coefficients with increasing Mg content. Figure 7d
shows the vacancy tracer diffusion coefficient as a function of
alloy composition. The vacancy tracer diffusion coefficient is 9
orders of magnitude larger than the tracer diffusion coefficients
of Li and Mg, which suggests that vacancies are very mobile
once they are present in the crystal. Similar to the tracer
diffusion coefficients of Li and Mg, the vacancy tracer diffusion
coefficient is also predicted to decrease by an order of
magnitude with the addition of Mg to the alloy. While the
addition of Mg to BCC Li does not have a significant effect on
migration barriers or vacancy formation energies, it does result
in short-range order between Li, Mg, and vacancies. An in-
depth analysis of the effects of short-range order on the
calculated tracer diffusion coefficients, to be published
elsewhere,73 shows that it leads to correlations between
successive vacancy and atom hops that restricts their
trajectories compared to that of a purely random walker.
The increase in short-range order with an increasing Mg
concentration, therefore, leads to a reduction in the tracer
diffusion coefficients. The strong effect of short-range order on
substitutional diffusion is common in many alloys.46,49

3.3. Intermetallic Crystal Structures in Li−M Binaries.
Lithium forms a wide variety of intermetallic compounds with
different metallic elements, M. Their structures can be very
diverse, but a large number of Li-rich intermetallic phases can
be viewed as a particular ordering of Li and M over the sites of
a BCC parent crystal structure. Even among the BCC-based
intermetallic compounds there is a tremendous diversity of
long-range order. Nevertheless, an underlying pattern can be
discerned that enables a hierarchical organization among most
of the BCC-based Li-M intermetallic compounds.
There are two especially important and common Li-M

intermetallics with compositions that straddle the composition
interval in which most other Li-M intermetallics form. The first
has an equiatomic composition of Li and metal and has the
B32 crystal structure. It is formed by LiAl, LiGa, and LiZn. The
B32 structure differs from the B2 structure, the most common
equiatomic ordered compound on the BCC lattice,74 in that
the Li and metal sublattices of B32 form a nearest-neighbor
interconnected network. The other common Li-M intermetal-
lic has the Li3M stoichiometry and adopts the D03 crystal
structure. This structure can also be viewed as an ordering of
Li and M over the sites of the BCC lattice, but the sublattice of
M atoms forms an FCC lattice. D03 is the stable intermetallic
structure of Li3Sb, Li3Bi, and Li3In as predicted by zero kelvin
DFT calculations (Figure S1 of the Supporting Information).
While less common, the Li2M C49 intermetallic, formed by

Li2Al, has a structure from which many of the other Li-M
intermetallic compounds can be generated through the
introduction of antiphase boundaries. The structure of the
BCC based Li2Al ordering can be described as a stacking of a
honeycomb-like ordering on the (110) planes of the BCC
parent lattice, shown in Figure 8a. The Li-M ordering within
the (110) planes is illustrated in Figure 8b. The Li atoms
occupy sites in the BCC (110) planes that form a distorted
honeycomb network, while the Al atoms occupy the centers of
the Li hexagons. The ratio of Li to metal can be varied within
this two-dimensional pattern upon the introduction of metal-
rich antiphase boundaries or Li-rich antiphase boundaries as
illustrated in Figure 8c. By periodically introducing Li-rich
and/or metal-rich antiphase boundaries into the C49 structure,
it is possible to generate many of the other Li-M intermetallic
compound crystal structures. Figure 9, for example, shows that

Figure 8. (a) (110) plane in BCC crystal structure. (b) (110) plane of
Li2M ordering. (c) (110) planes of crystal structures containing metal-
rich and lithium-rich antiphase boundaries. Li2M ordering on the
(110) plane of BCC can accommodate metal-rich and Li-rich
antiphase boundaries to generate a family of intermetallic compounds.

Figure 9. (a) B32 crystal structure with metal-rich APBs (b) D03
crystal structure with lithium-rich APBs. The (110) plane in the crystal
structure is highlighted in green, and the corresponding ordering on
the plane is shown beside it. Lithium atoms are indicated in yellow
and metal atoms in blue.
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the B32 structure having a LiM stoichiometry can be generated
from the C49 Li2M crystal structure upon the periodic
introduction of metal-rich antiphase boundaries, while the D03
structure with a Li3M stoichiometry can be generated by
periodically introducing Li-rich antiphase boundaries. Figure
S17 of the Supporting Information shows the (110) planes of
the BCC parent structure of many other Li-metal intermetallic
compounds that can be generated by introducing antiphase
boundaries into C49 Li2M. The algorithmic generation of
ordered phases through the insertion of antiphase boundaries
in a parent ordering occurs commonly in many materials
classes.75−80

All the intermetallic crystal structures derived from C49
through the periodic insertion of antiphase boundaries have
interconnected Li sublattices, which is important to facilitate Li
diffusion through the compound, as vacancy migration can
occur exclusively within the Li sublattice without the need of
creating antisite defects. Furthermore, the intermetallics
derived from C49 all share common local environments,
making it possible to determine the dependence of vacancy
formation energies and migration barriers on local structure by
considering only a subset of the intermetallic phases.
3.4. Thermodynamics: Stability of Key Structures in

