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formation in all-solid-state
batteries: the role of interfacial adhesion on alkali
metal vacancy transport†

Ieuan David Seymour * and Ainara Aguadero

All-solid-state batteries containing a solid electrolyte and a lithium (Li) or sodium (Na) metal anode are

a promising solution to simultaneously increase the energy density and safety of rechargeable batteries.

However, problems remain with the stripping of alkali metal from the alkali metal/solid-state electrolyte

interface during discharge in which void formation and loss of contact can occur. A novel bond breaking

model is developed in this work to understand the relationship between alkali metal vacancy segregation

and interfacial adhesion at the alkali metal/solid-state electrolyte interface. The bond breaking approach

is tested against density functional theory (DFT) calculations of pristine Li and Na metal surfaces and

interfaces between Li and Na metal and model substrate structures (LiCl, Li3OCl, LiMg, Li2O, g-Li3PO4,

AlSc, NaCl and NaBr). The activation barrier for surface to subsurface vacancy diffusion was found to be

considerably larger than bulk diffusion in Li and Na slabs. At the alkali metal/solid-state electrolyte

interface, the preference for alkali metal vacancy segregation is shown to be intimately linked to the

interfacial work of adhesion (Wad) and alkali metal surface energy, sm. Suppression of alkali vacancy

segregation to the interface is found to occur when Wad $ 2sm. The role of interfacial structure on the

vacancy segregation energy is demonstrated for both coherent and incoherent Li/LiCl interfaces. This

work provides novel guidelines for the materials engineering of new solid-state electrolyte and interlayer

materials that can suppress void formation in all-solid-state batteries with alkali metal anodes.
Introduction

All-solid-state batteries (ASSB) containing fast ion conducting,
solid-state electrolyte (SSE) materials are at the forefront of
rechargeable battery technology, particularly for the next
generation of electric vehicle applications. The replacement of
ammable organic liquid electrolytes with non-ammable SSE
materials provides a signicant improvement in battery safety.
The introduction of a SSE may also enable the use of a pure
lithium or sodium metal anode, which would increase the
practical volumetric and gravimetric energy density of ASSB
relative to conventional liquid electrolyte batteries.1,2 However,
challenges relating to the dynamic stability of the alkali metal/
SSE interface under fast rates of discharge and charge still need
to be addressed to facilitate the adoption of ASSBs with alkali
metal anodes.

Due to the strongly reducing nature of alkali-metal anodes,
only a limited number of SSE systems including Li7La3Zr2O12

(LLZO) garnets,3–6 antiperovskite Li3OCl7–9 and Na b00-
alumina,10–12 have been shown to be either thermodynamically
e London, Exhibition Road, SW7 2AZ
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f Chemistry 2021
stable or kinetically stabilised, with very small driving forces for
reaction, against alkali metals. The majority of commonly
studied SSE materials are thermodynamically unstable and can
react with alkali metals to form secondary interphases.13,14 Two
types of interphase are commonly distinguished: (i) a kinetically
self-limiting interphase that is ionically conducting, but elec-
tronic insulating or (ii) a reactive, unstable interphase that is
a mixed ionic and electronic conductor.15,16 In the latter case,
continuous degradation of the SSE will occur leading to poor
electrochemical performance.

In addition to having high stability under static conditions,
the alkali metal/SSE interface is also required to display an
interfacial resistance (<10 U cm2) to facilitate rapid alkali metal
stripping and plating during discharge and charge, respec-
tively.16 Although a full understanding of all of the atomistic
processes that affect the interfacial resistance has not been
established, it has been demonstrated that the adhesion
between the alkali metal and SSE plays a crucial role.17,18 The
interfacial adhesion or ‘wetting’ at the alkali metal/SSE interface
is related to the surface chemistry and nature of bonding
between the materials. Experimentally, contact angle measure-
ments are commonly used to determine the work of adhesion
(Wad) between a liquid and solid phase in which a hemi-
spherical droplet of liquid, such as an alkali metal, forms an
angle of q on a solid substrate.
J. Mater. Chem. A, 2021, 9, 19901–19913 | 19901
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For an as-synthesised and polished LLZO substrate, a high
contact angle of q ¼ 142� with molten Li was previously
observed indicating poor metal–ceramic adhesion at the inter-
face.17 Aer high temperature heat treatment, a lower contact
angle of q¼ 95� was found which was ascribed to the removal of
contaminants, such as Li2CO3, that were present on the as-
synthesised material. For the LLZO family of materials, it has
been demonstrated that the intrinsic charge transfer resistance
across the Li/LLZO interface is very small once contaminant
layers have been removed.17,19–21 Analogously, in the Na b00-
alumina system, the removal of hydroxyl and carbon contami-
nants through heat treatment in an inert atmosphere was found
to lead to very small (<10 U cm2) interfacial resistances with Na
metal.12 Improvement of the wetting between alkali metals and
SSE surfaces has been achieved in several studies through the
addition of a thin, metallic interlayer phase.22–24 The interlayer
materials typically form an alloy with Li (Na) that acts as an
alkali conducting buffer that displays strong adhesion with
both the Li (Na) metal and the SSE.

The reactivity of molten Li and Na with environmental
contaminants such as O2 and CO2 make experimental contact
angles measurements challenging, and as such, only a limited
amount of quantitative data is currently available on the work of
adhesion with different SSE materials. Density functional
theory (DFT) calculations are particularly powerful for under-
standing the structure and adhesion of alkali metal/SSE inter-
faces. In the case of LLZO, DFT calculations have been used to
show that the work of adhesion of Li metal on a LLZO substrate
(Wad ¼ 0.67 J m�2) was considerably larger than on a Li2CO3 (0.1
J m�2) substrate, in agreement with experimental contact
measurements.17 In a separate study, the work of adhesion of Li
with LLZO was found to be dependent on the coordination of Zr
ions on the surface, with low coordination environments
leading to strong wetting.25 A strong dependence of the work of
adhesion on the surface chemistry was also shown for the
Li3OCl system, in which O terminated surfaces displayed
considerably stronger adhesion (0.77 J m�2) with Li metal
compared to Cl terminated surfaces (0.09 J m�2).26 For the Na
b00-alumina system, it was demonstrated through ab initio
molecular dynamics simulations that the addition of caesium
lowered the contact angle and increased the work of adhesion of
Na droplets on the surface of Na b00-alumina.27

Even though materials such as LLZO and Na b00-alumina
display minimal thermodynamic driving force for reaction with
Li and Na metal, high interfacial resistances are still observed
during stripping (discharge) and plating (charge) of solid Li and
Na metal at high current densities.28,29 The origin of this large
interfacial resistance on stripping has been attributed to the
loss of contact between the alkali metal (Li or Na) and SSE
material.30 During discharge, Li (Na) atoms are stripped from
the Li (Na) metal surface and inserted into the SSE as a Li+ (Na+)
ion, leaving behind a vacancy in the Li (Na) metal.16,31 The rate of
injection of Li (Na) vacancies into the Li (Na) metal is controlled
by the applied current. The accumulation of Li (Na) vacancies
can lead to the formation of voids at the interface, which
reduces the contact between the Li (Na) metal and SSE and
increases the interfacial resistance.
19902 | J. Mater. Chem. A, 2021, 9, 19901–19913
To suppress void formation, the rate of Li (Na) transfer from
the bulk Li (Na) metal to the Li (Na)/SSE interface must be faster
than the rate of vacancy creation. Twomainmechanisms lead to
alkali metal transport to the interface: stress driven creep and
vacancy diffusion.32 In the case of creep, when stripping of Li
(Na) atoms occurs under an applied pressure, deformation of
the Li (Na) can occur below the yield stress which drives Li (Na)
to the interface and closes voids. Power law creep, involving
dislocation climb was proposed to be the dominant creep
mechanism for Li.33 However, it has been shown that critical
stack pressures on the order of 10 MPa are required to suppress
void formation in Li and Na systems at current densities on the
order of 1 mA cm�2.28,29,34 The application of high pressures in
practical battery devices with Li or Na metals anodes poses
a signicant challenge.

