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Local surface crystal structure fluctuation on Li, Na andMgmetal anodes
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Department of Materials Science and Engineering, Norwegian University of Science and Technology, Trondheim, Norway

ABSTRACT
Dendrite formation occurs on Li, Na, and Mg metal anodes in rechargeable batteries, and is a
safety challenge, as well as a limiting factor for increasing energy- and power density. However, the
behaviour of the dendrites differs depending on the anodematerial. In this study, we investigate the
local bulk and surface crystal structure of Li, Na, and Mg surfaces to shed light on how differences in
themorphology and structure of the anode surface and its metal deposits can explain differences in
dendrite formation on Li, Na, and Mg anodes. The local bulk- and surface structure are found using
molecular dynamics simulations in combination with the surface adaptive common neighbour anal-
ysis, and indicate that Li and Na surfaces are more prone to surface instabilities and formation of
protrusions than Mg surfaces, which remain flat and hexagonal close-packed even near room tem-
perature. Additionally, the equilibrium shapes of the Mg deposits obtained from density functional
theory assume more flat and hexagonal shapes than the Li and Na deposits. Together, these results
shed light on atomicmechanisms that may contribute to the different propensities of Li, Na, andMg
metal anodes to form dendrites.
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1. Introduction

Dendrite formation on the metal anode is a challenge
in all-solid-state batteries, which prevents widespread
commercialisation of such high-energy-density batter-
ies [1]. Dendrites are tree-like structures that grow on the
anode surface upon cycling of the battery. They deteri-
orate the anode and eventually short-circuit the battery.
Additionally, moss- or whisker-like deposits can form on
the anode during cycling causing a reduction in specific
capacity and Coulombic efficiency [2–4]. For simplicity,
we term all inhomogeneous deposits dendrites herein.

Dendrite formation is controlled by multiple fac-
tors. The current density influences both the on-set
and morphology of the dendrites [5–9]. The composi-
tion of the electrolyte can determine the properties of
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the solid electrolyte interphase (SEI) which may direct
metal deposition and suppress or enhance dendrite for-
mation [10–13]. Similarly, additives in the electrolyte
can adsorb on the anode surface and guide the depo-
sition onto the anode [12,14,15]. Additionally, the sur-
face texture of the current collector and anode have an
impact [16–20]. However, neither of these factors can
fully rationalise why different metal anodes show vary-
ing propensity to form dendrites. Mg anodes were, for
example, long believed to not exhibit dendrite forma-
tion since the on-set current density is higher than that
of Li [21,22]. Furthermore, the morphology of the den-
drites are different in equivalent electrochemical environ-
ments for three promising metal anodes; Li, Na, and Mg
[23,24].
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The different mechanisms of dendrite formation on
Li, Na and Mg metal anodes suggest that properties
of the metals underlies these mechanisms. One such
property is the crystal structure; Li and Na crystallize
in the bcc structure while Mg crystallizes in the hcp
at room temperature. The crystal structure affects the
mobility of atoms adsorbed on the surface, adatoms,
and the subsequent surface structure, which can influ-
ence the dendrite formation [21,25,26]. Together with
the applied potential and the chemical environment,
the crystal structure of the anode also determines the
equilibrium shape of deposits on the Li, Na and Mg
surface [27].

The equilibrium shape, or Wulff construction [28],
minimises the surface energy of the deposit by organis-
ing the facets belonging to its bulk crystal structure such
that the facets with the lowest surface energies dominate.
In other words, the bulk crystal structure provides the
boundaries of the Wulff construction, resulting in differ-
ences between the shapes of Li and Na in their bcc bulk
crystal structure on one hand, and Mg in its hcp struc-
ture on the other. The surface energies of these allowed
facets are determined by the properties of the elements, as
well as the electrochemical environment. For Li, Na and
Mg, the Wulff constructions have been successfully used
to predict the morphology of the dendrites as the applied
potential varies [29]. However, the prediction does not
account for local fluctuations in the surface crystal struc-
ture of the anode. The substrate surface structure can
affect the bulk crystal structure of the deposits through
epitaxial growth, which may impact the morphology of
the dendrites.

