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Techno-economic, humanitarian, and safety concerns limit the possible uses of conventional lithium-ion

and lithium-metal batteries. Sodium-based batteries constitute a promising alternative to address these

issues; however, due to the similarities between the two alkali metals, they present similar failure modes

as their lithium counterparts. In this work, we focus on one of such failure mechanisms: the

thermodynamically-driven accumulation of vacancies on the surface of the metallic anode, which leads

to the formation of voids and pits, detrimental to battery performance and cycle life. We investigate the

differences in behavior between anode/coating interfaces of both lithium and sodium. Adhesion energy,

a descriptor previously argued to be a reliable design principle for lithium metal anodes, is found to not

exhibit the same predictive power for sodium metal architectures: in cases where vacancy congregation

is not thermodynamically favorable for isolated sodium slabs, we find strong interfacial interactions to

have adverse effects on void formation. By studying select coating materials, we also reveal that these

material interactions at alkali/coating interfaces are highly nuanced, and that the field of surface science

and engineering is ripe with opportunities for further discovery and tuning of surface properties via

coating selection.
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Introduction

Owing to their high energy density, large voltage window, and
versatility,1–4 lithium (Li) ion batteries (LIBs) have, over the last
two decades, taken over a signicant share of the battery
market. The substitution of standard graphite-based anodes by
Li metal would enable such technology to achieve its theoretical
maximum energy density.3–5 However, successful widespread
use of Li metal anodes has not been feasible, partially due to
phenomena happening at the surface of the anode, such as
growth of dendritic structures, and formation of voids and
pits.6–11

Moreover, the low safety, high costs, and sustainability
concerns related to LIBs have limited their use to emerging
markets, namely, portable electronics, automotive trans-
portation, and electric aviation,12–16 all of which require energy
densities matched only by LIBs. Other applications, such as
stationary storage of renewable energy, can only be achieved
with cheaper, more reliable alternatives to LIBs.

Among such options, the use of sodium (Na) ions as the
charge carrier is one of the most promising alternatives: sodium
† Electronic supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d4ta00971a
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is orders of magnitude more abundant on the Earth's crust, and
its mining is more cost-effective than lithium.17 Additionally,
the cathodes of sodium ion batteries (NIBs) can be synthesized
with manganese (Mn) or iron (Fe), while stable LIB cathodes
require cobalt (Co) and nickel (Ni), elements which are rarer
and have higher supply risks.17–19 While Na-metal simply cannot
rival the energy density of corresponding Li-metal batteries, it
still exceeds that of Li-ion by a factor of three (for sulfur-based
systems).20 Furthermore, since both Li and Na are alkali
metals, they have very similar electrochemical properties:20

production lines of LIBs can be easily adapted to NIBs, and
many of the strides made in LIB technology have a high likeli-
hood of being fruitful in NIBs. However, this also means that
failure modes in Li metal batteries (LMB) are also consistently
observed in Na metal batteries (NMB), such as the formation of
dendrites20 and voids21 at the anode surface.

Since voids are precursors to dendrite formation in metallic
anodes,22,23 in this article, the rst step associated with void
formation is investigated at interfaces between different coating
materials and either Li or Na. By combining thermodynamic
modeling and simulations of interfacial dynamics using density
functional theory (DFT) and molecular dynamics (MD)
methods, we evaluate the tendencies of vacancy accumulation
at interfaces between metal and solid electrolyte interphase
(SEI) components, and compare the similarities and disparities
between the behavior exhibited by Li and Na. Numerous
experimental studies have demonstrated that battery perfor-
mance can be signicantly improved by using coatings to tune
surface properties of either the metallic anode23–33 or of the
current collector.34–36 We also extend our formalism to two-
dimensional (2D) material coatings, which are promising
candidates as protective surface coatings in metallic anode
batteries.26–32,34,36

While rst-principles investigations of heterogeneous
metal/coating and metal/electrolyte interfaces abound, they
are generally centered around interface stability37–40 or
dendrite suppresion,41–43 with few being dedicate to void and
pit growth.44–46 These past studies have identied adhesion
energy between Li metal and coating materials as a promising
descriptor for the likelihood of void formation: the weaker the
adhesion, the more void prone the interface.44–46 In this work,
by probing interfaces of metallic anodes and coating materials,
we reveal previously undetected nuances of the relationship
between interfacial interactions and tendency for vacancy
accumulation, including factors such as adhesion energy,
surface deformations, geometric lattice matching, and charge
redistribution. For instance, we observed that, for metallic
surfaces which, when isolated, exhibit a thermodynamic
driving force towards vacancy accumulation, adhesion with
a coating material can partially alleviate this tendency;
however, for cases where vacancy congregation is not naturally
favorable, strong interfacial interactions can lead to detri-
mental behavior. The results in this work indicate that our
grasp of the fundamentals of the void formation phenomenon
has much to mature, as well as open new directions for further
research.
27988 | J. Mater. Chem. A, 2024, 12, 27987–28001
Methods
Vacancy interactions

