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All-solid-state lithium batteries (ASSLBs) have sparked interest due to their far superior energy density
compared to current commercial material, but the heightened reactivity of the negative Li electrode can
compromise the long-term cyclability of the cell, calling for the introduction of passivating layers or
alloy anodes. In this article, we aim to explain the outstanding stability of Liln alloy-based anodes over
extended cycling by comparing its bulk and interface properties to Li-metal. Using density functional
theory, we conducted an in-depth analysis of the Liln surfaces’ formation and subsequent structural
stability in interfaces with the solid electrolyte B-LisPS4. Several Liln facets are shown to possess

Received 9th January 2024, sufficient structural stability, with the (110) surface being the most stable. The stable interfaces

Accepted 13th May 2024 established with the B-LisPS4(100) surface featured favorable adhesion energy, low strain energy, and
DOI: 10.1039/d4cp00102h little reconstruction. By comparing these interface properties with the bulk properties of Li-metal and

Liln, we highlighted the influence of the cohesion energy, Fermi energy level, and band position of the
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1. Introduction

Lithium-ion batteries are quickly becoming the most widely
used energy storage unit for a wide variety of applications,
ranging from portable electronic devices to road transport.’
However, current commercial batteries make use of liquid
electrolytes, which pose safety risks due to their thermal
instability and high flammability. Lithium-ion batteries with
solid electrolytes, or all-solid-state lithium batteries (ASSLBs),
are gaining traction as a safer alternative, and much research is
focused on their improvement.>* Most commonly, the anode of
ASSLBs is composed of metallic lithium, which provides a high
theoretical capacity to the battery, but can also chemically
decompose the solid electrolyte due to its very low reducing
potential (around —3.04 V vs the standard hydrogen electrode),

“ Chemistry Department, University of Torino, via P.Giuria 5, 10125 Torino, Italy.
E-mail: anna.ferrari@unito.it
b Gemmate Technologies s.r.1., Buttigliera Alta, Torino 10090, Italy
¢ Department of Analytical and Physical Chemistry, Universitat Jaume I,
12071 Castelld, Spain
t Electronic supplementary information (ESI) available: Projected density of
states for the Liln surfaces; Liln and LPS surfaces and interfaces cell parameters
and mismatch; and cohesive energies for Li and In atoms. See DOI: https://doi.
0rg/10.1039/d4cp00102h

15648 | Phys. Chem. Chem. Phys., 2024, 26, 15648-15656

two materials in the long-term stability of their anodes under battery conditions.

causing the formation of dendrites and secondary interface
compounds.*

In our previous ASSLBs computational investigations,>® we
performed a detailed analysis of the Li;PS, (LPS) solid electro-
Iyte and its interface with Li-metal. These studies confirmed the
promising potential of LPS as a solid electrolyte and provided
insights into the morphology of electrolyte microparticles.
However, a severe instability of the direct Li/LPS interface was
observed. Li-metal induced a barrierless reduction of LPS at the
interface, resulting in the formation of a mixed layer of Li;P and
Li,S. Therefore, the direct use of Li-metal as an ASSLB anode
imposes a buffer layer composed of a passivating material to
stabilize the interface. This buffer layer aims to mitigate the
instability observed at the Li/LPS interface, particularly the
barrierless reduction that leads to the formation of by-
product layers, but with the disadvantage of increasing resis-
tance to lithium transport.

As a possible alternative, Li,M alloys (in which M is a metal
or semimetal) have been proposed as replacements for the pure
Li-metal anode, with the objective of trading off a smaller
operating electrochemical potential window for improved elec-
trochemical stability under prolonged cycling.” Among the
variety of lithium alloys proposed for this application,®® the
indium lithium (LiIn) system has sparked considerable interest
in recent years due to a relatively wide electrochemical window
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and much-improved cycling stability."® Due to the presence of a
two-phase region in the Li,In diagram at 300 K for 0 < x <
1,3 the electrochemically active species of the Li,In system
for all alloys with Li content below about 50% is Li;In, provid-
ing a stable 0.6 V vs. Li +/Li potential during charging."* Even
more importantly, the Liln alloy has been linked with much-
improved cycling stability than Li-metal, providing stable elec-
trochemical performances for almost 1000 cycles under real
battery conditions.'® This stability opens the way to the use of
Liln alloy anodes in commercial applications, but little char-
acterization of the Liln system at a molecular level has been
reported.