In the present work, we therefore study the local sur-
face crystal structure of Li, Na, and Mg surfaces using
molecular dynamics (MD) simulations in combination
with the surface adaptive common neighbour analysis (sa-
CNA) [30]. The local surface crystal structure is inter-
preted in relation to the equilibrium shapes of the metal
single crystals with varying bulk crystal structures at 0 K,
obtained from surface energy calculations using den-
sity functional theory (DFT) and the Wulff construction
method. We find that Mg exhibits higher structural sta-
bility in its hcp bulk and surface structure at temperatures
approaching room temperature than Li and Na in their
bcc structures. Consequently, the Mg deposits will to
a large degree adopt the hcp single-crystal equilibrium
shape; a hexagonal platelet. In contrast, the shapes of Li
andNa deposits vary owing to the less stable surface crys-
tal structure. This can lead to enhanced fractal deposition
on the Li and Na anodes compared to Mg. In addition,
both clusters and protrusions observed to form on the
Li and Na surfaces above 0K, resulting in higher surface
roughness than on the Mg surfaces, which may further

enhance the formation of dendrites on the Li and Na
anodes compared to Mg.

2. Computational methods

2.1. Density functional theory calculations

The Wulff constructions of Li, Na and Mg in the bcc, fcc
and hcp structures were obtained using WulffPack [31].
All Wulff constructions contained 5000 atoms. Both the
surface area and volume of a construction is found with
Wulffpack, and the surface-to-volume ratio calculated as:

NA

NV
= 4Ar

3V
, (1)

where A is the surface area, r is the atomic radius and
V is the volume. The low-Miller-index surface ener-
gies input to Wulffpack were calculated with the density
functional theory (DFT) software Vienna Ab initio Sim-
ulation Package (VASP) [32,33]. The calculations were
performed with the PBEsol functional [34] and the pro-
jector augmentedwave pseudopotentials, which included
the s, sp and spd core electrons and were expanded to
500 eV, 350 eV and 350 eV for Li, Na, and Mg, respec-
tively. The bulk simulation cells of all elements in the
bcc, fcc and hcp structures were relaxed with respect to
the cell volume and shape, and the ion positions. The
resulting lattice constants are exhibited in Table S1. The
bulk energy was calculated for the relaxed bulk simula-
tion cell, and its lattice constant was used to create the
surface simulation cells.

The surface simulation cells exceeded 14Å in all direc-
tions, plus a vacuum of more than 15Å in the direc-
tion perpendicular to the surface (i.e. z-direction). The
four uppermost layers in the z-direction were free to
move while the rest of the atoms were fixed in space to
mimic the bulk. The maximum force on all bulk and sur-
face simulation cells were relaxed to within 0.001 eV/Å,
but only the atomic positions were allowed to relax in
the surface simulation cells (i.e. the shape and volume
were fixed). The surface energy is calculated according to
Equation S1. Based on the surface energies of one element
within a crystal structure, the surface ratio is defined as:

rcrystal = γcrystal

γ hi
crystal

, (2)

where γcrystal is the surface energy of one of the facets
belonging to a specific crystal structure, and γ hi

crystal is the
facet with the highest surface energy belonging to the
same crystal structure. Further details on the bulk and
surface DFT calculations are found in the Supplementary
Information (SI).
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2.2. Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed
using the Large-scale Atomic/Molecular Massively Par-
allel Simulator (LAMMPS) [35] with MEAM-potentials
[36] for Li, Na and Mg. The lattice constants of Li,
Na and Mg in the bcc, bcc and hcp structures, respec-
tively, predicted using theMEAM-potentials are in agree-
ment with experimental and computational literature.
The potentials are therefore assumed to adequately pre-
dict the crystal structures of Li, Na and Mg surfaces. The
obtained lattice constants are given in Table S2 in the SI
together with details on the lattice constant simulations.
The melting points of Li, Na and Mg predicted with the
MEAM-potentials, were 273K and 500K, respectively.
While these are 98K and 423K lower than the exper-
imental melting points, the simulation routine used to
find themelting points, described in the SI, are associated
with large uncertainties [37]. Yet, we restrict the crys-
tal structure analyses to below 200K for Li and Mg and
below 150K for Na to ensure that the simulations of the
surfaces are performed away from the melting points.