The formation of voids and pits in Li metal has been previously
studied through a variety of computational techniques.23,44–47 In
the current work, we use the method proposed by Venturi and
Viswanathan44 in order to estimate whether the initial steps
associated with the void formation process can occur at room
temperature for several Li and Na interfaces. This approach is
based on a regular solution formalism, which has shown great
accuracy at modeling a wide variety of mixture system,
including, but not limited to, binary48 and high-entropy alloys,
surfaces with adsorbates,49,50 and grain boundary complex-
ions.51 While this methodology does not account for kinetics,
and its predictions are based on a mean-eld nearest-neighbor
approach, it has been shown to correctly capture experimentally
observable void formation phenomena in similar Li-metal
systems.23

In this model, the regular solution formalism is employed to
evaluate the mixing behavior between occupied and vacant sites
in the material: at temperatures where a miscibility gap exists,
vacancies congregate and start forming voids. A full derivation
of the model can be found in Venturi and Viswanathan.44 The
tendency for vacancy accumulation is captured through the
Gibbs free energy of mixing:

Dgmix ¼ z

2
xVxOð23VO � 3VV � 3OOÞ þ kBT ½xVlogðxVÞ
þ xOlogðxOÞ�; (1)

where z is the coordination number, kB is Boltzmann's constant,
T is the system temperature, xV and xO are the fraction of vacant
(V) and occupied (O) sites, respectively (such that xV + xO = 1),
and 3ij are the interaction energies between nearest-neighbor
sites. Within this formulation, the critical temperature of
phase separation (a miscibility gap in this case) is

Tc ¼ U

2kB
; (2)

where U = (z/2)(23VO − 3VV − 3OO). At temperatures above Tc,
there is no miscibility gap, and vacancies are fully soluble in the
mixture, i.e., uniformly distributed. At temperatures below Tc,
a miscibility gap opens, and two phases coexist: one dominated
by vacancies, and one, by occupied sites. In this formalism,
a phase with high population of vacancies corresponds to the
onset of void formation.

The interaction parameters 3ij are obtained from high-
accuracy rst principles DFT simulations for selected surface
facets of Li and Na, as well as their interfaces with other
materials, using the methods described by Venturi and Viswa-
nathan.44 For a direct comparison between Li and Na system,
the interfaces modeled in this work were chosen to match those
from previous studies,44–46 which have already considered
surface energetics in their selections. Simulation cells of surface
slabs and interface systems were created using the Atomic
Simulation Environment (ASE).52 Interfacial systems were built
by setting the alkali slab as the substrate in the coherent
interfaces module implemented within the pymatgen
This journal is © The Royal Society of Chemistry 2024
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package,53 and by minimizing lattice mismatch between the two
surfaces under consideration. An additional constraint of
maximum strain of 4% was also applied. As the aim of this work
is to study several different alkali/coating interfaces in search of
commonalities and of differences between Li and Na, we focus
solely on pristine interfaces. However, we would also like to
highlight the importance of off-stoichiometric and other
defective surfaces, which play a critical role in battery
materials.11,54–56 While the location(s), concentration(s), and
type(s) of defects (vacancies, interstitials, Schottky, Frenkel, etc.)
can impact the energetics of the interfaces, an exhaustive
analysis of all their effects falls outside the scope of this study.

DFT calculations were carried out with the real-space
projector-augmented wave (PAW) method as implemented in
GPAW.57,58 The Perdew–Burke–Ernzerhof (PBE)59 exchange
correlation function was used in the Na/NaF calculations, and
the Bayesian error estimation functional (BEEF-vdW)60 was used
for the alkali/2D interfaces due to its similarity to PBE,5,60 but
also because of its capability to include non-local van der Waals
correlations in a self-consistent manner. All systems are charge-
neutral, and dipole correction is employed in all surface and
interfacial calculations.61 Simulations of bulk systems were all
converged to a maximum force of 0.01 eV Å−1. All surface and
interfacial systems were converged to a maximum force of
0.05 eV Å−1, had their Brillouin-zone sampled at a 6 Å−1 k-point
density, and employed at least 15 Å of vacuum.
Table 1 Approximate values of critical temperatures associated with
vacancy congregation for isolated Li and Na surface slabs based on
DFT-calculated parameters

Facet (100) (110) (111)

Alkali element Li Na Li Na Li Na

Tc
(11) K 1980 1170 1600 500 100 0

Tc
(12) K 1340 700 70 200 0 0
Surface uctuations

To capture surface morphologies at larger length scales than
what is possible with DFT, we turned to capillary-uctuation
theory (CFT),62–64 which, to our knowledge, has not been previ-
ously used to investigate metallic battery anodes. CFT has been
primarily used to probe the stiffness of solid–liquid metallic
interfaces near and below the melting point, for the purpose of
understanding crystallization behavior. However, it has also
been successfully employed to describe experimental observa-
tions in surface step uctuations (a process driven signicantly
by vacancies),65 grain boundary stiffness66 and premelting,67 as
well as other solid–solid heterophase interfaces.68 Furthermore,
its core idea is similar to that of the DFT-informed solution
model: to capture naturally occurring surface oscillations. The
CFT model expresses the surface free energy of a quasi-two-
dimensional periodic surface slab (b � W) as

