AC

Energy
Eiié

http://pubs.acs.org/journal/aelccp

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

The Crucial Role of Vacancy Concentration in
Enabling Superatomic Diffusion in Lithium
Intermetallics

Sesha Sai Behara and Anton Van der Ven*

Cite This: ACS Energy Lett. 2025, 10, 1772-1778 I:I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: Anode-free solid-state Li batteries promise significant Superatomic diffusion

increases in energy densities compared to current commercial batteries

that rely on liquid electrolytes. Major challenges persist in controlling =0\

morphological evolution during the plating and stripping of lithium =0 />

metal at the anode current collector. Elemental additives that alloy with =0 >

lithium have been found to modify the plating and stripping behavior of High vacanc

lithium. Many alloying elements form intermetallics with lithium and concentration)wl

the mobility of Li through these intermetallics is believed to have an

important effect on morphological evolution. This study shows that Li

transport coefficients through intermetallics span a wide range in values, o 0o =

with the B32 LiAl intermetallic predicted to have a Li tracer diffusion Low vacancy 0~ . Metal Vacanc
fficient as high as 107° cm?/s at room temperature, which is 8 orders concentration @ ~~—» Ho e ’

coefficien g p ;

of magnitude larger than that of isostructural B32 LiZn. This work
demonstrates the crucial role of vacancy concentration in controlling
the mobility of Li atoms through intermetallics. While the migration barriers for Li-vacancy exchanges in both LiAl and LiZn
are remarkably low, the superatomic conductivity in LiAl is shown to arise from the unique electronic structure of the B32
LiAl compound, which favors high concentrations of vacancies.

onventional Li-ion batteries with graphite anodes are addition of Zn at the anode improves the ability of lithium
‘ fast approaching their theoretical energy density, metal to wet the solid electrolyte and regulates homogeneous

necessitating an alternative approach to future battery Li deposition. Liu et al.” proposed an Al—In alloy-based anode,
designs.1 One promising solution is an all-solid-state battery which showed enhanced cycling capacity at high current
that replaces the graphite anode with lithium metal, thereby densities. Other strategies relying on a thin Mg interlayer or a
enabling a significant increase in the theoretical energy Ag-carbon composite between the anode current collector and
density.” However, there are major challenges that restrict solid electrolyte have also been shown“tgl 6improve the
the performance of all-solid-state batteries and pose critical uniformity of lithium plating and stripping. "~
safety concerns. One significant impediment is the undesirable While the underlying mechanisms with which alloying

elements improve the plating and stripping behavior of lithium
metal remain unclear, their ability to affect the diffusion
coefficients of lithium is widely viewed as essential. The low
diffusion coeflicient of pure Li-metal (~1.6 X 107'° cm?/s at
room temperature)'” has been hypothesized as one of the
primary reasons for the formation of voids during rapid
cycling.* Multiple alloying elements have been explored in an

morphological evolution of lithium metal upon rapid cycling of
the battery. The stripping and plating of lithium metal that
occurs at the anode during cycling is known to form voids and
dendrites.”* Dendrites can penetrate the solid electrolyte,
causing an electrical short circuit, while voids can lead to dead
lithium, resulting in loss of contact with the current collector or
the electrolyte.”™”

The addition of alloying elements or intermetallic interphase

layers between the anode current collector and solid electrolyte Received: January 23, 2025
has been shown to regulate the plating and stripping behavior Revised: ~ March 5, 2025
of lithium metal and increase the cycling capacity of all-solid- Accepted: March 12, 2025

state batteries.® Multiple alloy systems, including Li—Al, Li— Published: March 18, 2025

Zn, Li—Ag, Li—Mg and Li—In, have been explored as
interphase layers.”” "> Cao et al.'’ demonstrated that the
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effort to alter the lithium diffusion coefficient.'*™*° While
alloying elements such as Mg reduce the lithium diffusion
coefficient,"®'”?! Al and In form intermetallic compounds with
Li that exhibit very high lithium diffusion coefficients of ~107%
cm?/s at room temperature.zz_24 In fact, the reversibility of the
Al—In alloy anode proposed by Liu et al.” has been attributed
to the high Li diffusion coefficient in the B32-LiAl and Liln
(zintl) phases.