The simulations of the Li, Na and Mg surfaces were
performed in the canonical (NVT) ensemble with the
Nose-Hoover thermostat for temperatures of 10K, 50K,
150K and 200K. The simulation cells were initiated in
the bcc, fcc and hcp bulk structures with their respec-
tive 0K lattice constant and a vacuum of minimum
100Å in the direction perpendicular to the surface (i.e.
z-direction). The cell geometry in the x- and y-direction
was allowed to relax in the NPT ensemble at the given
temperature and 1 atm isostatic pressure for 1 ns. The
average lattice constants over the last 0.1 ns of the NPT
simulation was used in the subsequent NVT simulation.
The NVT simulations were ran for 1 ns with 0.1 ps ther-
mostat relaxing time. Position data was sampled every
1.0 ps. The surface adaptive common neighbour analy-
sis (sa-CNA) was used to find the local bulk and surface
crystal structures. In the sa-CNA, the surface atoms are
the atoms constituting the uppermost layer of the simu-
lation cell, while the bulk atoms are the rest. The sa-CNA
is introduced briefly in the SI, but was developed in [30],
where further details can be found.

3. Results and discussion

3.1. Wulff constructions

Wulff constructions are indicative of the shape of a par-
ticle deposited in a surface. The Wulff constructions are
influenced by the bulk crystal structure of the particle,
which is also impacted by the crystal structure of the
surface onto which the particle is deposited. To inves-
tigate the impact of varying bulk crystal structures on

the shapes of the respective metal deposits, we created
Wulff constructions for Li, Na, and Mg in the bcc, fcc
and hcp bulk crystal structures based on the low-Miller-
index surface energies belonging to the various crystal
structures. The surface energies are presented in Table S2.
Figure 1 depicts the resulting single crystal Wulff con-
struction of Li, Na, and Mg in the bcc, fcc, and hcp
structures together with the surface-to-volume ratios cal-
culated according to Equation (1). The Wulff construc-
tions are oriented with the lowest energy surface in the
xy-plane. The surface-to-volume ratio indicates the shape
of the construction since a higher ratio implies a flatter
shape. Figure 1 shows a 2–3% increase in surface-to-
volume ratio from bcc to hcp for all of the elements,
implying that the hcp constructions are flatter than the
bcc. Furthermore is the increase at 2–6% from Li to
Mg regardless of the underlying bulk crystal structure.
This is indicative of flatter Mg compared to Li and Na
constructions, and implies that Mg metal deposits are
flatter than Li and Na even if the crystal structure of
the surface, onto which the metal is deposited, deviates
from the room temperature bulk crystal structure of the
metal. This is consistent with the hexagonal platelet shape
observed experimentally for Mg deposits [23], and may
help explaining whyMg is less prone to fractal deposition
and dendrite formation than Li and Na.

TheWulff constructions are determined by the surface
energies of the facets, as well as the underlying bulk crys-
tal structure. A flat construction is therefore caused partly
by a low surface energy of a single facet compared to the
other facets. The surface ratio, defined in Equation (2),
describes how much a specific facet dominates. The sur-
face ratios of the Li, Na and Mg bcc, fcc and hcp facets
are given in Table 1, and shows that within each of the
bulk crystal structures, there is one Mg facet that has
significantly lower surface energy than the other facets,
while both for Li and Na, the facets exhibit more simi-
lar surface energies. This suggests that the flatter shapes
observed forMgmetal deposition compared to Li andNa
deposition arise from the relatively lower surface energy
of one Mg facet, and that this trend is insensitive to the
crystal structure of the surface onto which the metals are
deposited.