Each Li−M Binary. While different Li-metal alloys host a
wide variety of intermetallic phases, the antiphase boundary
motifs that are common to a large fraction of the intermetallic
crystal structures make it possible to distill generalized trends
by studying the properties of only a small subset of
representative crystal structures. The first is the Li2Al crystal
structure, which consists of distorted honeycomb Li sublattices
on the (110) planes of a BCC crystal structure (Figure 8). Two
representative structures containing metal-rich and Li-rich
antiphase boundaries are the B32 phase, also known as the
zintl phase adopted by LiAl, and the D03 phase, adopted by
Li3Sb, respectively. We also consider the B2 LiM compound,
since it is the most common intermetallic ordering on the BCC
lattice and has crystallographic features that distinguish it from
the B32 phase.74 As metallic alloying elements, M, we focus on
Ag, Zn, Al, Ga, In, Sn, Sb, and Bi.
Figure 10 summarizes the degree with which the B32, B2,

C49, and D03 intermetallic crystal structures are stable for each
alloy. The color denotes the extent to which each intermetallic
is stable relative to the convex hull of stable intermetallics of
the alloy. Green indicates that the compound is stable or
marginally metastable and red signifies that the compound has
a formation energy well above the global convex hull. Also
shown for each alloying element is the energy difference
between the formation energy of the compound and the
convex hull, expressed in eV/atom. The global convex hull for
each alloy was determined by enumerating approximately 632
orderings on the BCC lattice using the CASM software
package37 and performing DFT calculations to obtain their
formation energies at zero kelvin. For each Li-M binary
considered in this work, we also calculated the energies of
other stable or metastable intermetallic compounds that are
chemical orderings on parent crystal structures that differ from
BCC.74 These structures were taken from the Materials Project
database.81 Figures S1 and S2 of the Supporting Information
collect zero kelvin convex hulls and voltages for all the binary
systems considered in this work.
Figure 10a shows that the B32 LiM crystal structure is

favored by Zn, Al, and Ga. The B32 LiAl and LiGa compounds
have the peculiar property that their energy is lowered upon

the introduction of vacancies on the Li sublattice or Li antisites
on the Al/Ga sublattice. Figures S18 and S19 of the
Supporting Information show that the formation energies of
structures containing a dilute concentration of Li vacancies on
the Li sublattice (approximately 2.5% in total or 5% on the

Figure 10. Distances (eV/atom) from the global convex hull in
respective Li-M binaries for (a) B32, (b) B2, (c) C49, and (d) D03
crystal structures. Of these structures, only those within 10 meV/atom
from the global convex hull are picked to study diffusion. In
calculating the global convex hull, only the perfect stoichiometric B32
and D03 crystal structures were included and B32 or D03 crystal
structures containing defects were excluded.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.4c01279
Chem. Mater. 2024, 36, 7370−7387

7377

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01279/suppl_file/cm4c01279_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01279/suppl_file/cm4c01279_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01279/suppl_file/cm4c01279_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01279/suppl_file/cm4c01279_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01279/suppl_file/cm4c01279_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01279?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01279?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01279?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01279?fig=fig10&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c01279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


lithium sublattice) or Li antisite atoms on the Al/Ga sublattice
of the B32 LiAl and LiGa compounds reside on the convex hull
and that the perfectly ordered compounds are slightly above
the convex hull. In the next section, we show that this behavior
has a clear origin in the electronic structure of the B32 LiAl
and LiGa compounds. Alloying elements such as Sn, Sb, and Bi
are highly unstable in the B32 crystal structure. An opposite
trend across the limited periodic table of Figure 10 is evident
for the B2 crystal structure (Figure 10b). While only LiAg in
the B2 structure is on the global convex hull, the B2 forms of
LiIn, LiSn, LiSb, and LiBi are much closer to the global convex
hull of each alloy than the B32 structure. As shown in Figure
10c, the C49 Li2M intermetallic crystal structure is on the
convex hull for the Li−Al, Li−Ga, and Li−In alloys and is
almost stable for the Li−Zn alloy. The C49 structure is
unstable in the Sn, Sb, and Bi alloys. Finally, the D03 Li3M
compound is favored by most alloys considered here, being on
the convex hulls in the In, Sb, and Bi alloys and within 3 meV/
atom of the convex hull for Ag and Sn. Only in the Li−Al alloy
is D03 distant from the convex hull.
An important property in solid-state batteries is the extent to

which the volume increases as Li reacts with different metal
additives. Figure 11 shows the change in volume of the stable