Atom transport in metal alloys and intermetallic compounds
occurs primarily through nearest-neighbor atom-vacancy
exchanges,zs’26 although second nearest neighbor and
multiatom hops can also occur in BCC-based com-
pounds.””~*” The migration barriers for atom-vacancy
exchanges in metal alloys tend to be high due to their compact
crystal structures,”®*””" limiting atom mobility at room
temperature when comgared to the mobility of Li in
intercalation compounds.”” Lithium alloys, however, are very
different from typical metal alloys.”"****** The migration
barriers for lithium-vacancy exchanges of some BCC based
alloys and intermetallic compounds are predicted to be
exceedingly low, ranging between 50 and 150 meV.”"**#*73¢
These barriers are below those of the best superion conducting
solid electrolytes.”™*' Low migration barriers in alloys and
intermetallics, however, do not necessarily translate into high
atom mobilities, since an atomic hop event can only occur if
the atom is next to a vacancy. In most metallic alloys, the
concentration of diffusion mediating vacancies is negligible,
often being entropically generated due to positive vacancy
formation energies.

In this Letter, we demonstrate the crucial role that vacancy
concentration plays in enabling Li transport through
intermetallic compounds. Using first-principles statistical
mechanics techniques, we predict that lithium intermetallic
compounds can exhibit superatom transport provided that the
electronic and thermodynamic properties of the compound
stabilize structural vacancies. We focus on the B32 LiAl and
LiZn intermetallics, which have the same zintl crystal structure
but very different electronic structures. We find that while the
migration barriers for Li-vacancy exchanges in LiAl and LiZn
are very low, the unique electronic structure of LiAl leads to
high concentrations of structural vacancies that enable
superatom transport, with predictions of room temperature
tracer diffusion coefficients of 107 cm?/s.

Figure la shows the crystal structure of B32, which consists
of two identical interpenetrating Li and metal networks, each
forming a diamond crystal structure. Every lithium (and metal)
atom in the crystal structure is tetrahedrally coordinated by
four other lithium and metal atoms making up its nearest
neighbor shell. The Li sublattices of B32 LiAl and LiZn are
fully interconnected by nearest neighbor hops. A vacancy on
the Li sublattice can therefore migrate through the crystal
without creating antisite defects and thereby disturbing the
thermodynamically favored long-range order among Li and the
metal of the B32 crystal structure. Examples of nearest
neighbor hops on the Li and metal sublattices of B32 are
shown in Figure la.

First-principles density functional theory (DFT), performed
with the Vienna ab initio Simulation package (VASP)*~* in
combination with the nudged elastic band method as
implemented in Transition State Theory Tools for
VASP,*™* was used to calculate the migration barriers for
nearest neighbor Li-vacancy and metal-vacancy hops. Details
about the calculations are provided in the Supporting
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Figure 1. (a) Schematic of Li/metal hopping to a nearest neighbor
vacant site in the B32 crystal structure. (b) Migration barriers for
Li (metal) hopping to a nearest neighbor vacant site on the Li
(metal) sublattice in the B32 crystal structure. The solid (dashed)
lines indicate the migration barriers in B32 LiAl (LiZn).