E ¼ b

ðW
0

gðqÞds; (3)

where b is the thickness of the slab, W is its length, g is the
surface energy, q is the angle between the interface normal
and the nominally at normal direction, and ds is an inni-
tesimal arc length along the ribbon interface. An in-depth
explanation of the CFT methodology employed is available
in the ESI.†

The Large-scale Atomic/Molecular Massively Parallel Simu-
lator (LAMMPS) soware69 was used to perform MD simula-
tions. The interatomic potentials used for Li and Na systems
were, respectively, a quadratic spectral neighbor analysis
This journal is © The Royal Society of Chemistry 2024
potential (q-SNAP) developed by Zuo et al.70 and an embedded
atom model (EAM) based potential of Finnis–Sinclair type
developed by Nichol and Ackland.71 These potentials were
chosen due to their outstanding ability of simulating the
desired alkali metals, as tabulated in the Open Knowledgebase
of Interatomic Models (OpenKIM).72,73 A standard hysteresis-
based analysis for estimating the melting point of both mate-
rials was conducted, which also allowed for evaluation of their
thermal expansion behavior, shown in Fig. S5 and S6.†

Results
Susceptibility to vacancy accumulation

Using the thermodynamic model for void formation described
in the Methods section,23,44 the critical temperature associated
with vacancy accumulation was calculated for isolated slabs of
Na of different facets. The comparison between the values ob-
tained for Li and Na can be found on Table 1.

The regular solution formalism dictates that, at tempera-
tures above Tc, vacancies are fully soluble in the mixture and
will be uniformly distributed on the surface. At temperatures
below Tc, two phases coexist: one dominated by vacancies, and
one, by occupied sites. The high vacancy phase corresponds to
the onset of void formation. Based on this, lower values of Tc are
desirable, as they indicate that, at operating temperature
conditions (near 300 K), vacancies will tend to move away from
one another, rather than accumulate and give rise to increased
surface roughness.

From Table 1, it is clear that, for all facets, and all possible
interactions, values of Tc follow the same trend for both Li and
Na: the largest values occur for the (100) facet, followed by the
(110), and then by the (111) facet. Similarly, the critical
temperature values describing interactions between vacancies
and occupied sites on the same Miller plane (Tc(11)) are
generally larger than those that capture interactions across
Miller planes (Tc

(12)). Curiously, for the (111) facet, both Li and
Na exhibit critical temperature values far below 300 K, sug-
gesting that these surfaces are unlikely to develop voids if iso-
lated. This is the opposite of what happens with the (100) facet,
for which the surface of both alkali metals is predicted to form
voids. For the (110) facet, even though Tc

(12) < 300 K, since Tc
(11)

> 300 K in Li and Na, voids are expected to evolve through
a stepping mechanism described in previous works.44 Interest-
ingly, the values of Tc are consistently smaller for Na than for Li,
indicating that vacancies on the surface of Na slabs become
soluble at lower temperatures, and that void formation is less
prone to occur in Na than in Li.
J. Mater. Chem. A, 2024, 12, 27987–28001 | 27989
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Table 3 Approximate values of critical temperatures for vacancy
accumulation in Na/NaF interfaces

Na(100) Na(110) Na(111)

NaF(100) Tc
(11) z 1100 K Tc

(11) z 1000 K Tc
(11) z 0 K

Tc
(12) z 800 K Tc

(12) z 120 K Tc
(12) z 0 K

NaF(110) Tc
(11) z 1100 K Tc

(11) z 670 K NA
Tc

(12) z 800 K Tc
(12) z 0 K

NaF(111) Tc
(11) > 104 K Tc

(11) z 0 K Tc
(11) > 104 K

Tc
(12) > 104 K Tc

(12) z 1600 K Tc
(12) > 104 K
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To ensure that these results are valid at larger length scales,
we compared them to the predictions from our CFT investiga-
tion, under the assumption that stiffer surfaces are more
resistant to void evolution, and, therefore, have lower values of
Tc. As discussed in the next section, there is general agreement
between DFT and MD predictions: both methods suggest that
Na is stiffer than Li, despite its lower melting point, and that the
relative surface facet resistance to void formation follows the
trend (111) > (110) > (100).