In Table 1 the DFT calculated bulk energies of Li, Na
and Mg in the bcc, fcc and hcp structures are shown,
together with the corresponding surface ratios. The sim-
ulations show that Li and Na are most stable in the
close-packed structures at 0 K. We note that this agrees
with the observed phase transition from the fcc and
faulted hcp structures at 78K and 32K for Li and Na,
respectively [38–40]. Entropic contributions at increas-
ing temperatures are given as the driving force for the
phase transitions, and the lower transition temperature
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Figure 1. The Wulff constructions of (top row) Li, (middle row) Na and (bottom row) Mg in (left column) bcc, (middle column) fcc and
(right column) hcp. The Wulff constructions are created with the surface energies from Table S2.

Table 1. Bulk energies (eV/atom) and surface ratio for Li, Na andMg in the bcc, fcc and hcp crystal structure. The surface ratio is defined
according Equation (2).

bcc fcc hcp

Energy Element 001 110 111 001 110 111 0001 10–11

Bulk (eV/atom) Li −1.963 −1.968 −1.968
Na −1.397 −1.397 −1.399
Mg −1.693 −1.709 −1.721

Surface ratio Li 0.841 0.927 1.000 0.911 1.000 0.963 0.868 1.000
Na 0.878 0.859 1.000 0.910 1.000 0.840 0.825 1.000
Mg 0.921 0.771 1.000 0.994 1.000 0.776 0.774 1.000

of Na compared to Li may be explained by the more
similar bulk energies of the bcc, fcc and hcp struc-
tures at 0 K of Na compared to Li, which also suggests
that Na is more stable in its bcc bulk crystal structure
at room temperature than Li. The stability of the bulk
may affect the stability of the surface. Consequently, Na
deposits might take on the shape of the bcc Wulff con-
struction in Figure 1 to a larger extent than Li. Sur-
face crystal structure stability can facilitate less fractal

growth of the deposits on the surface since the shapes of
the deposits are more homogeneous. This notion needs,
however, further investigation on time and space scales
that cover both the micro- and macroscopic dimensions
simultaneously.

The Wulff constructions of Li, Na and Mg in the
bcc, fcc and hcp crystal structures shows that, over-
all, the Mg single crystals exhibit flatter shapes than
the Li and Na. Thus, Mg metal deposits may assume
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Figure 2. The surface crystal structure of Li ((a–c)), Na ((d–f)) andMg ((g–i)) at 10 K ((a,d) and (g)), 50 K ((b,e) and (h)) and 200 K ((c) and (i);
150 K in (f )). The insets shows the bulk crystal structure. Li, Na andMg are initiated in the bcc, bcc, and hcp crystal structures, respectively.
The lowercase labels are surface crystal structure while the uppercase labels are bulk crystal structure.

a flatter shape than the Li and Na deposits even when
the crystal structure varies across the surface onto which
the metal is deposited. The flatter shapes of the Mg
Wulff constructions can reduce Mg’s tendency to form
dendrites compared to Li and Na, and arise from the
dominance in surface energy of one single facet. Conse-
quently, one way to reduce the dendrite formation on Li
and Na surfaces may be to reduce the surface energy of
specific facets.

3.2. Local surface crystal structure

Fluctuations in the bulk and surface crystal structure
can affect the morphology of deposits on the surface. To
investigate the extent of both bulk and surface crystal
structure fluctuations in Li, Na and Mg metals, we per-
formed a surface adaptive common neighbour analysis

(sa-CNA) on Li, Na and Mg surfaces obtained from
molecular dynamics (MD) simulations at 10K, 50K, and
150K for Na and 200K for Li and Mg. The weighted
number of surface and bulk particles (i.e. the number of
atoms in a specific surface or bulk crystal structure over
the total amount of surface or bulk atoms) are shown
in Figure 2 (the bulk crystal structures are shown in the
insets). The uppercase labels are bulk whereas the lower-
case are surface crystal structures. In the present work,
the detectable surface structures are fcc(001), fcc(111),
fcc(111) on a fcc(001) substrate and bcc(001). The cor-
responding labels are fcc(001), fcc(111), fcc(001)fcc(111)
and bcc(001). Notice that the fcc(111) is equivalent to
the hcp(0001) surface. Also note that the binary surfaces
presented herein are not the only possible surfaces. Since
each surface must be identified and characterised in the
sa-CNA (see the SI), the number of detected surfaces is
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limited. The first 0.1 ns after the simulation is initiated
is shown before the break in the x-axis (i.e. the structure
evolution from the 0K lattice).