Information. The migration barrier for a nearest-neighbor
lithium-vacancy exchange (blue lines in Figure 1b) in both B32
LiAl and LiZn is very low, being less than 100 meV. In fact, the
lithium migration barrier in B32 LiZn is approximately 50 meV
lower than the barrier in B32 LiAl. These migration barriers are
unusually low and are comparable to superion conductors™~*!
and very different than the migration barriers that typify
substitutional diffusion in metallic alloys and intermetallic
compounds.*”*"*¥* The migration barriers for metal (Al, Zn)
hops in B32 LiAl and LiZn are much higher (red lines in
Figure 1b), having a value of 0.65 eV in LiAl and of 0.8 eV in
LiZn. These results suggest that lithium can be very mobile in
B32 intermetallic compounds, whereas the metal is essentially
immobile at room temperature, forming a rigid sublattice.
The diffusion coeflicients of an intermetallic compound
depend not only on the migration barriers for atomic hops but
also on the availability of vacancies. To determine the vacancy
concentrations in the B32 LiAl and LiZn compounds, we
calculated the formation energies of a large number of
supercells of the B32 structure containing different concen-
trations of vacancies and antisite defects. The different
configurations of vacancy and antisite defects were enumerated
with the CASM software package’® and their formation
energies were calculated with DFT using VASP. Figures 2a and
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Figure 2. Formation energies of (a) Li—Zn and (b) Li—Al binary
systems along with the thermodynamic convex hull. Red (blue)
stars indicate structures with only vacancies (antisites) defects in
the zintl phase. Purple dots indicate structures containing both
vacancies and antisite defects. The green diamond shows the
formation energy of the perfect B32 crystal structure without any
defects. The red (blue) open squares on the Li—Al convex hull
(black dashed line in panel (b)) represent stable structures at 0 K
containing only Li-vacancies (Li-antisite defects) on the Li (Al)
sublattice of B32 LiAl.

2b show the formation energies and convex hulls at 0 K
(calculated using DFT) in the vicinity of x ~ 0.5 where the
zintl phase is stable. The convex hulls were determined using
the formation energies of experimentally known intermetallic
compounds in the Li—Al and Li—Zn systems. If a structure
resides on the convex hull, it is predicted to be stable at 0 K.

In the Li—Zn binary system, the perfect B32 crystal structure
(indicated by green diamond in Figure 2a) resides on the
convex hull and is therefore predicted to be stable. This is not
surprising given that B32 LiZn is an experimentally observed
phase in the Li—Zn binary system.”’ The structures containing
vacancies (antisites), shown by red (blue) stars in Figure 2a,
are above the convex hull and hence not stable at 0 K.
However, dilute concentrations of defects can be present in the
compound at finite temperatures because of thermal
excitations. A rigorous statistical mechanics treatment of
defects is necessary in order to calculate their concentrations.>”
However, when defect formation energies are large, their
equilibrium concentrations can be approximated by e 2%k,
where AQ is the vacancy formation energy at constant
chemical Potential (i.e., within the Grand Canonical
ensemble),”® kg is the Boltzmann constant, and T is the
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temperature. Since the calculated vacancy formation energy on
the Li sublattice in B32 LiZn ranges between 0.59 eV and 0.68
eV in the voltage window where the B32 phase is stable, the
corresponding vacancy concentration ranges between 107"
and 107" (Figure S3). The vacancy concentration on the Li
sublattice of B32-LiZn is, therefore, very dilute, being similar to
the predicted vacancy concentration in the pure Li
metal.****** Note that structures containing antisite defects
in Figure 2a are much closer to the convex hull, and a non-
negligible concentration of antisite defects can be present at
room temperature™® (Figure $3).

The formation energies of vacancy and antisite defects in the
Li—Al system are very different from those of the Li—Zn
system. In the Li—Al system, the perfect B32 crystal structure
(green diamond in Figure 2b) does not reside on the convex
hull. Instead, structures containing lithium vacancies for x < 0.5
(red squares in Figure 2b) and lithium antisites (blue squares
in Figure 2b) on the Al sublattice for x > 0.5 are on the convex
hull and are, therefore, predicted to be stable at 0 K. Figure 2b
shows that, as the lithium content in the alloy increases, the Li-
vacancy (Li-antisites on the Al sublattice) concentration
decreases (increases). As opposed to the LiZn zintl phase
where the vacancies are dilute, and are only entropically
stabilized at finite temperatures, the vacancies in the LiAl zintl
are abundant, and are structurally stable, even at 0 K.