With DFT, it is possible to investigate solid–solid interfaces
more reliably than with MD, given the latter's requirement for
interatomic potentials capable of describing each component
independently as well as in tandem. Therefore, we also employ
DFT to evaluate how the presence of sodium uoride (NaF) can
impact the results shown in Table 1. NaF is a common SEI
component of Na-ion batteries,74,75 – especially if the electrolyte
contains NaPF6 salt – and has the same rock-salt symmetry as
lithium uoride (LiF). The similarities between Li/Na and LiF/
NaF can thus also provide additional insight into the behavior
of these alkali metals. Interfaces between the different surface
facets of the alkali metals and their respective uoride struc-
tures were created and simulated with DFT under the same lens
of the regular solution model shown in eqn (1). Examples of the
structures used can be found on Fig. S7 and S8.†

The results from our analysis for Li/LiF and Na/NaF are
shown in Tables 2 and 3, respectively. Similar trends exist
between the two metals: for the (100) and (110) facets, the
presence of the uoride species has either negligible or negative
impacts in the metals' ability to prevent vacancy accumulation.
This can be seen from the values of the critical temperatures
reported, which either stay the same or increase as XF (X = Li or
Na) is introduced in the vicinity of the metal slabs with different
facets. Interestingly, while the resistance to void formation of
Li(111) surface decreases upon introduction of LiF, NaF had
different effects on Na(111). This can be understood by evalu-
ating how these interfaces change congurations before and
aer structural relaxation. In the Na(111)/NaF(111) case,
depicted in Fig. S7,† strong interactions between the atoms in
the Na slab and the dangling F bonds in NaF cause large
deformations to the surface of Na, pushing atoms from the top
two Miller planes of Na closer to the NaF slab. This, in turn,
modies the energetic landscape of these Na atoms consider-
ably, largely altering their regular solution behavior. For cases
in which these Na–F interactions are not as strong, and more
evenly distributed along the plane of the interface, such as in
Na(111)/NaF(100), shown in Fig. S8,† the thermodynamic
Table 2 Approximate values of critical temperatures for vacancy
accumulation in Li/LiF interfaces. Reproduced with permission from
Venturi and Viswanathan.44

Li(100) Li(110) Li(111)

LiF(100) Tc
(11) z 1200 K Tc

(11) z 2000 K Tc
(11) z 300 K

Tc
(12) z 1200 K Tc

(12) z 1200 K Tc
(12) z 600 K

LiF(110) Tc
(11) z 900 K Tc

(11) z 2000 K Tc
(11) z 1700 K

Tc
(12) z 1000 K Tc

(12) z 800 K Tc
(12) z 1200 K

27990 | J. Mater. Chem. A, 2024, 12, 27987–28001
parameters for Na are more akin to those observed in the
simulations of isolated slabs, indicating this particular inter-
face may still be resistant to Na vacancy accumulation. These
interactions are particularly pronounced in the interfaces
involving NaF(111), but, in the cases of Na(100) and Na(110),
they only affect the Na atoms of the top Miller plane of the Na
slab. In the interfacial Li systems, these alkali–halide interac-
tions, while present, were not as strong as in the Na systems,
likely due to lithium's higher ionization potential of
520 kJ mol−1, compared to sodium's 496 kJ mol−1.76

From these results, it can be postulated that the role of
alkali-philicity is dubious. It has been argued that, for Li,
stronger lithiophilicity reduces the likelihood of void
evolution.44–46 However, for Na, we observed cases (such as the
Na(111)/NaF(111) interface) where strong interactions with NaF
material can promote vacancy congregation on the surface of
Na. Nevertheless, for Na(110)/NaF(110) and Na(110)/NaF(111),
weaker levels of sodiophilicity were able to reduce the critical
temperatures related with void dissolution. This can also be
seen in Fig. S9,† where values of the both U(11) and U(12) are
plotted against approximate interface adhesion. A more in-
depth discussion of the relationship (or lack thereof) between
approximate adhesion and thermodynamic parameters can be
found in the ESI.† Our results from studying Na/SEI interfaces
suggest that, for cases where the isolated Na slabs can already
prevent vacancy accumulation, strong interactions seem to
bring adverse consequences, while, for the slabs that present
a thermodynamic driving force to bring vacancies together,
medium-strength interactions can be advantageous. This
phenomenon could also be partially observed in Li, but, as
discussed above, its effects are not as evident due to weaker
interactions: the Li(111) interfaces, which, by themselves, are
naturally resistant to voids, when interacting with LiF, become
prone to vacancy accumulation.

In pursuit of a more accurate and universal descriptor for
void formation at metallic anode interfaces, we investigate the
role of charge density and projected density of states (PDOS),
a method which has been succesfully employed in previous
studies to understand relevant interfaces in Li-metal batteries.37