The simulation cells are initiated in the room tem-
perature crystal structures, meaning the bcc for Li and
Na and the hcp structure for Mg. Figure 2(a) shows
that Li does not retain its bcc surface structure at 10K.
This is not surprising as Li is more stable in the fcc
bulk structure at temperatures close to 0K [38], as seen
in Table 1. Furthermore, it is consistent with the inset
of Figure 2(a) showing a partial transformation from
the bcc to the fcc bulk crystal structure, indicating that
the bulk instabilities cause the surface instabilities and
restructuring away from the bcc surface structure. As a
side note, the Li simulation cell initiated in the fcc bulk
structure fully retains its surface fcc (001) and partly
its bulk fcc structure, as depicted in Figure 3, in accor-
dance with the fcc bulk structure observed to be more
stable close to 0K. Although the bcc bulk structure is
more dominant at 50K as shown in the inset of Figure
2(b), the amount of unrecognised bulk atoms increases.
Thus, the bulk crystal instabilities of Li still propagates
to the surface and render the surface crystal structure
unrecognised.

Figure 2(d) shows that the bcc bulk and surface crys-
tal structure of Na is retained at 10K. This is attributed
to the fact that although Na experience a phase trans-
formation from hcp to bcc similar to Li [39], the phase
transition temperature is lower than for Li owing to the
small difference between the 0K bulk energies of Na hcp
and bcc shown in Table 1. Hence, the bcc structure is
more likely to be meta stable for Na at 10K than it is for
Li. Additionally, the higher stability of the Na bcc struc-
ture is confirmed by the higher ratio of bcc bulk atoms
in the Na compared to the Li simulation cells at 50K and
150K/200K Figure 2(b,c,e) and (f). This may lead to the
stabilised bcc surface at 10K Figure 2(d), and the slightly
slower transition of the surface from the bcc structure at
50K and 150K. All the same, sa-CNA reveals that the
Na surfaces are unstable in their bcc surface structure at
temperatures approaching room temperature, indicating
that only small bulk instabilities may cause surface insta-
bilities. However, this may also suggest that additional
factors to the bulk structure contributes to the surface
crystal structure stability.

Surprisingly, the Mg surface structure in Figure 2(g)
is not recognised although the hcp bulk crystal struc-
ture is retained. Upon visual inspection, the deviation
from the hcp surface structure is caused by a coordinated
translation of the surface from the hollow hcp positions
to a top/bridge position. The translation is illustrated in
Figure 4, and represents a stacking fault. We investigated
the stability of this stacking fault at 0 K using DFT, and

revealed that the top position is meta stable, but with
a seven times higher surface energy. The DFT results
therefore suggest an underestimation of the stacking fault
energy in the Mg MEAM potentials used herein, which
allows the stacking fault to occur. This notion is con-
firmed by the MD simulations at 50K and 200K, where
multiple stacking faults along the z-direction of the sim-
ulation cells cause the bulk structure to transition from
the hcp to an unrecognised structure, as shown in Figure
2(h) and (i).

Due to the stacking faults of the Mg simulation cells
that render the surface unrecognisable, it is challenging
to conclude on the degree of surface crystal structure
fluctuation in the Mg surfaces at elevated temperatures.
However, the increasing amount of close-packed surface
structures (fcc(111) and fcc(001)fcc(111)) in Figure 2(h)
and (i) suggests a hexagonal surface. Additionally, visual
inspection indicates the same. Figure 5 depicts the Mg
surface layer and the four uppermost substrate layers
after 0.5 ns at 10K and 200K. The surface atoms closer
than 3.4 Å, which is the interatomic distance between
the nearest neighbours in the initial hcp structure, are
shown as bonded. Figure 5 shows a complete and nearly-
complete bonding of all surface atoms in one layer at
10K and 200K, indicating that the surface is flat and
hexagonal close-packed. Similarly, the bulk is not recog-
nised as hcp stacking faults even though the layers in the
bulk are flat and hexagonal close-packed. We attribute
this to the underestimation of the stacking fault energy
of the Mg MEAM potential, suggesting that the hcp
surface and bulk structure is stable at these elevated
temperatures.