The high concentration of Li vacancies in the LiAl zintl
phase as predicted by DFT has significant implications for Li
diffusion. At finite temperatures, thermal excitations will
generate disorder among the nondilute concentrations of
vacancies on the Li sublattice and Li antisite defects on the Al
sublattice. To account for the role of varying degrees of order
among the various defects on transport coeflicients, we
parametrized a coupled sublattice cluster expansion for the
B32 crystal structure that accounts for vacancies (antisites) on
the Li (Al) sublattice. The cluster expansion was subsequently
implemented in Grand-Canonical Monte Carlo simulations to
calculate the equilibrium vacancy and antisite concentrations
as well as other thermodsynarnic properties such as the open
circuit voltage curve.”>>>

Figure 3a shows the calculated voltage profile (relative to a
lithium metal reference anode) at room temperature between x
0.46 and x = 0.6 in the LiAl,_, system. Intermetallic
compounds tend to exhibit a sharp stesp in the voltage profile at
their stoichiometric compositions.””>> However, the LiAl zintl
phase (near x = 0.5 in Figure 3a) shows a sloping voltage
profile, as a result of the high concentration of vacancies on the
Li sublattice and Li-antisite defects on the Al sublattice. The
sloping voltage profile also indicates that vacancies are
disordered, and are accessible only between ~0.15 V and
0.38 V. The voltage profile is consistent with the experimental
voltage curve measured at 690 K by Wen et al.** Figure 3b
shows that the vacancy (Li-antisite) concentration decreases
(increases) as the Li content in the alloy increases. The
predicted defect concentration at room temperature in the LiAl
zintl phase is much higher than what is usually observed in
metallic alloys or intermetallic compounds. The Li-vacancy
concentration is approximately 7 orders of magnitude higher
than what is predicted in the LiZn zintl phase and other Li-
alloys such as Li—Mg"' at room temperature.

We next investigated Li diffusion over the Li sublattice of the
LiAl zintl phase at room temperature with kinetic Monte Carlo
simulations.”” These simulations rely on cluster expansions to
evaluate the energy of the migration barrier and the end states
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Figure 3. (a) Voltage profile of the LiAl zintl phase at 300 K. (b)
Equilibrium vacancy concentration (Ny,/N) along with the antisite
concentration (Nj;_sites/N) in the LiAl zintl phase at 300 K. Ny,
Niiantisites and N indicate the number of vacancies, the number of
Li-antisites on the Al-sublattice, and the total number of sites in
the crystal structure, respectively.

of each hop,”"** and thereby rigorously accounting for all the

possible interactions between species that affect the trajectories
of diffusing atoms. Figure 4 shows the calculated diffusion
coefficients of lithium (blue dots), as a function of lithium
composition in the B32 LiAl phase at 300 K. As is evident in
the figure, a very high tracer diffusion coefficient of ~107¢
cm?/s is predicted for lithium when the composition is x ~
0.48. This is consistent with the experimentally reported
diffusion coefficients at room temperature by Tarczon et al.*?
The exceptionally high diffusion coefficient is a result of a very
low migration barrier and a high concentration of vacancies on
the Li sublattice. The vacancy concentration, while high, is not
high enough to result in vacancy ordering,™ as is evident in the
sloping voltage profile in Figure 3a, or to lead to highly
correlated diffusion as in layered and spinel intercalation
compounds.””® As the lithium content in the alloy increases,
the tracer diffusion coeflicient decreases by almost a factor of 2,
in large part due to a similar decrease in the equilibrium
vacancy concentration. Similar trends are observed for the
collective diffusion coefficient™>” of Li (orange dots in Figure
4), which tracks the average displacement of the geometric
center of all the diffusing Li.

In contrast to LiAl, the Li tracer diffusion coefficient in the
LiZn zintl phase is very low, having values that range between
107" and 107" cm?/s (green dots in Figure 4) within the
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Figure 4. Calculated Li collective and tracer diffusion coefficients
in B32 LiAl along with the Li tracer diffusion in B32 LiZn at 300 K
as a function of composition. The B32 LiZn intermetallic is only
stable in a very narrow composition window around the
stoichiometric composition of x = 0.5 and its equilibrium vacancy
concentration varies by 2 orders of magnitude over this narrow
composition interval, leading to a widespread in the Li tracer
diffusion coefficient. Since the predicted vacancy concentration is
very low in B32 LiZn, analytical expressions for the tracer diffusion
coefficient can be used.*

voltage window in which LiZn is stable. The difference
between the Li tracer diffusion coeflicients of LiZn and LiAl is
at least 7—9 orders of magnitude and is a result of a very low
vacancy concentration in LiZn.