LiyM intermetallic compounds as a function of the Li to M
ratio, y, relative to the original volume of the pure metal M. Ag,
Zn, Mg, and Al approximately double their volume upon
forming their stable LiM compounds with y = 1. The
compounds that form when Li alloys with Sn exhibit the
smallest relative volume change. This is because pure Sn
adopts the open, low density diamond crystal structure, while
the Li−Sn intermetallic phases are different orderings of Li and
Sn over either close-packed structures or the BCC parent
crystal structure. The relative volume changes when Li reacts
with Bi are also small compared to the other metals. Figure S16
in the Supporting Information shows the change in absolute
volume of all the intermetallic compounds as a function of Li
to M ratio, y. As depicted in the figure, the absolute volumes of
Sn and Bi are higher than most of the other metals under
consideration.
3.5. Electronic Structure of the Zintl B32 Intermetal-

lics. While there are often many factors that contribute to the
stability of a particular intermetallic compound, the stability of
the zintl B32 LiM compound for the metals considered in this
work is strongly rooted in the electronic structure of the
compound. Figure 12a shows the electronic density of states

(DOS) for B32 LiAl. The compound is predicted to be a
semimetal, with a small overlap between the bonding valence
bands and antibonding conduction bands.82 The partial
density of states projected on the Al and Li s and p orbitals
indicates that the bands derived from Li orbitals reside above
the Fermi level (vertical dashed line), while the overwhelming
majority of states below the Fermi level derive from the
hybridization among Al valence orbitals. The Al in B32 LiM
adopts a diamond sublattice. The B32 LiM structure can
therefore be viewed as a metal diamond host containing Li
interstitials. In this context, it is revealing to compare the DOS

Figure 11. Normalized volume per metal atom of various lithium
intermetallic compounds.

Figure 12. Density of states of (a) B32 LiAl, (b) B32 LiAl with
lithium taken out from the crystal structure, (c) diamond cubic Si, and
(d) B32 LiSb. Bonding and antibonding regions of the Metal − Metal
bonds are shaded with green and red, respectively. Figure S14 in the
Supporting Information illustrates the COHP analysis used to
determine the bonding and antibonding regions.
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of B32 LiAl to that of a hypothetical diamond Al crystal
(without Li) having the same lattice parameter as the LiAl
compound, shown in Figure 12b. The DOS of the two
structures are qualitatively very similar, differing only by the
position of the Fermi level and the existence of a small band
gap. A comparison of the hypothetical diamond Al DOS to
that of diamond Si (Figure 12c), an element to the right of Al
in the periodic table, shows a striking similarity as well,
differing mostly by the position of the Fermi level. Si adopts
the diamond crystal structure as it has exactly four valence
electrons to fill all the bonding states derived from the
hybridization between its valence s and p orbitals, while
keeping the antibonding states that constitute the conduction
band of Si empty. Al, with similar s and p valence orbitals, has
only three valence electrons and therefore an insufficient
number to fully fill its bonding states in the diamond structure.
The Li atoms of the B32 LiAl compound do not qualitatively
alter the bonding states that hold the diamond structure of the
Al sublattice together, and only donate their valence electron
to the Al host, thereby raising the Fermi level to the top of the
bonding states.
Elements such as Sn, Bi, and Sb also have valence s and p

orbitals that can hybridize to form similar bonding and
antibonding states as those of Si in the diamond crystal
structure. Since these elements reside below or to the right of
Si in the periodic table, the incorporation of Li in interstitial
sites of their diamond structure to form B32 LiSn, LiBi, and
LiSb, leads to an increase in the number of electrons, and a
concomitant filling of antibonding states. As is evident in
Figure 12d, the density of states for B32 LiSb is similar to that
of LiAl B32, except that the Fermi level is well within the
antibonding states. Hence, metal elements that are in the same
column or to the right of Si will be highly unstable in the B32
LiM compound, as is clearly manifested in Figure 10a.
As described in Section 3.4 and shown in Figure S16 of the

Supporting Information, stoichiometric B32 LiAl is not a
ground state. Instead, variants of B32 LiAl containing a dilute
concentration of structural vacancies on the Li sublattice or Li-
antisite atoms on the Al sublattice are preferred. This peculiar
type of phase stability, which is also predicted for the B32 LiGa
compound, can be traced to the underlying electronic structure
of the B32 LiAl and LiGa compounds. A close inspection of
the electronic DOS of B32 LiAl shows that the Fermi level of
the perfect, stoichiometric compound resides within the
antibonding states. This occurs because the insertion of Li
into the interstitial sites of the Al diamond crystal structure
produces a semimetal,82 with a partial overlap between the
bonding valence bands and the antibonding conduction bands
of pure Al in the diamond crystal structure. The Fermi level
can be lowered to reduce the occupancy of antibonding states
by either introducing vacancies on the Li sublattice, or Li
antisite atoms on the Al sublattice. Previous studies by Asada
et al.83 and Kishio et al.84 also predict similar defect structures
and attribute their origins to the electronic structure of B32
LiAl.
3.6. Energy Surfaces of Li−M Intermetallics: The