In the case of vacancy diffusion, vacancies created at the
interface can either diffuse into the bulk of the Li (Na) metal or
be annihilated at features such as dislocations at the interface.30

The rate of vacancy diffusion away from the interface into the
bulk depends on the fundament transport mechanisms present
within the Li (Na) metal. Self-diffusion in alkali metals has
previously been proposed to be an important factor dictating
the growth of dendrites on alkali metal surfaces.35,36 Experi-
mental and computational studies have shown that the self-
diffusion mechanism in bulk Li and Na metal is dominated
by monovacancy transport.37 Under thermal equilibrium, the
overall activation energy for self-diffusion, ESDVm ¼ EfVm + EmVm, is
given as the sum of the vacancy formation energy, EfVm, and the
activation energy, EmVm. DFT calculations have indicated that the
activation energies of monovacancies in Li ðEm

VLi
¼ 0:053 eVÞ

and Na ðEm
VNa

¼ 0:053 eVÞ are considerably smaller than the
formation energies (Ef

VLi
¼ 0:506 eV and Ef

VNa
¼ 0:334 eV).38

The DFT computed values of ESDVm are in good agreement with
experimental NMR and radiotracer measurements of the
diffusion coefficient in Li and Na, indicating that vacancy
formation is rate limiting in Li and Na.39,40 The very small
EmVm values for Li and Na indicate that once created, vacancies in
Li and Na are expected to move rapidly in the bulk, even at room
temperature. For Li metal, based on the diffusion coefficient for
monovacancy self-diffusion, vacancy supersaturation and void
formation is predicted to occur at the Li metal/SSE interface,
even for small currents of 50–200 mA cm�2.30

Importantly, alkali metal transport via both creep and
vacancy diffusion limits the current density of alkali metals in
the solid state. However, it has recently been shown for the Na/
Na b00-alumina system that when Na metal is in the liquid state,
signicantly higher (1000�) current densities can be applied
without loss of contact.41 Void formation at the Li/LLZO inter-
face was also recently shown to be suppressed by the intro-
duction of a thin liquid Na–K alloy layer.42 It should also be
highlighted that metal vacancy assisted void formation is not
unique to all-solid-state batteries and is a common phenom-
enon observed other elds including radiation induced voids in
bimetallic composites43 and cavity formation during oxide lm
growth.44,45

Little is known about how the activation barrier for vacancy
migration changes at the solid–solid alkali metal/SSE interface,
This journal is © The Royal Society of Chemistry 2021
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even though this is of crucial importance for understanding the
formation of voids during alkali metal stripping. In a recent
kineticMonte Carlo (KMC) study by Tewari andMukherjee, it was
demonstrated that when the strength of the bonding between Li
and a model 2D SSE was greater than or equal to the strength of
the Li–Li bonding in Li metal, voids were suppressed during Li
metal deposition.46 In another study by Yang et al., large-scale
molecular dynamics calculations were used to show how both
the work of adhesion and pressure affect void formation at
amodel Limetal/SSE interface.47 It was demonstrated that a work
of adhesionWad > 0.7 J m

�2 was required to suppress voids at the
BCC Li (100)/SSE interface with the application of a moderate
pressure (10–20 MPa).47 A fundamental difference was also
observed in this study between coherent and incoherent Limetal/
SSE interfaces, in which lower Li vacancy diffusion into the Li
bulk was observed in the latter case.

In the current study, we develop a bond breaking model in
combination with DFT calculations to understand the funda-
mental relationship between alkali metal vacancy diffusion and
the work of adhesion at the alkali metal/SSE interface. The
segregation energy of Li and Na metal vacancies from the alkali
metal bulk to both a free metal surface and coherent Li (Na)/SSE
interface is qualitatively captured with the bond breaking
model, providing mechanistic insight about the role of inter-
facial bonding on vacancy segregation. The model is further
developed to understand how incoherency at the Li (Na)/SSE
interface affects the vacancy segregation. The results from this
work provide novel insights about the links between interfacial
adhesion and alkali metal surface energy on the transport of
alkali metal vacancies, providing simple criteria for rational
design of SSE materials that have higher tolerance to void
formation.
Methodology
Computational details

Density functional theory (DFT) calculations were performed in
this work with the Vienna Ab initio Simulation Package, using
the Perdew–Burke–Ernzerhof (PBE) exchange–correlation func-
tional.48,49 Projector-augmented wave (PAW) pseudopotentials
were used for all species, with a plane wave cut off of 500 eV.50

To minimise the computational cost of studying large interface
structures, the soest PAW pseudopotentials from each
element were adopted from the VASP 5.4.4 distribution, which
are labelled Li, Na, P, Al, Mg, Sc, Cl, Br, S and O_s. Tests of
pseudopotentials containing additional valence electrons did
not result in qualitative differences to bulk unit cell structures.
Non-spin polarised calculations were used throughout, with an
electronic energy convergence of 1 � 10�6 eV or better. Meth-
fessel–Paxton smearing was used for all calculations with
a smearing width of 0.1 eV.51 The unit cell parameters and
atomic positions of alkali metal and substrate unit cells were
optimised without symmetry constraints until the force on any
atom fell below 0.01 eV �A�1. For slab calculations, the lattice
parameters were xed to the optimised unit cell parameters and
the atomic positions relaxed to a force tolerance of 0.01 eV�A�1.
This journal is © The Royal Society of Chemistry 2021
Gamma centred k-point meshes with grids of 8 � 8 � 8 and
11 � 11 � 5 were used to sample the Brillouin zone of body
centred cubic (BCC) Li and Na and hexagonal the close packed
(HCP) Li unit cells, respectively, which resulted in a total energy
convergence of <5 meV per atom. The lattice parameters of the
BCC andHCP phases are shown in Table S1.†Gamma centred k-
point meshes were also used for substrate unit cells in which
the same k-point mesh density as used for the BCC or HCP alkali
metal unit cells was adopted. The same reciprocal space k-point
mesh density used for the unit cell structures was also used for
supercell calculations in the ab plane parallel to the surface/
interface, and a single k-point was used along the c vacuum
direction. For surface and interface slab calculations, a vacuum
thickness of 15 �A or greater was used in all cases. Activation
barrier calculations on Li and Na slabs were performed with the
climbing image nudged elastic band (NEB) method with 3
intermediate images along the band.52,53 Optimisation of the
NEB images was performed under xed cell conditions until the
force on any atom fell below 0.01 eV �A�1 for each image. All
structural images in this work were produced using the Vesta
visualization soware.54

Surface slab generation

A series of model interface structures were generated in this
study to investigate the segregation of alkali metal vacancies at
solid–solid interfaces in both Li and Na metal all-solid-state
batteries (ASSB). At room temperature, Li and Na metal are
commonly indexed with the body centred cubic (BCC) struc-
ture,55,56 although the energy of the BCC, hexagonal close
packed (HCP) and face centred cubic (FCC) structures are
almost degenerate from DFT calculations.57,58 In this work, the
BCC structure was used for Nametal and both the BCC andHCP
structures were investigated for Li, depending on the type of
substrate. A series of representative model compounds LiCl
(Fm�3m), NaCl (Fm�3m), NaBr (Fm�3m), Li2O (Fm�3m), Li3OCl
(Pm�3m), g-Li3PO4 (Pnma), LiMg (Pm�3m), AlSc (Pm�3m), with very
different electronic structures were selected to form interfaces
with Li or Na metal. The alkali metal and substrate unit cell
structures are shown in Fig. S1.† With the exception of LiMg
and g-Li3PO4, as detailed further in the ESI Methods section,†
all of the model substrate phases in this work are predicted to
be thermodynamically stable against Li or Na metal, based on
DFT calculated reaction energies obtained from the Materials
Project.59 All substrate phases contained a fully occupied Li or
Na sublattice to minimise the computational complexity asso-
ciated with partial alkali ion occupation. Symmetric surface
slabs were generated in this work using the pymatgen python
package.60,61 Further discussion about the choices of substrate
structures studied in this work and the surface terminations of
alkali metal and substrate slabs used can be found in the ESI
Methods section.†