In experimental examinations of Na/NASICON interfaces, Wang
et al.21 identied a possible correlation between charge transfer
and void formation at the surface of the metallic anode. To
investigate this hypothesis further, we combine the PDOS and
the charge densities of the explicit interfaces as a metric of the
alkali-coating interactions. In Fig. 1, we can see four examples
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Examples of PDOS of (a) Na(110)/NaF(100), (b) Na(111)/NaF(111), (c) Na(100)/NaF(111), and (d) Na(111)/NaF(111) interfaces. Energy levels are
referenced with respect to the Fermi level. The labels “tag1” and “tag2” indicate atoms at the first and second Miller planes of the sodium slab,
while the label “Na_slab” corresponds to the remaining atoms in the metallic slab, which are further from the interface with NaF. The other two
label names are self-explanatory. Thinner lines represent the PDOS of each atom, while thicker lines represent the average PDOS of atoms in
a given category.
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of PDOS of different interfaces. In the case of a Na(100)/
NaF(110) interface (Fig. 1a) – for which the predicted behavior
is of vacancy accumulation, the same as for isolated Na(100) – it
is evident that all Na atoms in the metallic slab have equivalent
PDOS, and do not strongly interact with NaF. Similarly, as
shown in Fig. 1b, there is little interaction between Na and NaF
in the Na(111)/NaF(100) interface, which does not exhibit
tendency for vacancy accumulation, akin to the isolated Na(111)
slab. Conversely, as shown in Fig. 1c, interactions between
Na(110) and NaF(111), indicative of favorable adhesion, can
help lower the critical temperatures associated with the initial
steps of void formation when compared to the corresponding
isolated Na slab. However, too strong interactions can lead to
disadvantageous behavior, as exemplied by the Na(111)/
NaF(111) interface, which has very high critical temperatures
for vacancy accumulation compared to the isolated Na(111)
slab. The PDOS of this interface is shown in Fig. 1d: Na atoms
on the two top-most Miller planes (denoted by tag1 and tag2) of
the metallic slab have a PDOS more similar to Na atoms in NaF.
These results reveal that, while the PDOS analysis can serve as
a great descriptor for understanding the strength of alkali-
philicity of interfaces, a direct, quantitative connection
This journal is © The Royal Society of Chemistry 2024
between PDOS and tendency for vacancy accumulation remains
elusive.

The calculation of Bader charges77 (done as implemented by
Henkelman et al.78) can also be used to further examine these
interfacial interactions. In Fig. 2, we plot the position of the
atoms in the system along the direction normal to the interfa-
cial plane (z-direction) and their respective Bader charges. As
expected, in the NaF layer, the species are in their ionized
forms: Na1+ and F1−. For the systems with weaker adhesion,
while some degree of polarization can be observed within the
Na slab, the partial charges remain within the range [−0.5,
+0.5]. For interfaces with stronger interactions, the Na atoms on
the top-most Miller plane of the Na-slab generally present an
oxidation state of +1, having donated their valence electron to
the metallic electron gas (whose charge density gets redis-
tributed to the Na atoms in the slab by the Bader method). In
the particular case of interfaces with NaF(111), these interac-
tions are strong enough to have partially reduced the Na+ ions in
the SEI material. In the Na(110)/NaF(110) interface, the Bader
partitioning method assigns large negative charges to some Na
atoms on the top-most Miller plane due to high spatial
heterogeneity in the electron gas: since all atoms in the NaF slab
are at their maximum allowed oxidation state, the extra
J. Mater. Chem. A, 2024, 12, 27987–28001 | 27991
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Fig. 2 Bader charges of atoms in explicit Na/NaF interfaces. The labels “Na_tag1” and “Na_tag2” indicate atoms at the first and second Miller
planes of the sodium slab, while the label “Na_slab” corresponds to the remaining atoms in the metallic slab, which are further from the interface
with NaF. The other two label names are self-explanatory.
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electrons from rst-plane Na+ ions are non-uniformly redis-
tributed to the Na-slab metallic electron gas. This can be seen in
Fig. 3: in panel (a), some of the Na atoms of type tag1 on the
Na(110)/NaF(110) system have apparent larger charge volumes,
which can be attributed to the heterogeneous electron gas
around them, as indicated by the red dotted ellipse; in cases of
weak to no interactions, such as the Na(100)/NaF(110) one in
panel (b), we can see the charge distribution in the Na-slab
remains homogeneous.

The spatial heterogeneity in the charge distribution appears
to be correlated with the thermodynamic parameters in our
model, as can be seen in Fig. 4, 5, S10, and S11.† First, we can try
27992 | J. Mater. Chem. A, 2024, 12, 27987–28001
to capture the charge density on the plane of the interface by
integrating its values along vertical lines (of constant x and y
coordinates within the super-cell) between values of the z
coordinate given by the average of the top position of a tag2
atom and the bottom position of a tag1 atom (zmin) and by the
average of the top tag1 atom and lowest SEI atom (zmax). The
base-10 logarithm of this planar integral is displayed as
a contour plot in Fig. 4, with brighter contours indicating larger
values. Red circles denote the positions of atoms of type tag1,
and blue ones, of those of type tag2. The lines correspond to the
calculated values of the 3VV

(11) parameter, with darker, more
opaque lines corresponding to stronger interactions, and
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Diagrams indicating isosurfaces of charge density in (a) Na(110)/NaF(110) and (b) Na(100)/NaF(110) interfaces. Grey spheres correspond to
F atoms, while yellow spheres, to Na. Gold, transparent surfaces are the charge density isosurfaces, and orange sections represent their
intersections with the periodic boundaries of the simulation cell. The red dotted ellipse in panel (a) shows a region of heterogeneous distribution
of the metallic electron gas, which gets attributed to a Na atom of type tag1, while other atoms of the same type are fully oxidized to +1.
Interfaces with weaker interactions, such as (b), present no large charge redistribution within the Na-slab.