Example of Li−Ag. The addition of alloying elements to
BCC Li to form ordered intermetallic compounds has a strong
effect on the energy of the crystal along the Bain and Burgers
paths. As an example, Figure 13 shows the energy of various
LixAg1−x orderings on BCC as a function of e3. The addition of
Ag to BCC Li leads to a gradual stiffening of the BCC phase, as
manifested by an increase in the curvature of the energy

surface at e3 = 0. The maximum curvature at e3 = 0 occurs at x
= 0.5 when Li and Ag adopt the B2 ordering on BCC. This
compound is also a ground state in the LixAg1−x binary. Upon
increasing the Ag concentration, the BCC phase becomes
unstable (i.e., a negative curvature with respect to e3) while the
FCC phase becomes progressively more stable with respect to
the BCC saddle point energy. As with the LixMg1−x alloy, the
BCC form of LixAg1−x at high Li concentrations (x > 0.5) is
elastically very soft and deformations along the Bain path
remain very facile. This property undoubtedly will have
important implications for the mechanical properties of Li
rich LixAg1−x alloys.
3.7. Migration Barriers in Representative Li−M

Intermetallic Phases. Diffusion through the crystal structure
of an intermetallic compound can be significantly more
complex than in dilute alloys or concentrated disordered
solid solutions.46−49,60 The mobility of Li within an
intermetallic compound is sensitive to several crystallographic
and thermodynamic factors. It depends on the concentration
of thermal and/or structural vacancies and the sublattice(s)
that vacancies prefer to occupy.39,60,68 The Li mobility is also
very sensitive to the degree with which the Li sublattice sites
are interconnected. In the B2 crystal structure, adopted by
LiAg, for example, each Li site is coordinated by Ag in its
nearest neighbor shell. Hence, any nearest neighbor hop of a Li
atom must be to a site on the Ag sublattice, resulting in
thermodynamically unfavorable antisite disorder. In contrast to
B2, the Li sublattice of the B32 zintl phase forms an
interconnected network of sites that can be traversed by
nearest neighbor hops. Lithium can therefore migrate through
the crystal without increasing the degree of disorder. All
intermetallic crystal structures that are derived from the C49
Li2M structure through the introduction of antiphase
boundaries have interconnected Li sublattices and therefore
possess the crystallographic prerequisites for favorable Li
diffusion characteristics. The metal M of the intermetallic can
also diffuse through the crystal and its mobility may be
important to preserve the intermetallic crystal structure if high
Li fluxes are imposed on the compound.
To determine the degree with which crystal structure and

metal chemistry affects Li mobility through intermetallic
compounds, we calculated the Li and M migration barriers
in the B32, B2, C49 and D03 crystal structures. Migration
barriers were only calculated in intermetallics that are ground
states or within 10 meV/atom from the convex hull for a
particular Li-M alloy.

Figure 13. Energy along the Bain path for various Li - Ag orderings.
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Figure 14a, shows the migration barriers for Li and Al
diffusion within B32 LiAl. The migration barriers are for hops

that keep Li and Al on their respective sublattices (Figure 15a).
Remarkably, the migration barrier for Li diffusion is very small,
being less than 0.15 eV. This barrier is lower than those of the
best solid state Li superion conductors.85−92 The Al migration
barrier, in contrast is significantly larger, having a value close to
0.8 eV. These migration barriers indicate that Li diffusion will
be exceptionally fast provided that there is a sufficient number
of vacancies on the Li sublattice. The Al, which forms the
backbone of the compound, in contrast, is not very mobile.
Figure 14b shows migration barriers for antisite hops. The

black curve corresponds to a Li hop from the Li sublattice to a

vacancy on the Al sublattice. The initial state of this hop
consists of one point defect, having a vacancy on the Al
sublattice, while the end state consists of two point defects,
having a vacancy on the Li sublattice and a Li on the Al
sublattice, also referred to as a Li antisite defect. While the hop
leads to an increase in the number of point defects, it has a
negligible barrier and results in a lowering of the energy of the
crystal. This lowering in energy indicates that vacancies are not
favored on the Al sublattice and prefer to reside on the Li
sublattice, even if it is at the cost of creating a Li antisite. The
red curve in Figure 14b shows that an Al hop into a vacancy on
the Li sublattice leads to a sizable increase in the energy of the
crystal and is highly unstable. These results suggest that Al in
B32 LiAl forms a rigid backbone through which Li can diffuse
rapidly provided vacancies are available on the Li sublattice.
The Supporting Information shows similar plots for B32 LiZn
and LiGa. The hop barriers in B32 LiGa are almost identical to
those of B32 LiAl, but the antisite hops in B32 LiZn are uphill
for both Li and Zn.
While Li migration barriers in stable B32 compounds such as

LiAl, LiZn, and LiGa are remarkably low, Li and metal hop
mechanisms and barriers are very different in the B2 LiAg
compound. In this compound, a nearest neighbor hop of a Li
atom to a Ag vacancy is not viable, with the end state of this
hop being dynamically unstable as predicted with DFT. A Li
attempting to hop to a Ag vacancy will simply roll back to its
initial state. In order for a Li ion to hop to a vacant site on the
Ag sublattice, it must proceed by a two-atom hop mechanism
as illustrated as an inset in Figure 16. A similar mechanism was

found necessary to enable nearest neighbor hops in B2 NiAl
compounds.47,60,93 The barrier for this two-atom hop is high,
being of the order of 0.415 eV. A Ag atom hopping to a Li
vacancy, in contrast, only needs to overcome a kinetically
resolved activation barrier of 0.23 eV, as is evident in Figure
16. A Ag atom hopping to a Li vacancy also lowers the total
energy of the crystal, suggesting that the vacancy prefers to be
on the Ag sublattice. A Li atom in B2 LiAg can also perform
second nearest neighbor hops, thereby remaining on the Li
sublattice and bypassing the need to create antisite disorder.
The barrier for a second nearest neighbor hop, however, is