The surface energy (s) of the alkali metal and substrate
phases was calculated as:

s ¼

�
Eslab �mEbulk �

P
i

Dnimi

�

2A
(1)
J. Mater. Chem. A, 2021, 9, 19901–19913 | 19903
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where Ebulk and Eslab are the energies of the stoichiometric bulk
phase and surface slab containing m formula units, respec-
tively. A is the cross-sectional area of the slab which contains
two free surfaces. For non-stoichiometric substrate surfaces, the
surface energy additionally depends on the chemical potential
mi of species i, which have an excess or deciency of Dni relative
to the stoichiometric bulk phase. Suitable reference phases are
then required to dene the limits of mi for each system.

The surface energies of alkali metal slabs were calculated
both under zero strain conditions and under strain within the
surface plane, required to match the lattices parameters of
substrate phases. The surface energy, s, in eqn (1) is therefore
dependent on the magnitude of the strain. The strain contri-
bution to the surface energy of the alkali metal slabs was
partially cancelled by applying the same strain to the slab when
calculating the reference bulk energy Ebulk. For both strained
and unstrained alkali metal slabs, Ebulk was calculated using the
method of Vincenzo and Methfessel, in which the energies of 5
slabs with different thickness in the c-direction were calcu-
lated.62 Additional corrections to the alkali metal surface energy
such as those in ref. 63 were not included, although they are
expected to be small for Li and Na from previous work.64 For the
substrate phases, which were not subjected to a strain, the bulk
energy, Ebulk, was calculated from fully optimised, periodic unit
cell structures of each material.
Interface generation

Coherent interface structures were formed by performing
supercell transformations of the Li and Na metal slabs to match
the atomic positions of the substrate slabs (Tables S2–S4†).
Alkali metal/substrate interface pairings were only considered
between interfaces that had similar atomic arrangements on
the surface. The lattice parameters of the Li or Na slabs were
then strained to match the lattice parameters of the substrates
and both slabs were combined into a single supercell with the
addition of a vacuum region.

The LiCl, LiMg and AlSc (100) surfaces were paired with the
BCC Li (100) surface. The NaCl and NaBr surfaces were paired
with the BCC Na (100) surface. The Li3OCl (100) surface was
paired with both the BCC Li and Na (100) surfaces, as the lattice
parameter of Li3OCl (3.886�A) was intermediate between BCC Li
(3.436 �A) and BCC Na (4.194 �A). The cation sublattice of g-
Li3PO4 adopts the same structure as HCP Li. The (100) surface of
the Pnma g-Li3PO4 structure was therefore paired with the
analogous (10�10) surface of the HCP Li structure. The Li2O (111)
surface was paired with the (0001) basal surface of HCP Li, as
both surfaces have a close packed Li conguration.

The orientation relationship between the alkali metal slab
and the substrate was set by the atomic arrangement of the
surface planes, although relative translations, both parallel (ab
plane) and perpendicular (c direction) to the interface are still
possible. To limit the number of congurations under study,
initial structures were generated in which the alkali atoms in
the alkali metal slabs were aligned above the anion sites in the
substrate. For metallic phases (LiMg and AlSc), the Li atoms in
the Li slab were aligned above the hollow sites on the substrate
19904 | J. Mater. Chem. A, 2021, 9, 19901–19913
surface. The initial separation between the slabs in the c
direction was approximately chosen based on the separation
between planes in the substrate material. Supercell expansions
of the a and b lattice parameters were then applied to minimise
the interactions between periodic images. All atoms in both
slabs were then allowed to fully relax and the interface separa-
tion to adopt an optimal value. The resulting interface struc-
tures for all systems are shown in Fig. S2.†

The work of adhesion (Wad) between an alkali metal slab and
a substrate slab was evaluated as:

Wad ¼ (Em + Esub � Eint)/A (2)

where Em, Esub and Eint are the energies of the relaxed alkali
metal slab, substrate slab and combined interface, respectively,
and A is the cross-sectional area of the slab. The same size of
supercell was used for the evaluation of Em, Esub and Eint for
each system. For all systems, the value ofWad normalised by the
surface atom density of the alkali metal, r, was also calculated.
Vacancy formation

Alkali metal vacancies were introduced into the alkali metal
slabs and alkali metal/substrate interfaces by removing a single
alkali metal atom from different positions along the c direction
to investigate the energetic preference for vacancy segregation.
The alkali metal vacancy formation energy for a slab (or inter-
face) containing i alkali metal atoms is dened as:

EVm ¼ Eslab,i�1 � Eslab,i + Ebulk (3)

The energy of a single alkali atom in the bulk, Ebulk, is taken
from the previous calculation of the surface energy in eqn (1).
Analogous to the surface energy, EVm is dependent on the strain
applied to the alkali metal slab. Removal of alkali atoms from
the SSE substrate was not considered as the focus of this work is
on void formation on the alkali metal side of the interface. The
barrier for alkali ion insertion into the SSE is important for
understanding the interfacial charge transfer as previously
shown by Gao et al., for LLZO, however, it is beyond the scope of
the current study.65
Results and discussion
Bond breaking model

In the following section, a simple bond breaking model based
on the previous study by Kumar et al.66 is developed to under-
stand the relationship between the segregation of alkali metal
vacancies at the metal–solid interface and the interfacial work
of adhesion (Wad).

The creation of an alkali metal surface requires the breaking
of Ns alkali metal bonds, with bond energy, em–m and a surface
density, r. The corresponding surface energy is:

sm ¼ Nsem–mr (4)

An analogous surface energy can be dened for a ceramic or
metal substrate:
This journal is © The Royal Society of Chemistry 2021
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ssub ¼ N
0
sesub�subr

0 (5)

in which N 0
s bonds between substrate atoms are broken with

a bond energy and surface density of esub–sub and r0, respec-
tively. The absolute number of bonds broken and the corre-
sponding energy is more challenging to dene in metals
compared to ionic solids, as it has previously been established
that the bonding energy has a dependence on square root of the
density in metals.67,68 In the current model, as energy differ-
ences are taken between structures with similar alkali metal
coordination environments, the simple bond breaking
approach without a square root density dependence still
provides qualitatively correct results, as will be shown later in
comparison with DFT calculations.

The interfacial energy between an alkali metal and
a substrate (ceramic or metal) is given by:

gi ¼ sm + ssub � 2Niem–subr (6)

where, Ni is the number of alkali metal–substrate bonds at the
interface, em–sub is the alkali metal–substrate bond energy. The
work of adhesion can be dened in terms of the surface and
interfacial energies as:

Wad ¼ sm + ssub � gi ¼ 2Niem–subr (7)

The energy to form a vacancy in the bulk of an alkali metal
(i.e. away from the interface) involves breaking Nb alkali metal
bonds:

EBulk
Vm ¼ Nbem–m (8)

At a free metal surface in the absence of a substrate, Ns

bonds have already been broken per atom, so the formation
energy to form a vacancy is smaller:

EFree
Vm ¼ (Nb � Ns)em–m (9)

The energy to form a vacancy at the alkali metal/substrate
interface requires breaking additional alkali metal–substrate
bonds:

EInt
Vm ¼ Niem–sub + (Nb � Ns)em–m (10)

Combining eqn (4), (7), (8) and (10), the energy difference
between an alkali metal vacancy at the bulk and interface,
subsequently referred to as the segregation energy, is:

DEBulk–Int
Vm ¼ EBulk

Vm � EInt
Vm

¼ Nbem–m � Niem–sub ¼ (sm � Wad/2)/r (11)

The energy difference between an alkali metal vacancy at the
bulk and free surface is:

DEBulk–Free
Vm ¼ EBulk

Vm � EFree
Vm

¼ Nbem–m � (Nb � Ns)em–m ¼ sm/r (12)

An important result from the relationship in eqn (11) is that
when Wad ¼ 2sm, the segregation energy is DEBulk–IntVm ¼ 0, i.e.
This journal is © The Royal Society of Chemistry 2021
there is no preference for the segregation of vacancies. When
Wad < 2sm, there is an energetic preference for alkali metal
vacancies to reside at the interface and whenWad > 2sm there is
an energetic preference for vacancies to be injected into the
bulk. That is, suppression of alkali vacancy segregation to the
interface occurs when Wad $ 2sm.