To understand the physical and chemical properties of the
LiIn alloy leading to its reported outstanding cycling capabil-
ities, in this paper, we present an ab initio computational
investigation of the bulk and surface properties of the material,
followed by an analysis of its interface formed with the LPS
solid electrolyte. Although the models outlined in this work
describe the LiIn/LPS interfaces in ‘“‘as-synthesized” conditions
- i.e. without explicitly accounting for the operative conditions
of the battery — we were still able to extract qualitative data on
the stability of the interfaces through the comparison of
characteristics and interface chemistry of Liln with our pre-
vious results on the Li-metal anode, providing insight into the
origin of the outstanding electrochemical performances
reported for the alloy.

2. Computational approach

The simulations were conducted by applying the density func-
tional theory (DFT) with PBEO hybrid functional'>'® and all-
electron basis sets 6-11'” contracted to [1s,2sp], 8-6311-1 con-
tracted to [1s,4sp,1d],"® 8-521-1 to [1s,3sp,1d],"® and 9-763111-
631%° to [1s,6sp,3d], for Li, S, P, and In atoms, respectively. Such
combination of functional and basis sets for Li, S, and P
provided accurate results in our previous works on similar
systems;™>° In basis set has been successfully used for In alloys
and In sulfide studies.>®>* All the calculations were performed
using the most recent version of the CRYSTAL program.> To
better estimate noncovalent interactions involved in the inter-
face formation, energy estimates have been performed by using
Minnesota hybrid functional (MN15)** by computing single-
point energy calculations on the PBEO optimized structures. In
addition, energy estimates have been also performed by using
the meta-GGA r*SCAN functional, recently proved to be safe and
robust and recommended for general materials discovery.>”
The five thresholds used to control the accuracy of the
truncation criteria for the bi-electronic integrals were [7, 7, 7,
7, 14]. The shrinking factor in reciprocal space and for a denser
k-point net were set to 12 and 24, respectively, for the surface
simulations, and 6 and 12, for the interfaces, which correspond
to 49 and 20 independent k-points in the irreducible part of the
Brillouin zone for the surfaces and interfaces, respectively. For
metallic systems, the Fermi Dirac smearing procedure was
adopted with a value of 0.01 Hartree in order to facilitate SCF

This journal is © the Owner Societies 2024

View Article Online

PCCP

convergence. The basis set superposition error (BSSE) was
estimated a posteriori, by applying the standard counterpoise
method.”®

In the CRYSTAL code surfaces are periodic slab models with
two infinite dimensions (x and y) and a finite thickness along
the z direction. Liln surfaces were optimized keeping the lattice
parameter fixed at bulk values and the same procedure was
adopted for the heterostructure optimization.

The structural stability of the surfaces was evaluated accord-
ing to the surface energy (Egy), calculated as:

Egap — nEvuix
Esurf = Sldzisu (1)

where Eg,, and Epyy are the optimized surface and bulk
energies, n corresponds to the number of Liln units in the slab
structure, and S is the surface area.

The cohesive energy (E.on) was used to evaluate the energetic
cost for each atom to detach from the corresponding bulk
structure and the Liln bulk. E ., (per atom in the unit cell) was
calculated as:

Eeon = EDi — n(ESC™ + ER™) )

EPylk corresponds to the energy of the optimized bulk structure
for the bulk Liln, E3™ is the energy of the isolated x atom - Li
or In - (taking into account the BSSE correction), and 7 is the
number of x atoms in the bulk cell.

The LPS/LiIn interfaces were modeled taking into account
the most stable (100)LPS® surface, and the Liln surfaces. The
structural stability of these interfaces was estimated by con-
sidering the corresponding adhesion energy (per surface unit),
E,an, computed as:

Erim — (ELiim + Evps
Eadh _ Liln/LPS S ) (3)

where Epimwps, Erim, and Epps are the total energy of the
optimized interface, and the isolated Liln and LPS surfaces.
The Liln surface has been kept fixed at the bulk lattice para-
meters and defines the lattice parameters of the interface;
whereas the LPS surface was structurally modified to match
the substrate. The energy cost for this deformation defines the
strain energy (per surface unit), Egqain, Wwhich must be taken
into account for a proper estimate of the overall stability of the
composite. Egrain Was computed as:

Evps_Litn — RELPS_fullopt ()
28

Estrain =

where Eips_fuiiopt iS the energy of the fully relaxed LPS surface
and Epps_1in 1S the energy of the overlayer LPS optimized at the
lattice constants of the substrate Liln.