Figure 14. (a) Migration barriers for lithium (black line) and
aluminum (red line) hopping to a nearest neighbor vacant site on
their own sublattice. (b) Migration barriers for the same lithium
(aluminum) hopping to a vacant site on the aluminum (lithium)
sublattice.

Figure 15. All the symmetrically unique nearest neighbor hops in (a)
B32 and (b) D03 crystal structures. Black arrow represents lithium -
vacancy hop, whereas the red arrow represents metal - vacancy hop.

Figure 16. Migration barriers for nearest (NN) and next-nearest
neighbor (NNN) hops in B2 LiAg. The Ag atoms are able to perform
facile nearest neighbor hops to a vacancy on the Li sublattice. Li
nearest neighbor hops, in contrast, are unstable. Li can only migrate to
a vacancy on the Ag sublattice by performing a two-atom hop wherein
an additional Ag atom moves to avoid creating a vacancy on the Li
sublattice. The hop mechanism is shown as an inset, and the
corresponding barrier for the hop is shown by the black line labeled
(Li, Ag). Li second-nearest neighbor hops have a lower barrier than
the two-atom hop.
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0.475 eV, which is again substantially higher than the Li
migration barrier in the B32 LiAl, LiZn, and LiGa compounds.
Figure 17 shows migration barriers in C49 Li2Al. Similar to

B32 LiAl, Li hops that stay within the Li sublattice of C49

Li2Al (black curves) have exceptionally low migration barriers,
being of the order of 0.1 eV. In the C49 structure, there are
three symmetrically nonequivalent Li nearest neighbor hops.
The Al hops within the Al sublattice have a significantly larger
migration barrier than those of Li hops, although the barrier of
0.45 eV is almost half of the Al migration barrier within B32
LiAl. As shown in Figure S11 of the Supporting Information,
the migration barriers for Li hops in C49 Li2Al, Li2Ga, and
Li2In are very similar to each other. Furthermore, the
migration barriers of the Al and Ga nearest neighbor hops
within their own sublattices are also very similar. The
migration barrier of In within C49 Li2In, in contrast, is
significantly lower than those of Al and Ga, as shown in Figure
S11(d). A migration barrier of 0.2 eV for In atoms is again,
very low and suggests that In is a mobile element within Li−In
intermetallic phases. We also considered lithium (metal) hops
to a nearest neighbor vacancy on the metal (lithium)
sublattice. Figure S12 of the Supporting Information collects
the migration barriers for all symmetrically distinct hops of this
type. In Li2Al, Li2Ga, and Li2In, both the lithium and metal
prefer to stay on their own sublattice with hops being either
unstable or increasing the energy of the crystal. Similar trends
are predicted for Li2Zn, with the exception of one lithium hop
to a vacant zinc site, which is predicted to have a very low
migration barrier of approximately 35 meV.
Finally, we consider migration barriers within D03 Li3M type

compounds. This compound is favored by alloying elements
Bi, Sb, Sn, In, Zn, and Ag. As an example, Figure 18 shows the
Li migration barriers in Li3Sb. The vacancy in the D03 form of
Li3M can reside in one of two symmetrically nonequivalent Li
sites. A schematic of the Li hop between these two sites is
shown in Figure 15b. Figure 18 shows that the Li migration
barrier in Li3Sb is again exceptionally low, being only slightly
larger than 0.1 eV. The Li migration barriers in the D03 forms
of Li3Bi, Li3Sn, Li3Ag, Li3In, and Li3Zn, as shown in the
Supporting Information, are similarly very low, indicating again
a very high Li mobility within these compounds provided that
there are sufficient vacancies present. In the D03 crystal
structure, lithium is surrounded by both lithium and metal as
its nearest neighbors, while the metal only has lithium as
nearest neighbors. To quantify the metal mobility in this
crystal structure, we consider migration barriers for metal hops
to a nearest neighbor vacant site on the lithium sublattice. Ag,
Sb, and Bi are predicted to form a rigid metal sublattice in the
D03 structure, with metal nearest neighbor hops being unstable