Fig. 4 Contour plots of the logarithm (base 10) of the integrated charge density at the top-most Miller plane of the Na-slabs. Red and circles
indicate positions of Na atoms of type tag1 and tag2, respectively, while straight lines denote the relative 3VV

(11) interactions, with darker, more
opaque lines representing stronger interactions. Interfaces represented are (a) Na(110)/NaF(110), (b) Na(110)/NaF(111), and (c) Na(111)/NaF(100).
Some of the lines that appear absent are represented through their periodic images.
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lighter, more transparent lines corresponding to weaker inter-
actions. A similar plot for 3VV

(12) is shown in Fig. S10.† It can be
observed that there exists some relationship between charge
density heterogeneity and thermodynamic parameters, despite
it not being substantial. For instance, in Fig. 4b, the strongest
interactions happen between Na atoms which share a F atom,
while those that have no bonds to a common F species display
weaker interactions (even though all Na atoms are effectively
fully oxidized). A more pronounced correlation is seen between
this heterogeneity and the 3VO parameter, as displayed in Fig. 5,
in which partial charge is used as a proxy for heterogeneity in
charge density. It can be seen that, for the most part, variations
This journal is © The Royal Society of Chemistry 2024
in the value of 3VO are associated with a change in the partial
charge of the corresponding Na atom.

While the correlation between thermodynamic parameters
and spatial heterogeneity of the metallic electron gas is not
overt, the results from our Bader charge analysis reinforce the
hypothesis that, when the isolated Na slab is naturally prone to
surface vacancy accumulation, adhesion can partially help
diminish the thermodynamic driving force for this phenom-
enon; however, in cases where vacancy congregation is not
thermodynamically favorable on the isolated Na-slab, too
strong interactions can have adverse effects for the issue of void
formation.
J. Mater. Chem. A, 2024, 12, 27987–28001 | 27993
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Fig. 5 Relationship between relative 3VO parameter (for species on the top-most, tag1, and second top-most, tag2, Miller planes) and partial
charge (in units of the elementary charge∼1.6× 10−19 C) of the respective atom. Parameter data has been normalized by themaximum value for
purposes of consistent visualization. In most cases, variations in the value of this parameter are highly correlated with the partial charge.
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Numerous studies have identied 2Dmaterials as promising
coatings for metallic anodes.26–32,34 In experimental studies, few-
layer graphene (C6)26,29,32 and hexagonal boron nitride (hBN)30,79

in particular have generally demonstrated enhanced perfor-
mance. By applying our methodology to interfaces between
metallic slabs (of either Li or Na) and 2D monolayers of coating
materials (graphene C6 or hexagonal boron nitride hBN), we can
examine how these materials impact the thermodynamic
driving forces for the initial steps of void formation. The results
of the thermodynamic analysis, reported in Table 4, indicate
that none of the 2D coatings investigated in this study are
27994 | J. Mater. Chem. A, 2024, 12, 27987–28001
capable of preventing vacancy accumulation on the surface of
Na metal, and the same is true for hBN coatings on Li slabs.
However, vacancy dissolution is favorable in the Li(110)/C6 and
Li(111)/C6 interfaces. Therefore, for Na metal systems and
architectures with hBN coatings, the enhanced performance
observed experimentally is unlikely to stem from a reduction of
void formation tendencies, but more probably originates from
improvements related to other phenomena, such as dendrite
suppression.

This behavior can in part be explained by evaluating the
electronic interactions between the interfacing materials. The
This journal is © The Royal Society of Chemistry 2024
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Table 4 Approximate values of critical temperatures associated with
vacancy congregation for C6 and hBN coated Li and Na surface slabs
based on DFT-calculated parameters

Facet (100) (110) (111)

Alkali element Li Na Li Na Li

C6 Tc
(11) K z104 0 z6700 0

Tc
(12) K z1250 z104 0 z4320 0

hBN Tc
(11) K z1340 z104 z6500 >104 z5450

Tc
(12) K z1200 z104 z3600 z104 z3590
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Bader charge analysis in Fig. 6 shows that Li and Na have
generally similar behavior: the alkali atoms on the second (and,
in most cases, third) Miller plane(s) tends to partially donate
their electrons to the metallic electron cloud. However, this
effect is much more pronounced in the systems with Li, and
remains more muted for the Na systems, which do not interact
with the 2D coating materials, as evidenced by the PDOS plots
shown in Fig. 7 and charge isosurfaces in Fig. S13.† This
explains in part why the Na/2D interfaces show similar predic-
tions to their corresponding isolated Na slabs. Fig. S14 and S15†
also show the absence of any relationship between charge
density heterogeneity and thermodynamic parameter values,
unlike what we observed for the Na/NaF systems, likely due to
the weak interacting nature of the Na/2D interfaces.

Interestingly, lithium's behavior is much more nuanced and
varied, as well as more promising, since two out of the six
Fig. 6 Bader charges of atoms in explicit alkali/2D interfaces. The labels
the alkali slab, while the label “slab” corresponds to the remaining atoms
material. The other labels are self-explanatory.