During the optimization of the interface, 4-5 layers of the
Liln substrates have been kept fixed at the bulk values. The
same reference has been used for Ep;, in eqn (3).

The work function (), was computed, as routinely done, as
the energy of an electron at infinity minus the Fermi energy,
E(o0) — Er. However, there are some considerations to take into
account when performing the work function -calculation
with the CRYSTAL code. Firstly, calculating E(o0) requires
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computing the electrostatic potential in a vacuum, V(o0 ). When
employing Gaussian-type orbitals, this process becomes highly
dependent on the chosen basis set, as it would require very
diffuse exponents, leading to numerical instability. To overcome
this issue, two layers of ghost sp orbital functions (o, = 0.1) were
added above and below each structure at a distance of 2.0 A along
the z-axis, following the procedure outlined in ref. 27.

In addition, for slab models, the CRYSTAL code automati-
cally sets the electrostatic potential V in such a way that:>’

M) = ~V(-=) 6

For symmetrical structures V(oo) = 0 and therefore @ = — Eg
whereas for asymmetrical structures the infinite replication of
the surface dipole produces separate values for Vi and
Viight,>® which are set according to (5). In this case Prigheetr)
= —EF + Vrigne(lef)- The calculation of the work functions relevant
to this study is detailed in the ESL

Following the work of Trasatti** and its many applications to
the ab initio formalism, it is possible to convert work function
values into electrochemical potentials using the relationship:

@
V=g 137 Vs Lit/Li (6)

3. Results and discussion
3.1 LiIn surfaces

The Liln bulk structure was obtained from the cubic indium
bulk structure (space group Im3m) and had 50% of its atoms
substituted by Li atoms, forming the 1:1 Liln structure. Geo-
metry optimization led to a lattice parameter of 6.74 A, with Li-
In bond distances of 2.87 A, which is in good agreement with
experimental and computational results available in the
literature.'>>%3"

LiIn(001), (110), (111), and (112) surfaces were modeled by
considering slabs of increasing thickness (from 6 to 24 layers).
The resulting structures were characterized according to their
Li-In bond length (both in the center and on the uppermost
layer of the slab) and their surface energy. Results are reported
in Table 1 for two slabs of different z-thickness for each surface,
alongside those for similar Li-metal slabs for comparison. 12-
layer slabs for each Liln surface are also represented in Fig. 1.

As can be seen in Fig. 1, the (001) and (111) surfaces are
stoichiometric but not symmetrical, and the relative surface
energies are an average of the two terminations. The optimized
LiIn surfaces have Li-In bond length values close to that of the
bulk structure (2.87 A), mainly for the (111) and (112) surfaces.
For all surfaces, Li atoms on the uppermost layer tend to be
slightly displaced upwards during optimization, placing them-
selves above the respective In atoms along the z-direction. This
behavior is particularly evident on the (110) surface where, after
optimization, the Li-In bonds of the uppermost layer are
elongated by ~0.10 A with respect to bulk Liln and the other
surfaces. Following this relatively larger reconstruction, the
(110) surface has the lowest Eg,s, which indicates that it is
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Table 1 Liln and Li surfaces structural properties. Niayer and Nyi—in(ngi-)
are the numbers of layers and Liln (Li) units in the surfaces, Li—In (Li-Li)
bond length (in A), Li-In (Li-L) bond length of the outer layers (in A),
surface z-thickness (in A), surface energy (Eg.. in meV A=2), and the Fermi
level with respect to the vacuum (Eg, in eV)

LiIn  Ngger NAriom  Li-In Li-Ingyeer 2z-thickness Eg.s  Er

(001) 6 3 2.91 2.87 8.63 56.09 —3.40
(o01) 12 6 2.92 2.87 18.45 57.77 —3.37
(110) 4 4 2.97 2.97 8.46 43.20 -—3.59
(110) 8 8 2.95 2.97 18.18 45.15 -3.69
(111) 8 4 2.89  2.86 6.74 55.49 —3.41
(111) 20 10 2.89 2.86 18.27 55.01 —3.43
(112) 8 8 2.87 2.90 9.01 53.53 —3.81
(112) 14 14 2.88  2.89 17.22 51.34 —3.83
Li Mayer Mpini  Li-Li  Li-Ligyer 2z-thickness Egyr — Ep

(001) 6 6 2.99  3.03 11.20 29.16 —2.99
(110) 6 6 3.01 2.88 11.94 32.65 —2.93
(111) 14 14 2.99 2.89 12.94 34.23 —2.47

the most structurally stable. However, the difference with the
Esue of the other three facets is small, less than 15 meV A2
indicating that all Liln surfaces are structurally stable and
could be experimentally relevant.