or having to overcome high migration barriers as depicted in
Figure S7 of the Supporting Information. Conversely, the
metals in Li3Zn, Li3In, and Li3Sn favor hops to the lithium
sublattice with negligible migration barriers (with the
exception of Zn, which has a migration barrier of
approximately 350 meV) resulting in a lowering of the total
energy of the crystal. This indicates that vacancies prefer to
reside on the metal sublattice in these compounds, even if it is
at the expense of creating an additional antisite defect on the
lithium sublattice. Finally, we also considered migration
barriers for lithium hopping to a nearest neighbor vacant site
on the metal sublattice. Similar to Li hops in B2 LiAg, nearest
neighbor Li hops to the metal sublattice of D03 are unstable.
Instead, lithium can only hop to a vacant site on the metal
sublattice through an unconventional two-atom hop mecha-
nism to ensure that the vacant site created by the initial lithium
is immediately filled, as shown in the inset of Figure 18. The
migration barrier for this hop in Li3Sb is estimated to be
approximately 300 meV, as shown by the green line in Figure
18 which is significantly higher than a simple nearest neighbor
lithium hop when restricted to its own sublattice. Figure S7 of
the Supporting Information also collects migration barriers for
this two-atom hop in Li3Ag, Li3Zn, and Li3Bi.
3.8. Vacancy Formation Energies in Representative

Li−M Intermetallic Phases. Vacancies in substitutional
alloys are crucial to mediate diffusion. In most metallic alloys
and intermetallic compounds, vacancies are entropically
stabilized as they generally have a positive formation energy.
The vacancy concentration of substitutional alloys are
therefore very dilute in most alloys and intermetallics, which
often translates into sluggish substitutional diffusion, especially
at room temperature. While the calculation of equilibrium
vacancy concentrations in disordered solid solutions and
intermetallic compounds requires an in depth statistical
mechanics treatment,38,39 it is possible to estimate the vacancy
concentrations in well ordered intermetallics upon inspection
of grand canonical vacancy formation energies. These can be
estimated with DFT calculations using large supercells
containing a dilute vacancy as described in Section 2.
Vacancy formation energies were calculated for the

intermetallic compounds in the B32, B2, C49, and D03
structures that are within 10 meV/atom of the convex hull.
Grand canonical vacancy formation energies as defined by eq 1
for the different compounds are plotted versus voltage relative

Figure 17. Migration barriers for nearest neighbor hops in C49 Li2Al.

Figure 18. Migration barriers for nearest neighbor lithium hops in
D03 Li3Sb. The black line shows the migration barrier for a lithium
hopping to a nearest neighbor vacant site on the lithium sublattice.
The green line shows the migration barrier for a lithium hopping to a
nearest neighbor vacant site on the metal sublattice through an
unconventional two atom hop as depicted by the schematic in the
inset.
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to metallic Li in the Supporting Information. In most
compounds, the vacancy formation energies are comparable
to that of metallic Li, having values that range between 0.4 and
0.6 eV. There are several notable exceptions to this trend that
we focus on in more detail.
Figure 19 shows the vacancy formation energies for B32

LiAl. The grand canonical energy to form a vacancy on the Li

sublattice is well below that to form a vacancy on the Al
sublattice. The Li vacancy formation energy even becomes
negative at higher voltages, indicating that structural vacancies
will be present on the Li sublattice at those voltages. This is
confirmed by the prediction that supercells of B32 LiAl
containing dilute concentrations of vacancies break the convex
hull in the Li−Al binary system (Figure S18 of the Supporting
Information). The Al vacancy formation energy, while higher
than that of a Li vacancy and always positive, is also low when
compared to the vacancy formation energy of pure Li in the
BCC crystal structure. This suggests that vacancies in the B32
LiAl compound will be more abundant than in metallic Li. In
B32 LiGa, a similar trend is predicted, with even more negative
vacancy formation energies. Figure S19 in the Supporting
Information shows the formation energies of B32 LiGa
structures containing dilute concentrations of vacancies.
These configurations break the convex hull, having lower
formation energies than the perfect B32 LiGa compound. This
indicates that the B32 LiAl and LiGa compounds will contain
structural vacancies at elevated voltages. In B32 LiZn, both the
Li and Zn vacancy formation energies are large, being well
above 0.5 eV within the voltage window in which this
compound is predicted to be stable. Hence, in contrast to B32
LiAl and B32 LiGa, the LiZn compound will contain a dilute
concentration of thermal vacancies.
The B2 LiAg compound is very different from B32 LiAl. In

B2 LiAg, vacancies on the Ag sublattice are much more
favorable than on the Li sublattice, as shown by the vacancy
formation energy in Figure 20. The Li vacancy formation
energy in B2 LiAg is especially high, being well above 0.5 eV in
the voltage window in which this compound is predicted to be
stable. This is consistent with the fact that nearest neighbor
hops from the Li sublattice to a vacancy on the Ag sublattice is
unstable in B2 LiAg. The cost of placing a vacancy on the Li
sublattice and a Li antisite on the Ag sublattice is so high that
the end state is not even a local minimum. The low vacancy
formation energy on the Ag sublattice combined with relatively

low Ag migration barriers suggests that Ag may be the more
mobile species in B2 LiAg, although a full kinetic Monte Carlo
simulation accounting for all hop mechanisms and the effect of
varying degrees of ordering is necessary to rigorously
determine the relative mobilities between Li and Ag.46,47,49