This journal is © The Royal Society of Chemistry 2024
interfaces investigated appear to be resistant to the rst steps of
void formation. The apparent polarization suggested by the
Bader analysis is, similarly to the Na/NaF interfaces, a product
of spatial heterogeneity in the electron gas distribution, as evi-
denced by the charge density isosurfaces in Fig. S12.† Addi-
tionally, the per-atom and type-averaged PDOS of the Li/2D
systems displayed in Fig. 8 show there is no interaction between
Li and hBN (panels b and d), and weak interactions between Li
and C6 (panels a and c). Curiously, the Li(111) facet, which
resists vacancy accumulation in the absence of coating (Table
1), maintains its behavior while exhibiting small interactions in
its interface with C6, however, it loses its vacancy dissolution
character when coupled in non-interacting fashion with hBN.
Moreover, the similarly small C6 interactions are also capable of
making the Li(110) facet resistant to vacancy congregation,
while the non-interacting hBN does not affect its vacancy-
accumulation inducing behavior.

Changes in electronic structure observed in the coherent
interfaces stem from interactions between the constituent
materials as well as their geometric structure, including atom
reorganization and strains caused by lattice mismatch (as seen
in Fig. S7 and S8†). It is thus important to investigate possible
relationships between these two features and the overall
performance of the interface to help guide coating design. To
measure electronic interactions between anode and coating
slabs, we used the Mulliken electronegativity values of the
elements, as explained in the ESI† and shown in Fig. S16.† The
lattice mismatch between the interfacing surfaces was used as
“tag1” and “tag2” indicate atoms at the first and second Miller planes of
in the slab, which are further from the interface with the 2D monolayer

J. Mater. Chem. A, 2024, 12, 27987–28001 | 27995
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Fig. 7 PDOS for Na/2D systems: (a) Na(100)/C6, (b) Na(110)/hBN, (c) Na(110)/C6, and (d) Na(110)/hBN. Na atoms on the top and second top-most
Miller planes behave exactly like the other Na atoms in the metallic slab, indicating negligible interactions between Na and the 2D materials.
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a surrogate for geometric considerations in this analysis. We
employed two methods of quantifying this lattice mismatch.
The rst was by constructing all possible O-lattices80 between
the 2D unit cells of the interfacing slabs (considering all
possible relative rotations of the two lattices) and considering
only the smallest value of the area of the reduced O-lattice.
Generally, smaller O-lattices correspond to interfaces with
fewer strained or frustrated regions. One example is the case of
twisted bilayer graphene, where a small twist angle gives rise to
very large O-lattices (akin to Moiré patterns), while larger angles
reduce the magnitude of the supercell lattice vectors. The other
way for measuring lattice mismatch is inspired by the method
of building interfaces proposed by Zur and McGill81 (which was
used to build the interfaces in this study): the ratio between the
areas of the reduced lattices of the interfacing materials was
calculated (ar = aalkali/a2D), and compared against the closest
rational number ðq˛ℚÞ that can be written as a fraction of
integers smaller than or equal to eight. The difference between
these two numbers is what we denote by the area mismatch
coefficient am = jar − qj. The smaller this value, the less the
individual (but repeated) unit cells had to be strained to form
a coherent, computationally tractable interface. Based on the
results shown in Fig. S16,† we found am to be a more descriptive
parameter: not only is it capable of more clearly distinguishing
the systems under investigation when compared to the O-lattice
27996 | J. Mater. Chem. A, 2024, 12, 27987–28001
method, it also allows for the observation of explainable trends,
as discussed below. The results of our analysis are shown in
Fig. 9. It is important to note that, since cases of partial or full
resistance to vacancy accumulation are a minority, any statistics
derived from them is associated with high degrees of uncer-
tainty. We observed that, for systems with higher lattice
mismatch (am $ 0.02), the polarization ability of the coating
material can help achieve at least partial resistance to vacancy
accumulation. Additionally, lattice mismatch seems to be
correlated with void resistant: for a given Dcmax value, most of
the interfaces with some vacancy dissolution character have
elevated am values. However, we observe a number of systems
with low values of am which are still capable of preventing
vacancy accumulation at the surface of the anode. This further
corroborates the idea that adhesion and interfacial interactions
are highly nuanced, and that a one-size-ts-all approach is not
appropriate.

Surface stiffness

CFT allows for computations of interfacial stiffness by decom-
posing oscillations of surface height into their Fourier modes,
as shown in eqn (S.4)–(S.6).† Each Fourier mode is fully dened
by its wavenumber k and respective amplitude Ak. Eqn (S.6)†
demonstrates that linear ts of hjAkji−1 × k2 (as shown in
Fig. S3†) can be used to compute the stiffness of the different Li
This journal is © The Royal Society of Chemistry 2024
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Fig. 8 PDOS for Li/2D systems: (a) Li(110)/C6, (b) Li(110)/hBN, (c) Li(111)/C6, and (d) Li(111)/hBN. For interfaces with hBN, it is clear the PDOS of Li
atoms is generally the same, despite the polarization suggested by the Bader analysis. The same is true for the interfaces with C6, though to
a slightly lesser degree: changes in the PDOS of the Li atoms on the top-most Miller plane, closer to the C6 monolayer, are observable, yet
minimal.