As expected, all the surfaces kept the metallic behavior of
LiIn, and the projected density of states (PDOS, reported in Fig.
S1, ESIt) shows that Li and In atoms do not exhibit any
significant difference, presenting almost the same behavior
along all of the energy range, which suggests that the atoms
are strongly bonded. Moreover, states close to the Fermi level
are almost equally distributed between In and Li.

In order to build the interface systems, 4-5 layers of the Liln
surfaces were fixed to represent the bulk, to reduce the vertical
size needed for the slab relaxation. However, the (001) surface,
for which no coincidence cell with LPS of tractable size could be
found, is not included in the following discussion.

According to Goodenough and co-worker,**?* a way to
analyze and predict the stability of a solid electrolyte against
an anode is by verifying the alignment of the energy levels of
the electrolyte conduction (CB) and the valence bands (VB) with
the chemical potential of the anode (the Fermi level): a
chemical potential of the anode above the electrolyte LUMO
reduces the electrolyte.

Furthermore, the prediction of interfacial stability can also
be analyzed through the work function of the metallic surfaces,
and the corresponding electrode potentials, predicted through
the Trasatti formula reported in eqn (6). Similar results are
obtained for all these three descriptors, consistently predicting
higher stability for the symmetric and In-terminated slabs, with
respect to both the Liln (111)-Li surface and Li-metal surfaces.
The energy differences AE for these four surfaces are schema-
tically represented in Fig. 3(a)-(d). When compared to AE
values for Li/LPS interfaces, with a corresponding value of
about 0.9 eV,° this descriptor suggests that a higher thermo-
dynamic barrier to LPS reduction is present in Liln surfaces,
though this effect is far less present when the outermost layer
of the LiIn surface consists of Li atoms.

This journal is © the Owner Societies 2024
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Top view

/‘Top view
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Fig. 1 Liln surfaces side and top views (a) (001), (b) (110), (c) (111), and (d) (112).

Table S3 (ESIt) reports @ and V values for Liln and Li
surfaces. LiIn(110), (112), and (111)-In have computed @ values
of 3.80 eV, 3.71 eV, and 3.91 eV respectively, contrasting with
the value of 2.80 eV for Liln(111)-Li, and a 2.47-2.99 eV range
for Li slabs. This different behavior of (111)-Li surface is more
apparent by considering the electrode potential. Although the
average value computed for all the surfaces is 0.53 V vs. Li*/Li,
very close to the experimental value (0.6 V vs. Li*/Li,'"), the
electrode potential of (110), (112) and (111)-In is about 2.3 V
significant different from the (111)-Li case whose value, 1.43 V
is very close the corresponding average value computed for
pure Li surfaces (1.4 V).

Collectively, these results predict a lower reducing power for
the Liln alloy with respect to Li-metal when the (110), (112),
and (111)-In facets are considered, and a strong effect of Li-
termination of the electronic properties of the (111)-Li surface.
This discrepancy is probably caused by the presence of a
topmost layer of pure Li atoms, which affects the position of
its @ value. Its influence on the reactivity of the surface,
however, is unclear. In addition, the analysis of the valence
and conduction band energy levels (HOMO and LUMO), as well
as the Fermi energy of the separated materials are not sufficient
to describe the stability of the interface in the face of redox
reactions or to predict the potential electrochemical reaction,
as discussed by Peljo and Girault.** Therefore, the stability of
the interface can only be investigated in more detail through
the construction of explicit interface models.

This journal is © the Owner Societies 2024

3.2 LiIn/LPS interfaces

The construction of heterostructures between different materi-
als must satisfy two important requirements. The first concerns
chemical compatibility and requires a certain degree of pseu-
domorphicity with the formation of new chemical bonds at the
interface that can stabilize the structure. The second is a
mechanical issue that concerns the match between the lattice
parameters of the substrate, fixed at the values of the bulk (LiIn
in this case) and those of the overlayer (LPS); if the difference is
too large, the mismatch may generate enough strain to desta-
bilize the structure. In this regard, it is necessary to identify a
coincidence cell between the two components that maximizes
mechanical compatibility, minimizes strain energy, and can at
the same time guarantee a good chemical adhesion.