The C49 Li2Al, Li2Ga, and Li2In compounds are predicted
to be stable phases (on the convex hull). The vacancy
formation energies in these compounds are all above 0.5 eV in
the voltage window in which the compounds are predicted to
be stable. They have the highest value in C49 Li2Al, where they
are predicted to be of the order of 0.8 eV. This suggests that
these intermetallics will have very dilute equilibrium
concentrations of vacancies and therefore lower diffusion
coefficients compared to B32.
The Li migration barriers in the D03 forms of Li3M with M

= Ag, Zn, In, Sn, Sb, and Bi are very low. While the Li vacancy
formation energies in Li3In are quite high, being above that of
vacancies on the In sublattice, they are lower in the Ag, Sb, and
Bi compounds. In fact, in the Sb and Bi compounds, they even
become slightly negative at the higher voltage edge of their
stability window. This suggests that Li diffusion in the Ag, Sb,
and Bi D03 compounds should be very rapid. In fact, as
described by Chang et al.94 it may be the origin of voltage
hysteresis in the Li−Sb alloy.

4. DISCUSSION
Anode free solid-state batteries promise to enable significant
increases in the energy density of Li batteries as they eliminate
the need for graphite to store Li at the anode. To be
commercially viable, an anode-free battery must be designed to
enable the reversible plating and stripping of lithium metal at
the anode current collector. Realizing this has proven
challenging. Nevertheless, recent studies have shown that
certain metals, placed between the solid electrolyte and the
current collector, can promote the uniform plating and
stripping of Li metal. How these metals affect Li deposition
and stripping, however, remains unclear. Undoubtedly, the
crystallographic nature of the stable intermetallic phases as well
as the atomic diffusion mechanisms and the mechanical
properties of those phases play a crucial role. In this study, we
have systematically calculated key thermodynamic, kinetic, and
mechanical properties of important Li-metal phases, including
intermetallic compounds and solid solutions that form when Li
is alloyed with Mg, Ag, Zn, Al, Ga, In, Sn, Sb, and Bi.

Figure 19. Grand canonical vacancy formation energies in B32 LiAl.
The highlighted green section of the plot indicates the voltage
window in which the B32 LiAl phase is stable.

Figure 20. Grand canonical vacancy formation energies in B2 LiAg.
The highlighted green section of the plot indicates the voltage
window in which the B2 LiAg phase is stable.
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A variety of kinetic models of electrochemical lithium
deposition and stripping have been developed.7,13,95−97 Some
models hypothesize that vacancies play a central role and that a
sufficient number of vacancies must be available to
accommodate the Li+ ions that emerge from the solid
electrolyte during charging of the battery. Vacancy based
models that describe stripping during discharge of the battery,
hypothesize that vacancies created at the Li metal surface must
be able to diffuse away at a sufficiently high rate to prevent a
supersaturation of vacancies that can then coalesce to form
voids. Void formation is undesirable as it can result in lithium
metal island formation and loss of contact with the current
collector.
Our DFT calculations predict that vacancies are exception-

ally mobile in metallic Li and in many of the Li intermetallic
compounds and solid solutions. The migration barriers of Li
and Mg in the BCC Li−Mg solid solution, for example, is
remarkably low, having values that deviate negligibly from an
average of 75 meV. Vacancies within this alloy, therefore, have
very high mobilities, as confirmed with kinetic Monte Carlo
simulations, which predict a very high vacancy tracer diffusion
coefficient in the Li−Mg alloy. Similar low migration barriers
are predicted in a large number of the intermetallic compounds
investigated in this work. The B32 LiM, C49 Li2M, and D03
Li3M intermetallic crystal structures contain local environ-
ments that are representative of many other Li-M intermetallic
compounds with different stoichiometries. These intermetallic
crystal structures were therefore studied as model systems to
establish trends in Li and metal mobilities. The calculated
migration barriers for Li hops along the Li sublattices in most
B32 LiM, C49 Li2M, and D03 Li3M compounds are very low,
with values ranging between 100 and 200 meV. These
migration barriers rival those of the fastest solid-state superion
conductors.85−90 The migration barriers of the metal alloying
elements in the same compounds, in contrast, are with few
exceptions predicted to be significantly higher than the Li
migration barriers. This suggests that Li is generally more
mobile than the metallic alloying element within most Li-M
intermetallics. We also discovered a variety of unusual diffusion
mechanisms when Li migrates from its own sublattice to the
metal sublattice of the intermetallic compound. In the B2 LiAg
and the D03 Li3Ag, Li3Sb, and Li3Bi compounds, elementary
nearest neighbor Li hops to the vacancies on the metal
sublattice are predicted to be unstable. Instead, hop events
involving two atoms at a time are predicted to be necessary to
enable Li migration to the metal sublattice. This is similar to
diffusion mechanisms in the B2 NiAl intermetallic com-
pound.47,60,93