In contrast, the mechanism for the transition to
unrecognisable structures for the Li surface at 10K is
different. Figure 6 depicts the Li surface layer and the
four uppermost substrate layers after 0.5 ns at 10K and
200K. The surface atoms closer than 3.20Å, which is the
interatomic distance between nearest neighbours in the
initial bcc structure, are shown as bonded. Even though
the surface atoms are not bonded in the initial configu-
ration, Figure 6 illustrates how the surface atoms group
together in couples or chains. At 10K, the grouping is
synchronised and the surface atoms create a patternwhile
at 200K, the surface atoms start forming clusters. The
clustering is associated with slight protrusions as illus-
trated in the side view in Figure 6(b). Such protrusions
enhance dendrite formation especially when combined
with an excess charge in the surface [9].

Although Na exhibits higher stability in its bcc sur-
face structure at 10K, the surface quickly collapses to
an unrecognised structure at 50K and 150K. Figure 7
shows the top and side view of the Na surface and the
four uppermost substrate layers at 50K and 150K. The
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Figure 3. The surface crystal structure of Li initiated in the fcc structure at 10 K. The bulk crystal structure is shown in the inset.

Figure 4. Illustration of the translation of theMg surface to a top/bridge position after 0.5 ns at 10 K. The purple arrows are displacement
vectors showing the displacements of the atoms from their position in the initial 0 K Mg hcp structure (left). The Mg atoms are coloured
orange, and drawn with 1 Å radius to clearly see the displacement vectors.

surface atoms closer than 4.00Å, which is the inter-
atomic distance between nearest neighbours in the ini-
tial bcc structure, are shown as bonded. Compared to
the Li surfaces in Figure 6, the Na surfaces do not
form a pattern to the same extent, but exhibit an even
larger tendency to form clusters and protrusions than
Li.

Due to the limited number of surfaces detected in
the sa-CNA, there may be surface structures omitted
in the analysis, resulting in seemingly more disordered
surfaces than they are in reality. On the other hand,
Figure 6 and 7 show a degree of disorder on the Li and
Na surfaces making detection of other Li and Na sur-
face structures unlikely, whereas the close-packed surface
structure of Mg is detected, excluding other Mg sur-
face structures. Moreover, the sa-CNA performed in the
present work support the DFT calculations of the bulk

energies suggesting that the bulk crystal structures of
Na and Mg are more stable than that of Li. Hence, the
sa-CNA indicates that the instabilities in the bulk struc-
ture propagates to the surface structure, and makes the
Li surfaces prone to formation of clusters and protru-
sions. Clusters and protrusions also form on Na surfaces
even though the bulk structure is more stable than that
of Li. The clusters and protrusions can act as nucle-
ation centres for dendrite formation and generate inho-
mogeneous deposition on the Li and Na surfaces at
200K and 150K. In contrast, the Mg surfaces remains
flat even at these temperatures, and may therefore be
less susceptible to dendrite formation than Li and Na
anodes.

Although the trends shown in this study are indicative
of the behaviour of Li, Na and Mg surfaces in batteries,
the temperatures are limited by the MEAM potentials
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Figure 5. Illustration of the bonding of theMg atoms into flat, hexagonal close-packed surfaces after 0.5 ns at (a) 10 K and (b) 200 K. Top
and side view shown in the upper and lower panes, respectively. Surface atoms closer than 3.4 Å are shown as bonded (blue bond). The
Mg atoms are coloured orange, and are drawn with 1 Å radius to clearly see the bonds.