Here we want to combine the most stable termination of
LPS, the (100) surface, with the previously investigated surfaces
of LiIn. We found three matches that satisfy the requirements
listed above and nominally the combination between LPS with
(110)LiIn, to form the (110)LiIn/(100)LPS heterostructure; with
(111)LiIn to form (111)-Li LiIn/(100)LPS and (111)-In Liln/
(100)LPS, because of the two terminations of the (111)LiIn
surface; and with (112)LiIn to give the (112)LiIn/(100)LPS inter-
face. Details on the coincidence cells selected for each hetero-
structure and related mismatch are reported in Table S1 of
ESL.f From Table S1 (ESIT) we note that excluding the (110)LiIn/
(100)LPS structure which presents a significant mismatch along
the lattice parameters a and b (—5.57% and —15.59% for a and

Phys. Chem. Chem. Phys., 2024, 26, 15648-15656 | 15651
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(a) (110) Liln/(100)LPS (b) (112) Liln/(100)LPS
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Fig. 2 Optimized interfaces (a) (110)Liln/(100)LPS, (b) (112)Liln/(100)LPS, (c) (111)-In Liln/(100)LPS, and (d) (111)-Li Liln/(100)LPS.

b, respectively), in all other cases the mismatch is almost
negligible, in that, it does not exceed 6% along both the lattice
parameters of the coincidence cell.

The four optimized interfaces are reported in Fig. 2 and their ~ 2.41-2.49 A.°

main energetic and electronic properties are in Table 2. Inspec-
tion of the figure shows the structural integrity of the two sub-
units: appreciable deformations of the structures are observed
only near the interface mainly due to the formation of Li-In

View Article Online
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bonds, with average bond length of ~2.96 A, very close to the
value for Liln bulk (see Table 1), and Li-S bonds, with average
length of ~2.43 A, again very close to the value found in LPS,

Analysis of the PDOS reported in Fig. S4 (ESIT) confirms this
behavior. In fact, it is observed that the valence band and the
conduction band are substantially unchanged in isolated LPS
and in the heterostructure. Furthermore, in the valence band,

Table 2 Functional used, Liln surface that made the interface with (100) LPS surface, adhesion energy (Eaqgn), strain (Esyain), basis set superposition error
(Egsse), BSSE corrected adhesion energy (ESqn), in meV A=2, electron charge transfer (CT, in 1072 |e| A=2), and the interface work function and adhesion
(@ ps/Liin and A®,q = D ps/Liin — PLin respectively, in eV, data from Tables S3 and S4 of ESI)

Functional LiIn surface Eaan Estrain Egsse Eqdn Ey CT Dy ps/Lin(APaq)
PBEO (110) —22.94 +17.31 +10.84 —12.09 —3.87 6.16 3.85 (0.05)
PBEO (112) —32.04 +4.58 +14.12 —-17.91 —3.78 10.01 3.81 (0.10)
PBEO (111)-In —33.58 +0.03 +16.59 —16.99 —3.58 5.65 3.88 (—0.03)
PBEO (111)-Li —28.04 +0.03 +14.11 —-13.91 —-3.83 3.51 3.60 (0.80)

15652 | Phys. Chem. Chem. Phys., 2024, 26, 15648-15656

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp00102h

Open Access Article. Published on 14 May 2024. Downloaded on 1/20/2026 6:44:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(a) (100)LPS —- (110)Liln
0.0 4

(b) (100)LPS — (112)Liln
0.0 4

(¢) (100)LPS — (111)-In Liln

(d) (100)LPS - (111)-Li Liln

View Article Online

PCCP

0.0 4 0.0
0.5 05 05 0.5
-1.0 -1.0 -1.0 -1.0 4
-1.54 -1.54 -1.54 -1.54
204 CByps 204 CB, 55 20 CBpg 20 CB, pS
25 25 25 25
3.0 - 3.0 = 3.0 3.0 =
S35 o35 S35 S35,
2 4.0 T 240k, 2 -40]Ep 2 4.0
= 45 °F = 4.5 = 4.5 = 4.5
5.0 5.0 5.0 5.0
55 55 55 5.5
-6.0 6.0 6.0 -6.04
6.5 6.5 65 657y
7.0 VByps 7.0 VB ps 7.0 VB ps 270 _mﬁﬁ_
75 15 15 754
8.0 8.0 8.0 8.0