Fig. 9 Comparison between electronic interactions and relative
geometry of several interfaces. Mulliken electronegativities are
measured in eV. Circles indicate Na interfaces, and stars indicate Li
interfaces. Red corresponds to systems that are not resistant to
vacancy accumulation, green to system that are resistant, and yellow
to systems that are partially resistant.
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and Na facets considered. The behavior of stiffness as a func-
tion of temperature is shown in Fig. 10. Unsurprisingly, as
temperatures increase, the stiffness of all facets goes down,
since they approach their liquid state.
This journal is © The Royal Society of Chemistry 2024
Interestingly, at rst glance, the (111) surface facet appears
to be the less stiff of all of them, for both Li and Na. At lower
temperatures, the (111) facets for both Li and Na did not show
any signs of capillary uctuations in the timescale of the
simulation due to their high stiffness. The prole of the surface
provides a likely explanation for this behavior: all deviations
from a perfectly at (111) surface originate from individual,
isolated adatoms, as well as small thermal oscillations in the
atomic coordinates. This is evidence that the (111) facet surface-
vacuum interfaces are too stiff to be appropriately understood
with the timescale of MD simulations, unlike the (100) and (110)
cases. The fact that the (111) facets only melt at higher
temperatures, when compared to their (100) and (110) coun-
terparts, also reinforces this hypothesis (the plot in Fig. 10
includes temperatures up to which the slabs could be consid-
ered solid, and constituent atoms were still mostly in a body-
centered conguration). Therefore, other than believing the
(111) facets to be stiffer than the others, we will only draw
conclusions from the (100) and (110) facets of Li and Na.

Fig. 10 also shows that, at temperatures smaller than 310 K,
Na surfaces are stiffer than Li, that is, more likely to resist void
formation. While this might seem surprising, seeing as the
mechanical moduli of Li is slightly larger than those of Na,20 it is
important to note that the stiffness pertaining to CFT does not
J. Mater. Chem. A, 2024, 12, 27987–28001 | 27997
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Fig. 10 Interfacial stiffness of Li and Na slabs at different temperatures.
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necessarily relate to the response of the whole system to
mechanical stress, but instead only represents an energy
penalty associated with perturbing surfaces.62–64 This result is in
agreement with our predictions from DFT, shown in Table 1:
stiffer systems are less likely to favor vacancy accumulation and
subsequent evolution of large surface uctuations. Therefore,
higher stiffness values are, in general, expected to be correlated
to smaller values of Tc for vacancy congregation, in line with our
DFT results. For Na in particular, it would appear that estima-
tions from both MD and DFT are qualitatively similar, as both
predict the order of stiffness for isolated Na surface slabs to be
(111) > (110) > (100). The same, however, cannot be said for Li:
MD and DFT calculations are not in agreement regarding which
facet among (100) and (110) is stiffer. Moreover, as seen in Table
1, while DFT calculations would indicate that the Li(110) should
be more resistant to voids than the Li(100) facet, the tempera-
tures associated with spontaneous vacancy accumulation are
not too dissimilar between these two facets. On the other hand,
MD results indicate the Li(100) facet to be signicantly more
resistant to surface perturbations than the (110). Notably, this
only appears to be valid below 280 K, and, at temperatures
higher than this value, the situation is reversed and the match
between MD and DFT predictions is re-established. It is
possible that, at such low homologous temperatures, and in the
absence of a liquid system, the capillary method may not reli-
ably capture the interface stiffness of certain facets, especially
those that only melt at more elevated temperatures.
Conclusions

In this work, we explore the initial steps required for void
formation in Li and Na metal batteries, namely, the accumu-
lation of vacancies at the surface of the metal anodes. First, we
investigated the thermodynamics of spontaneous surface
27998 | J. Mater. Chem. A, 2024, 12, 27987–28001
roughening through the lens of capillary uctuation theory, and
showed that it can make similar predictions as a regular solu-
tion model with parameters obtained from rst-principles.
Coupling the regular solution model with DFT, we surveyed
numerous alkali/coating interfaces. Our work shows that
adhesion energy, a property previously identied as an appro-
priate descriptor for both thermodynamics and kinetics of void
formation in Li metal batteries, does not appropriately capture
the same thermodynamics in Na metal interfaces. We demon-
strated that too strong alkali-philicity can lead to signicant
structural distortions on the metallic Na slab, negatively
impacting driving forces for vacancy dissolution. However, our
results also indicate that interactions of moderate intensity can
be benecial for preventing vacancy accumulation. Electronic
and geometric considerations reveal that alkali/coating inter-
facial interactions are highly nuanced, and that, for Na metal
batteries, an adequate descriptor for the vacancy congregation
tendency is still lacking. In order to address this issue, our
future work will continue to apply and further develop the
formalism described here to diverse types of coating materials.
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