Although the use of a simple bond breaking model may be
a simplication of the nature of bonding in metallic systems, it
should be highlighted that the criteriaWad¼ 2sm becomes exact
in the trivial case of a coherent interface between an alkali metal
and a substrate of the samemetal with the same orientation, i.e.
in the bulk. As indicated in the Introduction, contact angle
measurements are commonly used experimentally to determine
the value of Wad for a material system. Wad is related to the
metal surface energy, sm, and the contact angle q via the Young–
Dupré equation, Wad ¼ sm(1 + cos q). Inserting the criteria of
Wad ¼ 2sm into the Young–Dupré equation leads to the result
that a contact angle of q ¼ 0� between the substrate and liquid
alkali metal is required to suppress the energetic preference for
vacancy segregation to the interface.

In the following sections, the bond breaking model in eqn
(11) and (12) is tested rst on free metal surfaces and then using
a series of model ceramic and metallic substrate materials
relevant to all-solid-state-batteries.
Free alkali metal surfaces

Vacancy segregation at an alkali metal surface. The surface
energies of the (100) surfaces of BCC Li and Na, and (10�10) and
(0001) surfaces of HCP Li were calculated with unstrained
surface slabs, as shown in Table S5.† The surface energies of
0.463 and 0.230 J m�2 for relaxed BCC Li and Na (100) slabs,
respectively, are in good agreement with previous studies.64 A
very small difference in the energy was observed between the as-
cleaved and relaxed BCC (100) surfaces for both Li and Na. The
(10�10) and (0001) surfaces of HCP Li are higher in energy per
unit area than the (100) surface of BCC Li. However, for the
bond breaking model in eqn (11) and (12), the surface energy
per surface atom, sm/r, is also important. For the basal (0001)
plane, the Li atoms are in a close packed arrangement with
a high density of 12.26 atoms per nm2. For the (10�10) surface, Li
atoms in layer 1 and 2 experience a reduction in rst nearest
neighbour (1nn) coordination from 12 to 8 and 10, respectively,
and so both types of atoms are included in the surface atom
density, r. When normalised per surface atom, both the (0001)
(0.290 eV per atom) and (101�0) (0.253 eV per atom) Li HCP
surfaces have lower energies than the BCC Li (100) surface
(0.341 eV per atom).

The diffusion of a metal vacancy from the surface (layer 1) to
the bulk (layer 6) was studied for each structure. The results for
an 11 Li layer slab of the BCC Li (100) surface are shown in
Fig. 1a and b, and the results for BCC Na (100) and HCP Li are
shown in Fig. S3–S5.† The bond breaking model described
previously does not explicitly take into account the effect of
structural relaxation on the on the vacancy formation energy,
EVm. The role of relaxation of the BCC Li (100) surface and of the
neighbouring atoms around the vacant Li site on EVm was
J. Mater. Chem. A, 2021, 9, 19901–19913 | 19905
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Fig. 1 (a) BCC Li (100) slab structure containing 11 Li layers. (b) Vari-
ation in Li-vacancy formation energy, EVm, in different layers from the
slab surface (layer 1) to the slab bulk (layer 6). Vacancy formation
energies were calculated for Li slabs without relaxation (as-cleaved),
with surface relaxation (relaxed surface) and with full relaxation of all
atoms.
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probed using three separate DFT calculations at each vacancy
position. In the rst set of calculations, the energy of vacancies
in the unrelaxed, ‘as-cleaved’ Li (100) slab structure were
calculated. In the second set, the pristine Li (100) slab was rst
fully relaxed aer which vacancies were introduced at different
positions without further relaxation, subsequently referred to as
‘relaxed-surface’. In the nal case, all atoms at the surface and
around the vacant site were relaxed. The resulting vacancy
formation energies are shown in Fig. 1b.

For the ‘as-cleaved’ and ‘relaxed surface’ structures in which
no relaxation around the vacancy was allowed, it can be seen
from Fig. 1b that the energy to form a vacancy at the BCC Li
(100) surface layer (EFreeVm � 0.3 eV) is approximately half that in
the bulk (EBulkVm � 0.6 eV). Beyond the top surface layer (layer 1),
EVm rapidly reaches the bulk value, suggesting that the prefer-
ence for vacancy formation at the surface is a highly localised
effect that originates from the undercoordinated nature of the
Li atoms within the surface plane. The vacancy formation
energy has previously been shown to be surface dependent
where low index surface planes such as the (210) surface of BCC
Li are expected to have even lower EFreeVm values than the (100)
surface.64 A EFreeVm value of �0 eV is expected to occur at a surface
kink site. The segregation energies, DEBulk–FreeVm , as outlined in
eqn (12) for the ‘as-cleaved’ and ‘relaxed surface’ cases are
0.321 eV and 0.302 eV, respectively. These values are in agree-
ment with the as cleaved (sm ¼ 0.343 eV per atom) and relaxed
(sm ¼ 0.341 eV per atom) (100) surface energies of BCC Li,
normalised per atom, indicating that the result DEBulk–FreeVm ¼
sm/r obtained from the bond breaking model is in qualitative
agreement with the current DFT calculations.

When relaxation of the atoms around the vacancy is included,
the vacancy formation energy at all positions decreases. The
19906 | J. Mater. Chem. A, 2021, 9, 19901–19913
formation energy of a Li vacancy in the centre of the slab EBulkVm ¼
0.482 eV is consistent with previous DFT calculations on bulk Li
systems.37,38 For the (100) surface of BCC Li, the decrease in EVm
aer vacancy relaxation is slightly larger in the bulk (0.13 eV)
compared to the surface layer (0.06 eV). This difference leads to
a smaller DEBulk–FreeVm value for the relaxed vacancy case (0.233 eV)
compared to the ‘as-cleaved’ and ‘relaxed surface’ systems. The
largest change in vacancy formation energy aer vacancy relaxation
was observed in layer 2, in which the presence of the free surface
facilitated a substantial relaxation of the neighbouring Li sites as
shown in Fig. S6.†

The same analysis was also performed for the Na BCC (100)
surface and HCP Li (10�10) and (0001) as shown in Fig. S3–S5.†
The results for the Na BCC (100) surface are in close agreement
with BCC Li (100), in which relaxation around the vacancy leads
to a decrease in the energy of all sites by >0.12 eV. The largest
energy change aer relaxation was again observed for a vacancy
in layer 2. The DEBulk–FreeVm values of for the ‘as-cleaved’ (0.182
eV), ‘relaxed surface’ (0.176 eV) and ‘fully relaxed case (0.182
eV), are more similar for Na BCC (100) compared to Li BCC (100)
as the change in EVm aer relaxation in the former case was
almost identical at the surface (layer 1) and the bulk (layer 6).