(¢) (100)LPS/(110)Liln (f) (100)LPS/(112)Liln

0.0 4 0.0
05 0.5
1.0 -1.0 ]
157 CBypg 154 CBy ps
204 L 2.0 ]
25 25
3.0 =1.83e 3.0 =
oS-35 o35
E 4.0 @, 4.0
= 4.5 = 4.5
5.0 5.0
55 5.5
604 VB, g -6.0 VByps
N — 6.5
7.0 7.0
154 7.5
8.0 8.0

(2) (100)LPS/(111)-In Liln (h) (100)LPS/(111)-Li Liln
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Fig. 3 Band aligment for (a)-(d) LPS and Liln isolated surfaces and (e)-(h) LPS/Liln interfaces. The band alignment was made according to the zero

energy level assigned by the CRYSTAL code.

in the energy region between —6 and —9 eV, the formation
of new bonds involving sulfur, indium, and lithium can be
appreciated.

Egan offer insights into the attractive forces between Liln
and (100)LPS surfaces. Using the PBEO density functional, the
(112) surfaces exhibit relatively stronger adhesion energy,
—17.91 meV A7, followed by (111)In with a Eiq, value of
—16.99 meV A2, In comparison, the (111)-Li and 110 surfaces
show a slightly weaker adhesion, —13.91 and —12.09 meV A2,
respectively. Egq, computed at the MN15//PBEO and r2SCAN
levels follow the same trend as PBEO values; r2SCAN values are
quite close to PBEO ones (they range from —15 to —23 meV A™2),
MN15 energy values are significantly larger (they range from
—23 to —30 meV A™?) even if the order of stability of the
heterostructures computed by the three functionals is the
same, compare Tables S3 and S5 (ESIt); thus, in the attempt
to describe noncovalent interactions, MN15 functional may
offer a more accurate description of energetics, particularly in
scenarios where these contributions play a crucial role, such as
in interfaces involving metals and notably large atoms like In.
Correlating charge transfer (CT) with adhesion energies reveals
that higher CT values align with more negative Eg4, values,
which is particularly evident in the (112) surface, which exhibits
both higher adhesion and CT. This suggests a correlation
between charge transfer, interface bond formation, and the
strength of adhesion, underscoring the influence of charge
redistribution (bond polarization) on the attractive forces
between the surfaces.

Finally, considering the Egin, that is the energy cost for the
structural deformation required from LPS to match the lattice
parameters of the substrate, we can notice a relatively small
strain for the (112) interface Egyain = +4.58 meV A 2and actually
negligible strain for (111)-In and (111)-Li with Egyin values of

This journal is © the Owner Societies 2024

+0.03 meV A2, Only LPS in the (110) heterostructure undergoes
a significant expansion mainly along the b lattice para-
meter (see Table S1, ESIt) with a significant Eg.i, value of
+17.31 meV A~2. This high value of Eg.in does not necessarily
indicate an instability of the interface as it has been reported
several times in the literature®® that the intrinsic value of the
interface energy is dominated by the chemical compatibility
between the components rather than by mechanical issues.
However, for a correct description of the heterostructure, the
mechanical stress cannot be neglected, and the high Egain
value obtained for the (110)LiIn/(100)LPS interface indicates
that the junction is very far from ideality.

Thus, the adhesion energies presented in Table 2 for the
LiIn/LPS interfaces all indicate a good adhesion between Liln
and LPS at the anode/solid-electrolyte interface, despite the
absence of any major reconstruction of the interfaces. When
compared to our previous investigation of the Li-metal/LPS
interface,® which presents adhesion energy over one order of
magnitude larger, an interesting correlation can be drawn with
the reported experimental characteristics of the two anodes
and their computed bulk properties. The very large E,q, of the
Li-metal/LPS interface is due to the reduction of P>* to P73,
which causes a dramatic reconstruction of the interface, creat-
ing a mixed layer of Li,S and Liz;P between the two surfaces,
which contrasts with the relatively minor rearrangement
presented here for all Liln/LPS interfaces.