The stark difference in the equilibrium vacancy concen-
trations of LiAl and LiZn can be attributed to differences in
their electronic structures. The metal sublattice of the B32 zintl
phase has a diamond cubic crystal structure similar to the
crystal structure of silicon (Figure 1a). While Zn is a transition
metal with valence d orbitals, Al has a valence electron
structure similar to Si, but is short one electron to fill all the
bonding states. The addition of Li to a diamond crystal
structure of Al to form B32 LiAl does not significantly alter the
electronic structure of Al in the diamond crystal structure, with
Li primarily donating electrons to the host and thereby filling
bonding states (Figure Sa). Nevertheless, in contrast to
diamond Si and diamond Al (electronic structure of B32
LiAl without Li is shown in Figure S4), the presence of Li in
B32 LiAl eliminates the band gap that separates the bondin,
states from the antibonding states, resulting in a semimetal.
This is clearly observed in the band structure (Figure Sb)
where a small overlap between valence and conduction bands
is seen near the Fermi level.

The calculated electronic density of states plot for
stoichiometric B32-LiAl, shown in Figure Sa, indicates that it
is the overlap between the bonding and antibonding states that
causes a preference for the formation of structural vacancies in
B32-LiAl. In stoichiometric B32-LiAl, the Fermi level resides to
the right of a cusp where the bonding and antibonding states
meet, and a small fraction of antibonding states are filled. This
is corroborated by a Crystal Orbital Hamiltonian Population
(COHP) analysis (Figure SS), which shows the presence of
antibonding states below the Fermi level of stoichiometric
B32-LiAl. Furthermore, a closer look at the band structure near
the Fermi level (Figure Sc) also indicates that some of the
antibonding states belonging to the conduction band are filled
near the high—symmet?r k-point X, consistent with the previous
reports by Asada et al.”> However, upon the introduction of Li-
vacancies, the fraction of antibonding states that are filled
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contributions from all the atoms in the unit cell. (b) Band
structure of B32 LiAl along the high-symmetry '-X—U | K-I'-L—
W-X path in the reciprocal space. The green portion highlights
the band structure near the Fermi level and is also shown in panel

().

decreases since the compound now has fewer valence
electrons. This is consistent with previous observations,’>®*
which also relate the stability of Li-vacancies to the electronic
structure of B32-LiAl. A similar lowering of the Fermi level
occurs upon the formation of Li-antisite defects on the Al-
sublattice as this also reduces the total number of electrons of
the compound, making Li-antisite defects favorable at higher Li
compositions.

In anode-free batteries, electrochemically deposited Li will
initially react with alloying additives to form either a solid
solution or a series of intermetallics,®* each stable within a
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specific voltage window. While the mechanisms with which
these phases affect subsequent Li plating and stripping remain
poorly understood, the role of Li diffusion within the
intermetallic compounds has been hypothesized as playing
an important role. The formed intermetallics may aid the
nucleation of lithium metal to ensure a more uniform
deposition. Alternatively, the formed intermetallics may serve
as an interphase that wets the solid-electrolyte surface and
thereby fosters a more uniform deposition of lithium metal on
the opposite side of the interphase. In this scenario, diffusion
through the intermetallic is crucial to enable lithium transport
through the interphase followed by deposition and growth of
lithium metal. However, very high diffusion coefficients may
not always be desirable, as it can lead to hysteresis
phenomena.””* The successful identification of strategies to
overcome dendrite and void formation during lithium plating
and stripping in anode-free batteries will enable an almost 3-
fold increase in energy densities of Li-ion batteries. The results
of this study show that the Li diffusion coefficients within
intermetallics span a wide range, offering battery designers
tremendous flexibility in tailoring the transport properties of
interphase layers in all-solid-state batteries.
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