For the HCP Li (10�10) and (0001) systems, a much smaller
energy difference between the as cleaved and relaxed vacancy
energies was observed for all sites compared to the BCC Li (100)
system. The smaller vacancy relaxation of the HCP Li structure
over the BCC Li structure is likely due to the higher packing
density in the former material, which was previously shown to
have an important impact on the relaxation of vacancies on
different Al surfaces.69 For the (0001) slab, the unrelaxed/relaxed
values of DEBulk–FreeVm (0.360–0.375 eV) are in good agreement
with the as cleaved (0.300 eV per atom) and relaxed (0.290 eV per
atom) surface energies. Unlike in the BCC structure, during
relaxation, the vacancy in layer 2 of the (0001) slab spontane-
ously relaxed to the surface layer, suggesting that the rst
subsurface layer is an unstable position for vacancies in the
HCP Li (0001) surface.

As discussed previously, for the (10�10) surface, the Li atoms
in layers 1 and 2 have a lower 1nn coordination than the bulk.
From Fig. S5,† it can be seen that the EVm for a vacancy in layer 2
(�0.46 eV) is in-between that in layer 1 (�0.18 eV) and layer 6
(�0.62 eV). To approximate the value of EFreeVm for the (10�10)
structure, an average of the EVm was taken. The resulting DEBulk–
Free

Vm values of 0.295–0.311 eV are in good agreement with the
as cleaved (0.258 eV per atom) and relaxed (0.253 eV per atom)
(101�0) surface energies.

Alkali metal vacancy diffusion. In previous reports, it has
been shown that the activation barriers for vacancies in bulk
BCC Li (0.055 eV) and Na (0.054 eV) are considerably smaller
than the vacancy formation energies of 0.506 eV and 0.334 eV,
respectively.38 However, the activation barrier for Li or Na
vacancies to diffuse from the surface to the bulk of alkali metal
slabs has not previously been calculated. The activation barriers
for Li and Na vacancies to diffuse from the (100) surface of BCC
Li and Na to the bulk between adjacent sites along the h111i
directions were calculated using NEB calculations as shown in
Fig. 2a and b, respectively.
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Nudged elastic band activation barriers for vacancy diffusion
between the (100) surface (layer 1) and bulk (layer 6) of and 11 slab
supercell of (a) BCC Li and (b) BCC Na. Labels above the local minima
(blue squares) indicate the layer number in the supercell.

Fig. 3 DFT optimised structures (a) LiCl (100)/Li (100) and (b) LiMg
(100)/Li (100) interfaces. Strains of �0.14 and +5.67%, respectively,
were applied to the Li slab lattice parameters within the interfacial
plane. Li atoms in the BCC slab and LiCl or LiMg substrates are col-
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The activation barriers for diffusion between layers 5 and 6
in the bulk of the Li and Na slabs are very small at 0.037 and
0.040 eV, respectively, which are on the same order as thermal
energy at T ¼ 300 K (kBT ¼ 0.026 eV). The barrier for diffusion
from the BCC (100) surface (layer 1) to the subsurface (layer 2) in
Li and Na is considerably larger at 0.238 and 0.182 eV, respec-
tively, which suggests that the dynamics of isolated vacancies
will be dominated by this surface to subsurface step. As the
activation barrier of ‘bulk’ vacancies is so small, the total acti-
vation barrier for surface to bulk diffusion can be approximated
as the difference between the energy of a vacancy at the surface
compared to the bulk, i.e. DEBulk–FreeVm , which for the BCC Li (100)
and Na (100) surfaces are, 0.233 eV and 0.182 eV, respectively.
The lower value for DEBulk–FreeVm for Na compared to Li indicates
that Na will have intrinsically faster vacancy dynamics which
will lead to a higher resistance to void formation.

The Li vacancy activation barriers from the surface to the
bulk of (10�10) and (0001) HCP Li slabs were also calculated as
shown in Fig. S6.† For the (10�10) and (0001) slabs, vacancy hops
were considered perpendicular to the surface between adjacent
sites along h101�0i and h22�03i directions, respectively. For the
(0001) surface, as a vacancy in layer 2 was previously found to be
unstable, a longer ranged hop between a vacancy in layer 1 and
layer 3 was considered for the surface to subsurface step. Larger
barriers of 0.125 and 0.118 eV were observed for Li vacancy hops
in the bulk of the (101�0) and (0001) HCP Li slabs, respectively,
as compared to the BCC Li (100) structure. For both the (101�0)
(0.444 eV) and (0001) (0.438 eV) slabs, the surface to subsurface
barrier was found to be considerably larger than the bulk acti-
vation barrier, as was the case BCC Li and Na systems. This
result indicates that regardless of the structure, the surface to
subsurface vacancy activation barrier plays a dominant role in
the vacancy dynamics in alkali metals.
oured green and blue, respectively, to distinguish them. (c) Compar-
ison of Li vacancy formation energy, EVm, in BCC Li after vacancy
relaxation in different layers away from the Li surface (layer 1) of a LiMg
(100)/Li (100) and LiCl (100)/Li (100) interface. The difference in
vacancy formation energy DEBulk–IntVm between the bulk (layer 6) and
interface (layer 1) is indicated with arrows for the LiMg (100)/Li (100)
and LiCl (100)/Li (100) interfaces.
Alkali metal/substrate interfaces

Coherent interface calculations. Coherent interfaces were
formed between strained slabs of Li (BCC and HCP) and Na
(BCC) metal with different model substrates to study the effect
This journal is © The Royal Society of Chemistry 2021
of interfacial adhesion on the vacancy segregation energy. It can
be seen from Table S6† that the values of Wad vary by almost an
order of magnitude for the different substrates depending on
the electronic structure. The smallest values for Wad were
observed for the alkali halide terminated surfaces (LiCl, Li3OCl
(Cl-term), NaCl and NaBr) with the largest values of Wad

observed for metallic substrates (LiMg and AlSc). The oxide and
phosphate terminated surfaces (Li2O, Li3OCl (O-term) and
Li3PO4), have Wad values in-between the alkali halide and
metallic substrates, consistent with previous reports.26,70,71

From Table S6,† the magnitude of Wad is correlated with the
substrate surface energy, ssub, as expected from eqn (7).

The vacancy formation energy, EVm, at different distances
from the BCC Li (100) surface was initially tested for the Li (100)/
LiCl (100) (Fig. 3a) and Li (100)/LiMg (100) (Fig. 3b) interfaces.
Analogous to the free metal surfaces described previously in
Fig. 1 and S3–S5,† the effect of relaxation on the vacancy
segregation energy DEBulk–IntVm was evaluated with two separate
J. Mater. Chem. A, 2021, 9, 19901–19913 | 19907
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Fig. 4 Plot of vacancy segregation energy (DEBulk–IntVm ) with surface
energy, sm, and work of adhesion Wad, for coherent alkali metal/
substrate interfaces. The bond breaking model from eqn (11) is shown
as a dot-dash line. Li and Nametals systems are shownwith closed and
open symbols. For all structures, DEBulk–IntVm is calculated after vacancy
relaxation. The origin where Wad ¼ 2sm and DEBulk–IntVm ¼ 0 is marked
with a red dot. The arrows indicate the regions of the bond breaking
model in which there is an energetic preference for alkali metal
vacancy segregation in the alkali metal bulk or alkali metal/substrate
interface.
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calculations for each interface. In the rst set of calculations,
alkali vacancies were introduced into the previously relaxed
alkali metal-interface structure, either on the alkali metal side
of the alkali-metal interface or in the alkali metal bulk, without
further relaxation (unrelaxed vacancy). In the second case, the
atoms around the vacancy were allowed to relax (relaxed
vacancy). The results for the unrelaxed and relaxed vacancy
cases are shown in Fig. S8† and 3c, respectively.