This result is consistent with our previous evaluation of
work function and band alignment data (Fig. 3), which pre-
dicted the stability of the LiIn/LPS interfaces. Furthermore, we
can now observe that the (111)-Li surface presents similar
adhesion properties than all other Liln surfaces, despite the
aforementioned electronic properties. Even though the outer-
most layer of Li atoms on the Liln surface is partially extracted
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towards LPS, consistently with the lower work function and AE
calculated for that model, the structural change is far less
dramatic compared to that found on Li/LPS interfaces: no
reduction of the solid electrolyte is identified and the move-
ment of Li atoms is limited to 0.67 A over the original Liln
surface, without the formation of Li,S and LizP interphase
layers. This is likely due to the lack of a pure Li reservoir in
the metallic slab and the far higher cohesion energy found
for the Liln alloy compared to Li metal (see Table S2, ESIt):
the stronger Li-In bonds prevent the partial dissolution of the
LiIn alloy even with more reductant potentials, and the lower
reductant power of the alloy, calculated in terms of work
function and AE, helps protect the surface.

Furthermore, the change in work function upon interface
formation (A®,q, see Table 2) also suggests higher stability for
all Liln surfaces; for the (110) and (112) surfaces, the work
function increases slightly; for the (111)-In, the change in work
function is negligible; but for the less stable (111)-Li surface,
the formation of the interface and its reconstruction lead to a
much deeper Fermi energy (as highlighted in Fig. 3h), increas-
ing its work function and AE (see Table 2 and Fig. 3).

Following these results, it is possible to rationalize the
outstanding results reported for the Liln anode cyclability in
terms of the stability of the Liln alloy: its higher cohesion
compared to Li-metal could prevent undesirable mobility of Li
atoms at the interface, while its deeper Fermi level with respect
to LPS conduction band provide increased stability towards LPS
reduction, preventing Li;P formation. Taken together, these
physical characteristics of Liln bulk and surface structures
provide a rationale for both the higher stability of Liln/LPS
presented in this paper and the improved cyclability of Liln-
based anodes reported by previous experimental papers.

It is important to note, however, that these results have been
obtained at 0 K, with no applied voltage, and without the
extensive sampling of the phase possible with AIMD or AIMC
simulations: these results are crucial in rationalizing the
experimentally proven Liln stability when compared to pure
Li alloys, but are not sufficient to predict the stability of Liln
anodes by themselves, an incredibly complex task that we
reserve for future investigations.

4. Conclusions

In this work, we have studied computationally, within a DFT
approach, the LiIn alloy (with 1:1 Li: In ratio) to investigate the
physical and chemical properties of Liln as a negative electrode
replacement for metallic Li in solid-state batteries. Four low-
index Liln surfaces, (110), (112), (111), and (001), have been
carefully characterized and have been found to be of compar-
able stability, since corresponding E,r differs by less than
15 meV A2 LiIn anode has been coupled with the LPS solid-
electrolyte identifying four feasible heterostructures: (112)Liln/
(100)LPS, (111)In LiIn/(100)LPS, (111)-Li LiIn/(100)LPS and
(110)-LiIn/(100)LPS. The calculated PBEO Egqn for LPS/Liln
heterojunctions are in the 13-18 meV A range, whereas
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MN15 values, which more accurately consider non-covalent
interactions, are predicted to be in the 23-30 meV A2 range,
confirming the importance of those interactions are important
heterojunctions involving metals. However, regardless of the
applied functional, the E5q;, trend is the same and all investi-
gated LiIn/LPS junctions are chemically stable and character-
ized by only minor rearrangements involving the interface
atomic layers, which stimulate the formation of new Li-S,
Li-In, and In-S bonds. This behavior is in stark contrast to
that reported for Li-metal/LPS heterostructures, where the
contact with Li promotes the reduction of P>* to P2, causing
the decomposition of the interface and the formation of a
mixed layer of Li,S and LizP. The remarkable difference in
the behavior between Li and Liln anodes can be correlated to
two main reasons: (i) a deeper Fermi energy for the Liln alloy
with respect to Li (computed as 0.7 eV, consistent with the value
of 0.6 V reported experimentally for the electrochemical
potential difference), inhibiting electron transfer to the con-
duction band of LizPS, and preventing electrolyte reduction;
(ii) strengthened cohesive energy in Liln alloy with respect to Li
metal, which further stabilizes the electrode material; (iii) the
lack of a pure Li reservoir at the interface between metal and
solid electrolyte. By considering all these three phenomena it is
possible to qualitatively correlate the bulk and surface proper-
ties of Liln with its improved performance as a battery anode.
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