Diffusion in substitutional solids and intermetallic com-
pounds is generally mediated by vacancies.46,48,49 In most
substitutional solids, the concentration of vacancies is very low.
In fact, DFT calculations predict a vacancy formation energy of
0.5 eV in BCC Li, a high value that translates into a low
equilibrium vacancy concentration. The vacancy formation
energy remains high upon alloying with Mg to form the BCC
Li−Mg solid solution. Our calculations also predict that the
formation energies are high in most Li-M intermetallic
compounds studied in this work. Since vacancies mediate
diffusion, a low vacancy concentration results in low diffusion
coefficients,46,48,49,63 in spite of the exceptionally rapid hop
kinetics once a vacancy is present. There are several notable
exceptions to this trend, however. Both the LiAl and LiGa
intermetallic compounds, which adopt the B32 zintl crystal

structure, favor structural vacancies on their Li sublattices. As
described in Section 3.5, the thermodynamic stability of a
vacancy concentration of approximately 5% on the Li
sublattices (2.5% in total) of LiAl and LiGa arises from their
unique electronic structure. The metal atoms of both
compounds have a diamond sublattice similar to Si, but due
to the presence of Li, are semimetals with a partial overlap of
their bonding valence band and their antibonding conduction
band. To avoid filling antibonding states, there is a drive to
lower the Fermi levels of the compounds, which can be
realized through the removal of a small fraction of Li and as a
result the stabilization of structural vacancies. Because
structural vacancies are thermodynamically stable in the B32
LiAl and LiGa compounds and their Li migration barriers are
very low, these compounds form a class of intermetallic
compounds that enable exceptionally fast Li transport. For
similar reasons, the D03 Li3Sb and Li3Bi intermetallic
compounds also enable fast Li diffusion. There are several
battery architectures, such as the one proposed by Liang et
al.,98 where a lithium foil coated with a film of lithium
intermetallic compound at the anode is shown to prevent
dendritic growth upon plating/stripping. In these architectures,
it is desirable to have compounds that enable very fast Li
diffusion. Intermetallic compounds such as B32 LiAl, B32
LiGa, D03 Li3Sb, and D03 Li3Bi might be suitable candidates
for such scenarios.
Several kinetic models of Li plating and stripping account for

the role of plastic and creep deformation of metallic Li.28,99−103

Past DFT calculations50,51 and those presented in this study
predict that Li has a highly unusual zero kelvin energy
landscape, with the BCC, FCC, HCP, and all other stackings of
close-packed layers having energies that are essentially identical
to each other within the numerical precision of DFT
calculations. Furthermore, the barriers along pathways that
connect BCC to a close-packed crystal structure is negligible.51

While these predictions do not account for vibrational entropy,
they pose fundamental questions about the true nature and
local structure of BCC Li at room temperature. Is the room
temperature form of Li truly a BCC structure, entropically
stabilized by anharmonic vibrational excitations56,57 or is it a
collection of nanodomains of close-packed stackings that can
be derived from a common parent BCC structure and
therefore generate a BCC diffraction pattern? If it is a
collection of nanodomains of close-packed stackings which can
be derived from the common BCC parent crystal structure
through local strains, defects such as stacking faults, or twin
boundaries, it might result in broadening of peaks in diffraction
patterns.104 The true nature of BCC Li will have important
consequences for its plastic and creep deformation mecha-
nisms. Furthermore, the high degree of anharmonicity in the
zero-kelvin Li energy surfaces will have implications for the
types of grain boundary structures that are favored at room
temperature and how these grain boundaries can generate
vacancies for bulk diffusion.105 The equilibrium and dynamical
nature of the room temperature form of metallic Li can be
resolved with large-scale Monte Carlo or molecular dynamics
simulations applied to an energy model of Li that accurately
reproduces the very anharmonic landscape revealed by DFT
calculations presented in this work and in past studies.50,51

DFT calculations in this work show that alloying additions to
BCC Li do affect the energy surface along the Bain and Burgers
paths, but compounds that are Li-rich maintain a high degree
of anharmonicity.
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5. CONCLUSION
First-principles density functional theory calculations of
metallic lithium and its alloys predict a variety of properties
that are unusual for metals. The energy of lithium as a function
of strain and shuffle order parameters is highly anharmonic,
exhibiting negligible barriers along structural pathways that
connect BCC to FCC and HCP. While this unusual
anharmonicity persists in alloys that are Li-rich, an increase
in the concentration of alloying elements leads to a stiffening of
the BCC crystal structure. Lithium and almost all Li-metal
intermetallic compounds studied in this work have exception-
ally low migration barriers for diffusion. The migration barriers
rival those of the fastest solid electrolytes. The migration
barriers for metal diffusion in most Li-metal intermetallics, in
contrast, are much higher. Vacancies, which are crucial in
mediating diffusion in substitutional alloys and intermetallic
compounds, are predicted to be present in very low
concentrations, being thermally generated due to entropic
driving forces. Most Li-metal compounds have high vacancy
formation energies, which translates into low diffusion
coefficients. However, once vacancies are formed, they are
exceptionally mobile due to the low migration barriers for
diffusion. A small subset of intermetallics, such as B32 LiAl and
LiGa, favor structural vacancies at compositions of 1−2.5%.
These compounds should exhibit very rapid diffusion.
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