It can be seen from Fig. 3c that the energy, EIntVm, to form
a (relaxed) Li vacancy at the Li (100)/LiMg (100) interface is
signicantly larger than at the Li (100)/LiCl (100) interface,
which is consistent with the larger Wad value of the Li (100)/
LiMg (100) interface (0.978 eV per atom) compared to the Li
(100)/LiCl (100) interface (0.199 eV per atom). The same trend is
observed without relaxation of the Li vacancies in Fig. S7,†
although the absolute scale of EVm is higher than with relaxa-
tion, as expected. In Fig. 3c, EIntVm at the Li (100)/LiCl (100)
interface is higher than the value at the free surface, EFreeVm , but
lower than the bulk value, EBulkVm , leading to a positive vacancy
segregation energy of DEBulk–IntVm ¼ 0.180 eV. The positive value of
DEBulk–IntVm highlights that there is an energetic preference for the
Li vacancy to reside at the interface relative to the bulk. For the
Li (100)/LiMg (100) system, EIntVm is higher than EBulkVm , leading to
a negative vacancy segregation energy of DEBulk�Int

Vm ¼�0.223 eV.
A vacancy created at the interface will rapidly migrate into the
bulk until it encounters a free surface or another feature such as
a dislocation or free interstitial.

Relationship between vacancy segregation energy and work
of adhesion. To test whether the relationship between sm �
Wad/2 and vacancy segregation energy DEBulk–IntVm in eqn (11) is
universal, alkali metal vacancies were introduced at the inter-
face and the bulk of all of the coherent interface structures
outlined in Fig. S2.† For all structures, DEBulk–IntVm was calculated
with and without vacancy relaxation. The combined results for
the Li and Na systems with vacancy relaxation are plotted in
Fig. 4, with a full comparison of the relaxed and unrelaxed
energies in Fig. S8.† The full computational data for both plots
is given in Table S6.†

It can be seen from Fig. 4 that for the majority of the systems
studied, the simple bond breaking model in eqn (11) accurately
describes the relationship between the vacancy segregation
energy DEBulk–IntVm and the surface energy work of adhesion
difference, sm �Wad/2. The good agreement between the model
and the diverse range of interfacial structures suggests that the
sm � Wad/2 relationship is universal for alkali metal systems,
regardless of the structure and alkali metal species. As indicated
previously, vacancy relaxation has a larger effect on the energy
for BCC than HCP systems, however the difference in DEBulk–
Int

Vm for the relaxed and unrelaxed systems appears to be small
compared to the overall energy scale set by Wad and sm. This
result is discussed further in the General discussion section
below.

Semicoherent and incoherent interfaces. In Fig. 4, coherent
interface models were exclusively used, in which the alkali
metal slab was strained to match the lattice parameters of the
substrate. For the majority of solid-electrolyte systems, the large
lattice parameter mismatch between the alkali metal and the
19908 | J. Mater. Chem. A, 2021, 9, 19901–19913
solid substrate will result in semicoherent or incoherent inter-
face structures.46 In the case of a semicoherent interface, mist
dislocations will be introduced in between regions of coherency
with a spacing that is inversely proportional to the mist strain.
Very large cells are oen required to explicitly model semi-
coherent interfaces with mist dislocations. An approximation
that has been successfully used for other metal/ceramic systems
is to use smaller, coherent cells in which the metal and ceramic
slabs are laterally translated relative to one another to capture
the variation in bonding between coherent regions and mist
dislocations.72,73

This approach was adopted to investigate how semi-
coherency affectsWad and DEBulk–IntVm at the interface for the BCC
Li (100)/LiCl (100) system. The a and b parameters of the BCC
(100) surface were initially strained by +5.7%, followed by
a

ffiffiffi
2

p
a� ffiffiffi

2
p

b expansion to match the lattice parameters and
lattice sites in the LiCl (100) structure. A 4 � 4 supercell
expansion of strained-Li (100)/LiCl (100) interface was then
used to minimise the interactions between periodic images.
Three translations of the Li (100) surface relative to the LiCl
(100) substrate were studied, as shown in Fig. 5a, in which the
surface atoms of BCC Li metal were aligned: on top of the Cl
ions of LiCl (Cl top), on top of the Li ions in LiCl (Li top) and at
and intermediate hollow site. The Cl top conguration was
previously used in Fig. 3. In each case, all atoms in both phases
were allowed to relax and adopt the most favourable interfacial
separation.

The largest Wad (0.199 eV per atom) was observed for the Cl-
top structure in which the Li atoms of BCC Li metal are directly
This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (a) DFT relaxed structure of BCC Li (100)/LiCl (100) interface for
three different translations of the Li slab relative to the surface sites of
the LiCl substrate: Cl top, hollow and Li top. Li atoms in the Li metal
slab (metal) and substrate (sub) are coloured green and blue, respec-
tively. A strain of +5.67% was applied to the lattice parameters of the Li
slab within the interfacial plane. (b) Plot of vacancy segregation energy
(DEBulk–IntVm ) with surface energy, sm, and work of adhesion, Wad, for the
three BCC Li (100)/LiCl (100) interfaces.

Fig. 6 (a) Incoherent Li (100)/LiCl (100) interface. The three
symmetrically distinct Li sites at the interface (i), (ii) and (iii) are shown.
The red box shows the repeating unit of the supercell. Li atoms in the Li
metal slab (metal) and substrate (sub) are coloured green and blue,
respectively. A strain of �0.05% was applied to the Li slab lattice
parameters within the interfacial plane. The vacancy formation ener-
gies in layers 1, 6 and 11 for each inequivalent site are shownwith (b) no
vacancy relaxation and (c) with vacancy relaxation.
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above the Cl ions of LiCl. The hollow and Li top structures had
very low Wad values (0.003 and 0.027 eV per atom), indicating
that very weak binding is present across the interface for these
congurations. Using the same methodology as used in Fig. 4,
the vacancy segregation DEBulk–IntVm was calculated for each of the
structures, as shown in Fig. 5b. As expected from the bond
breaking model, the higher work of adhesion of the ‘Cl top’
conguration results in a lower DEBulk–IntVm compared to the
‘hollow’ and ‘Li top’ congurations, which haveDEBulk–IntVm values
that are very similar to the free Li surface.

The role of mist was further investigated by explicitly
modelling an incoherent BCC Li (100)/LiCl (100) interface.
Coincidence site lattice (CSL) theory in the MPInterfaces code74

was used to nd a supercell in which the lattice mismatch
between Li (100) and LiCl (100) was minimised. An interface
formed from a 3a � 3b expansion of BCC Li (100) and 2a � 2b
expansion of LiCl (100) resulted in a lattice mismatch of
<�0.05%, requiring minimal strain of the Li lattice. Affiffiffi
2

p
a� ffiffiffi

2
p

b supercell expansion of the resulting interface
structure was produced, followed by a relaxation of all atoms.
The optimised interface structure is shown in Fig. 6a.

The presence of the LiCl (100) substrate breaks the symmetry
of the BCC Li (100) surface and results in three different Li
This journal is © The Royal Society of Chemistry 2021
environments ((i), (ii) and (iii)) in the rst layer (layer 1), as
shown in Fig. 6a. Aer relaxation, Li site (i), was located directly
above a Cl ion, analogous to the ‘Cl-top’ site in Fig. 5a. Li site (ii)
was located in between the Cl top site and the hollow site and Li
site (iii) was located in between the Li top site and the hollow
site. A small, total Wad of 0.03 eV per atom was calculated for
this incoherent Li (100)/LiCl (100) interface, which is consistent
with the larger fraction of Li-top (4/9) and hollow sites (4/9) over
Cl-top sites (1/9). The total value of Wad, however, is an average
over all surface atoms, which does not capture the individual
bonding contributions of the different sites. The vacancy
formation energy at the different sites was therefore calculated
without vacancy relaxation and with vacancy relaxation as is
shown in Fig. 6b and c, respectively. The presence of the LiCl
(100) surface also resulted in three symmetrically distinct Li
sites in the central layer (layer 6) and on the free Li surface (layer
11) and the vacancy formation energy of each of these sites was
also calculated for reference.