used herein, and do not reach realistic operating temper-
atures at around 300K. Increasing temperatures increases
the motion of the atoms. This increase is related to the
Arrhenius equation:

k = v · exp
(

− Eb
kBT

)
, (3)

where v is the attempt frequency, Eb is the energy bar-
rier for the motion, kB is the Boltzmann constant and
T is the temperature. Depending on the type of motion,
the energy barrier is different. The energy barriers of sur-
face diffusion, known from DFT calculations [26,41], is
approximately twice as large for Li and Na compared to
Mg, whose energy barrier is on the order of the ther-
mal energy at room temperature, kBT = 25meV. For the

interaction energy between the nearest neighbours in a
surface layer, the situation is turned around, with Mg
having around twice as large interaction energy than Li
and Na [42]. Consequently, as the temperature increases
towards room temperature, Li and Na atoms are excited
more easily from their ideal position in the surface layer,
while the Mg interaction energy remains high compared
to the thermal energy. Simultaneously will the ability of
excited Mg atoms to fall back into their ideal surface
positions be higher because the surface diffusion is fast.
The surface diffusion of Li and Na remain comparatively
slow because the energy barrier is larger than the ther-
mal energy. In total, we therefore expect the trends shown
in this study to hold even at realistic battery operating
temperatures.
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Figure 6. Illustration of the grouping of Li surface atoms into couples or chains after 0.5 ns at (a) 10 K and (b) 200 K. Top and side view
shown in the upper and lower panes, respectively. Surface atoms closer than 3.20 Å and 3.26 Å are shown as bonded (blue bond). The Li
atoms are coloured grey, and are drawn with 1 Å radius to clearly see the bonds.

Figure 7. Illustration of the grouping of Na surface atoms into clusters after 0.5 ns at (a) 50 K and (b) 15 K. Top and side view shown in
the upper and lower panes, respectively. Surface atoms closer than 4.00 Å are shown as bonded (blue bond). The Na atoms are coloured
purple, and are drawn with 1 Å radius to clearly see the bonds.
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4. Conclusions

In the present work, we have studied the local crys-
tal structure of the alkali metals, Li and Na, and the
earth-alkali metal Mg using a combination of density
functional theory (DFT) and molecular dynamics (MD)
simulations. The local bulk and surface crystal structures
have been unravelled with the surface adaptive common
neighbour analysis (sa-CNA), and have provided insights
into the surface structure and morphology evolution
of Li, Na, and Mg surface at temperatures approaching
room temperature. Furthermore, the 0KWulff construc-
tion of Li, Na and Mg in the bcc, fcc and hcp bulk crystal
structures are used to indicate how the shape of a deposit
change with the surface crystal structure.

The sa-CNA combined with the DFT bulk energy cal-
culations suggest that Na and Mg are more stable in the
bcc and hcp bulk structure at room temperature than Li is
in the bcc bulk structure. The instabilities of the Li bulk
structure may propagate to the surface, and induce tex-
turing and protrusions that can act as nucleation sites
for dendrite formation. The Na surface atoms are found
to cluster together and form protrusions as the temper-
ature increases towards room temperature even though
the bulk bcc structure is more stable than that of Li. The
bulk crystal structure of Mg, on the other hand, remains
hexagonal, and accordingly, the surface retains its flat
and hexagonal close-packed structure even as the tem-
perature approaches room temperature. Thus, there may
be fewer nucleation sites for dendrite formation on Mg
compared to Li and Na surfaces.

In addition,may the surface structure affect the shapes
of the deposits on the surface. Thus, the smaller varia-
tion in crystal structure across the Mg compared to the
Li andNa surfaces can lead tomore homogeneous shapes
of the deposits. Moreover, the Wulff constructions of Mg
are found to be flatter than those of Li and Na, regardless
of the underlying crystal structure, which may further
enhance homogeneous deposition on the Mg surface.
Consequently, we may understand the higher tendency
to form dendrites on Li and Na compared to Mg metal
anodes as a result of the interplay between the bulk and
surface crystal structure stability and the shape of the
deposits corresponding to the crystal structure of the
surface. Furthermore, this highlights a possible pathway
towards reduced dendrite formation, where the surface is
stabilised relative to all other possible facets, resulting in
less surface instabilities and flatter shapes of the deposits.
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