The distribution of vacancy formation energies in the bulk
(layer 6) and free Li surface (layer 11) both before and aer
relaxation are very small, whereas the distribution of the
formation energies at the Li (100)/LiCl (100) interface (layer 1)
are considerable. In Fig. 2b and c, Li site (i) at a Cl top site in
layer 1 displays the highest vacancy formation energy before
(0.483 eV) and aer (0.342 eV) vacancy relaxation, with a DEBulk–
Int

Vm value of �0.11 eV. Before relaxation, Li sites (ii) (0.287 eV)
and (iii) (0.201 eV) at the Li (100)/LiCl (100) interface have
similar vacancy formation energies to the average vacancy
formation energy at the free surface (layer 11) of 0.254 eV. Aer
relaxation, the EVm values of site (ii) (0.063 eV) and (iii) (0.039
eV) are considerably smaller than at the free surface (0.206 eV).
J. Mater. Chem. A, 2021, 9, 19901–19913 | 19909
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The low values of EVm for these sites stems from the lack of
electrostatic interaction with Cl sites at the interface and
structural distortions from neighbouring sites. The fact that Li
sites (ii) and (iii) in layer 1 have lower EVm values than the free
surface suggests that vacancy accumulation at the Li (100)/LiCl
(100) interface would be signicant.

An important conclusion from this result is that the average
value ofWad in (J m�2 or eV per atom), which is oen calculated
with DFT for incoherent interfaces, is not a sufficient metric to
understand the vacancy segregation at a semicoherent or
incoherent interface. Instead, the value of DEBulk–IntVm at the
weakest binding site, such as the centre of a mist dislocation
core has to be DEBulk–IntVm # 0 to eliminate the preference for
vacancy segregation. The criteria of Wad ¼ 2sm, however still
serves as a lower bound for semi/incoherent interfaces.
General discussion

The simple bond breaking model developed in this work
provides a mechanistic understanding of previous experimental
and computational results of vacancy diffusion and allows for
the rational design of new materials to suppress void growth. In
the molecular dynamics study by Yang et al.,47 it was demon-
strated that a work of adhesion of Wad > 0.7 J m�2 was required
to suppress voids at a model incoherent BCC Li (100)/SSE
interface, with the application of a pressure on the order of
10–20 MPa. Without the application of pressure, a Wad > 1.8 J
m�2 was required. An embedded atom (EAM) potential was
used in that study for Li from a previous work by Nichol and
Ackland.75 The surface energy predicted for the Li (100) surface
using the EAM potential is sm ¼ 0.368 J m�2, from NIST online
repository.76 The results from this previous study are in good
agreement the results from our model which predicts that
interfacial vacancy segregation will be suppressed when Wad $

2sm i.e. Wad ¼ 2 � 0.368 ¼ 0.736 J m�2. The requirement for
pressure to be applied for average Wad values of 0.7–1.8 J m�2

may be consistent with the incoherent nature of the interface in
which a distribution of DEBulk–IntVm values will exist for the average
Wad value.

The bond breaking model in this work is also in qualitative
agreement with a recent kinetic Monte Carlo (KMC) study by
Tewari and Mukherjee, in which it was demonstrated that void
formation during plating is suppressed when the strength of the
Li-substrate interaction is equal to or greater than the Li–Li
interaction.46 From eqn (4) and (7), the criteria Wad $ 2sm can
be written in terms of the bond energies as em–sub $ Ns/Niem–m.
Assuming that the number of bonds formed at the interface is
similar to the number of bonds broken at the metal surface, (Ns

z Ni) then the criteria ofWad $ 2sm is met when em–sub $ em–m,
in good agreement with the previous KMC results. In the
current study, only sharp alkali metal/SSE interfaces were
considered from DFT calculations, whereas in real systems,
signicant reconstruction or amorphization of the alkali metal
at the interface may occur.47,70,77 The simple bond breaking
model is still likely to be applicable for these systems, as was the
case for incoherent interfaces, although care must be taken to
accurately model the distribution of possible EIntVm and
19910 | J. Mater. Chem. A, 2021, 9, 19901–19913
EBulkVm values in systems with lower crystallinity. Due to the large
cost of DFT calculations of explicit interfaces, only single, iso-
lated alkali metal vacancies were considered in this study to
understand the fundamental relationship between interfacial
adhesion and vacancy segregation. The model could be
extended in future studies to include the role of alkali metal
vacancy clusters in larger scale void formation using computa-
tionally cheaper approaches such as EAM or machine-learning
potentials.

The criteria ofWad$ 2sm and associated contact angle of q¼
0�, leads to a signicant challenge for the selection appropriate
SSE ceramic materials for alkali metal anode batteries. A key
criteria of SSE materials is that they are either thermodynami-
cally stable against alkali metals or decompose to form passiv-
ating secondary phases that are stable, otherwise continuous
degradation of the SSE will occur. In the case of decomposition,
for example in the argyrodite system with reaction Li6PS5Cl +
8Li/ 5Li2S + Li3P + LiCl,78 the criteria ofWad $ 2sm also needs
to be met by the secondary phases formed in situ. The average
value ofWad was calculated for incoherent interfaces of the (111)
surface of Li2S and (001) surface of Li3P with the (100) surface of
BCC Li, as shown in Fig. S10 and S11.† As can be seen from
Table S7,† the average Wad for the BCC Li (100)/Li3P (001)
interface is higher (Wad ¼ 0.435 eV per atom) than the BCC Li
(100)/Li2S (111) interface (Wad ¼ 0.266 eV per atom), due to the
semiconducting nature of Li3P leading to a more metallic like
bonding interaction with Li. As was the case for the BCC Li
(100)/LiCl (100) interface, for Li3P and Li2S, Wad < 2sm and q >
0�, indicating that there is still a preference for vacancy segre-
gation to the interface. This result also highlights that the
spatial distribution of the LiCl, Li3P and Li2S phases formed
during decomposition is of critical importance as the phase in
contact with Li metal will control the adhesion and void
formation. Further development of experimental probes of the
local structure, such as cryogenic electron microscopy (TEM), is
required to understand how the phases formed during
decomposition of SSEmaterials in contact with alkali metals are
spatially distributed, as was recently shown for the LiPON
system.79

Previous computational models have indicated that the
bonding between metals and highly ionic ceramics is typically
weak as the interfacial bonding is primarily electrostatic in
nature.80 This is consistent with the small Wad values observed
for the LiCl, NaCl, NaBr and Li2O interfaces (Table S5†). The
weak bonding between ionic ceramics and alkali metals is also
consistent with the large contact angles measured for systems
such as carbonates Li2CO3 (q ¼ 142�) and oxides including Li2O
(q > 120� below 250 �C).17,81 However, the nature of the surface
termination/interfaces of secondary phases formed at the alkali
metal chemical potential may also be signicantly different to
those under synthesis conditions, as was recent shown
computationally for Li2O.70

Previous DFT calculations have indicated that Li7La3Zr2O12

garnet materials, which are stable against Li metal, have larger
average works of adhesion, approaching or exceeding theWad ¼
2sm (q ¼ 0�) criteria for Li metal (sm ¼ 0.471 J m�2).17,25 The
larger Wad values for Li7La3Zr2O12 may be related to the open d-
This journal is © The Royal Society of Chemistry 2021
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shell structure of Zr, which has previously been shown to
increase adhesion in other metal ceramic systems.82 The design
of interlayer materials containing open d-shell cations such as
Zr, Sc and Y or the substitution of open d-shell cations in
conventional oxide or sulphide SSE materials may be a general
strategy to improve the interfacial adhesion with alkali metals.
However, as discussed in the introduction, during experimental
electrochemical measurement, voids are still observed at the Li/
LLZO interface in the absence of large pressures.28 As indicated
previously, the average work of adhesion predicted with DFT
calculations of incoherent interfaces may not be fully sufficient
to understand vacancy segregation. In a previous DFT study by
Gao et al., the formation energy of Li metal vacancies at an
incoherent Li/LLZO interface was found to vary by up to
0.55 eV.65 This result highlights the importance of under-
standing DEBulk–IntVm for Li/Na metal sites at the interface in
addition to calculating the average Wad value.

The bond breaking model suggests that metallic interlayer
materials are some of themost promising systems to suppress void
formation between alkalimetals and ceramic solid electrolytes. The
Wad $ 2sm criterion is readily met for interfaces between alkali
metals and metal interlayer and substrates, such as LiMg and AlSc
studied in this work, due to the large surface energy of metallic
phases and the formation of strongmetallic bonds at the interface.
Li–Mg alloys were demonstrated to effectively suppress Li pore
formation, although chemical diffusion of Li in the alloy was
a limiting factor.83 In both liquid electrolyte and all-solid-state
systems, the in situ formation of a metallic secondary phases
through decomposition of oxides against Limetal has been utilised
to improve the work of adhesion.84,85 The formation of thin,
metallic interfacial layers, through decomposition or ‘reactive
wetting’, that can conduct Li may therefore be an important
strategy to reach theWad$ 2sm criterion. The use of metallic alloys
in the liquid state, as recently demonstrated for a Li/LLZO system
containing a thin liquid Na–K alloy layer, is another promising
avenue to achieve both good adhesion and fast Li transport.42 The
strong interaction between alkali metals and metallic substrates is
also an important consideration for the selection of current
collectors, particularly for alkali metal free designs, in which alkali
metal is directly deposited from the SSE onto the current collector
(CC).86 The simple bond breaking model presented in the current
study could be further extended to understand the preference for
void formation at the Li/SSE versus Li/CC interfaces.

As indicated previously, only a limited number of high-quality
measurements of the alkali metal contact angle, q, have been
performed for SSE or interlayer materials due to the high reactivity
of Li and Na metal. Increasing experimental efforts should be
dedicated to the measurement of alkali contact angles on well-
dened sample surfaces. Experimental contact angle measure-
ments on oriented, thin lm samples would allow for more direct
comparison with the facet dependent contact angles measured
from DFT calculations and allow for the rational selection of
materials with criteria (q ¼ 0�). Careful atmospheric control of O2

must be strictly maintained throughout these measurements
which requires careful control of the experimental setup, as
previously described by Liu et al.87 The development of in operando
methodologies to visualise changes in the local structure of
This journal is © The Royal Society of Chemistry 2021
interfaces during stripping and plating is of paramount impor-
tance to gain a deeper understanding of the structural and chem-
ical changes taking place.

Finally, the current work clearly shows that the selection of
ceramic solid-electrolyte materials with large values of Wad is
desirable to suppress vacancy segregation and void formation.
However, it has previously been postulated that materials with
high values of Wad can result in the preferential formation of
metal Li dendrites at SSE grain boundaries, assuming that the
SSE grain boundary energy is proportional to the SSE surface
energy.88 Selective surface modications of SSE materials, such
as the introduction of conductive interlayers with strong Wad,
that do not alter the grain boundary energetics may help to
decouple these effects.

Conclusions

The suppression of voids at the alkali metal/solid-state elec-
trolyte (SSE) interface that results from alkali metal vacancy
accumulation is one of the most important challenges that
needs to be solved to allow for the fast discharging of alkali
metal anodes in all-solid-state-batteries. In this study, we have
demonstrated using a novel bond breaking model coupled with
DFT calculations that the segregation of alkali metal vacancies
at the alkali metal/solid electrolyte interface is intimately
related to the interfacial structure and adhesion.

The activation barrier for Li and Na vacancies to migrate from
the surface to therst subsurface layer in Li andNametal slabs was
shown to be considerably larger than the bulk activation barrier
from DFT calculations. The energetic preference for vacancy
segregation to alkali metal surfaces was shown to be a localised
effect driven by the undercoordination of alkali atoms at the
surface layer and is qualitatively captured by a bond breaking
approach. DFT calculations demonstrate the formation of alkali
metal–substrate bonds at the alkali metal/SSE interface critically
alters the energy landscape for alkali metal vacancy segregation.

The bond breaking model highlights the critical link between
the work of adhesion (Wad) at the alkali metal/SSE interface and the
metal surface energy sm. It leads to the result that for coherent
interfaces, whenWad $ 2sm, or analogously a contact angle of q ¼
0�, there is a driving force for alkali metal vacancies to be injected
into the alkali metal bulk instead of remaining at the interface.
This was demonstrated to be widely applicable to a range of ASSB
relevant materials. DFT calculations of Li/LiCl interfaces highlight
that incoherency can have a signicant impact on the local vacancy
formation energy of alkali metal sites at the interface which are not
captured by the average Wad value.

This work highlights that the criteria ofWad$ 2sm (q¼ 0�) is
not readily met by experimentally studied SSEmaterials, such as
Li7La3Zr2O12 or commonly observed SSE decomposition prod-
ucts such as Li2O and LiCl. Metal alloys are a particularly
appealing choice for interlayers due to their high surface energy
and intrinsically strong metal bonding between dissimilar
metals, however sufficient alkali conductivity through the
interlayers must still be maintained. The current model high-
lights the importance of interfacial adhesion on isolated
vacancy transport at sharp alkali metal/SSE interfaces, however,
J. Mater. Chem. A, 2021, 9, 19901–19913 | 19911
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more work is required to develop novel computational methods
to study alkali vacancy transport at extended structural features,
such as dislocations and grain boundaries. A deeper under-
standing of the role of interfacial adhesion on the vacancy
segregation and void formation more broadly within the all-
solid-state battery eld will require more systematic experi-
mental studies of the contact angle, surface energies and work
of adhesion for a range of solid electrolyte and interlayer
materials. Finally, the results from the bond breaking model in
this work may have more general applications in other elds
including void formation during high temperature oxidation
and radiation induced voids at bimetallic interfaces.
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and Dr Rowena Brugge for valuable discussions during the
initial stages of this project.

References

1 J. Janek and W. G. Zeier, Nat. Energy, 2016, 1, 1–4.
2 J. Betz, G. Bieker, P. Meister, T. Placke, M. Winter and
R. Schmuch, Adv. Energy Mater., 2019, 9, 1803170.

3 R. Murugan, V. Thangadurai and W. Weppner, Angew.
Chem., Int. Ed., 2007, 46, 7778–7781.

4 F. Han, Y. Zhu, X. He, Y. Mo and C. Wang, Adv. Energy Mater.,
2016, 6, 1501590.

5 J. Wolfenstine, J. L. Allen, J. Read and J. Sakamoto, J. Mater.
Sci., 2013, 48, 5846–5851.

6 J. G. Connell, T. Fuchs, H. Hartmann, T. Krauskopf, Y. Zhu,
J. Sann, R. Garcia-Mendez, J. Sakamoto, S. Tepavcevic and
J. Janek, Chem. Mater., 2020, 32, 10207–10215.

7 Y. Zhao and L. L. Daemen, J. Am. Chem. Soc., 2012, 134,
15042–15047.
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Ö. N. Doğan, npj Mater. Degrad., 2018, 2, 25.

46 D. Tewari and P. P. Mukherjee, J. Phys. Chem. C, 2021, 125,
2221–2229.

47 M. Yang, Y. Liu, A. M. Nolan and Y. Mo, Adv. Mater., 2021, 33,
2008081.

48 G. Kresse and J. Furthmüller, Phys. Rev. B: Condens. Matter
Mater. Phys., 1996, 54, 11169–11186.

49 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865–3868.
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