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Abstract

The formation of dendrites in alkali and alkaline earth-metal batteries leads to short circuit and
catastrophic battery failure which hinders the development of high-energy-density battery technology.
Herein, we investigate the thermodynamic origin of this complex phenomenon and show that Kinetic
transport limitation of metal cations in the electrolyte is not the only factor controlling the formation of
dendrites.  The specific behavior of Li, Na and Mg electrodes towards dendritic growth is
straightforwardly deduced from the shape of their electro-capillary diagrams, as computed from a grand
canonical DFT approach. The whisker and dendrite morphologies associated with the different growth
regimes are fully rationalized by the present methodology and the critical parameters controlling the
dendritic growth on metallic surfaces are clearly identified. Further improving the description of the
interface by means of a simplified yet realistic SEI built on carbonate-based decomposition products, we
show that the over-potentials at which each growth regime is expected to occur can be predicted at a
quantitative level, hence allowing the design of chemical strategies to prevent dendrite growth at metallic
surfaces. More specifically, high surface tension associated with low surface capacitance and low potential
of zero-charge is the target triptych to favor safe battery operation and can be obtained through

appropriate chemical engineering.
Introduction

In order to satisfy high energy density applications such as electric vehicles and large-scale energy
storage, lithium metal anode is being reconsidered owing to its high theoretical specific capacity (3860
mAh.g™) and low standard potential (—3.04 V/SHE). The commercial use of lithium as anode material for
high-energy-density batteries, including Li-S and hybrid Li-flow batteries, is unfortunately hindered by

safety issues due to the formation of Li whiskers/dendrites upon cell charging."* Whiskers growth can
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lead to irreversible capacity loss and short cycle life due to the presence of "dead lithium", but dendrites
can also produce internal short circuits leading to thermal runaway and catastrophic battery failure.
Despite the paramount role of Li dendrites in the battery failure, their formation is still poorly controlled
and insufficiently understood to envision large-scale lithium metal batteries (LMBs) commercialization.
Over the last decades, various experimental strategies were developed to safely utilize Li-metal anode in
LMB technology.'® Attempts to suppress hazardous Li growth through the design of LiX alloys (X = C,

%13 or the development of solid-state electrolytes,****® have

Si, Sn, Al, etc.),”® surface functionalization
already enabled substantial improvements, but were unsuccessful to provide unique direction to control
Li-dendrite growth which relies on multiple and interdependent factors. Indeed, Li growth in non-aqueous
liquid electrolytes is controlled by various parameters such as current density, Li salt concentration, or
electrolyte composition which are difficult to dissociate from one another in the different studies reported
so far.*%**2 The formation of Li-dendrites under various electrochemical conditions has revealed
complex growth mechanisms. Bazant and coworkers reported distinct growth regimes over time evolution,
associated with different over-potentials.”*** As schematized in Fig.1, the first regime corresponds to the
onset of Li-electrodeposition at a low over-potential during which Li cations plate the Li-metal surface in
a rather uniform manner, leading to a stable pseudo-epitaxial growth regime. Monocrystalline lithium
nanoparticles synthesized under +0.1 V/Li over-potential confirm the existence of this first regime.? Upon
this regime, salt concentration decreases close to the anode surface (due to kinetic limitations) which
results in an over-potential to keep the current density constant.®® Depending on the applied current
density, this over-potential ranges from +0.5 to +3.5 V/Li and triggers the second regime during which
lithium grows as whiskers from the electrode surface. Such root-growing deposits (also called needle-like)
keep a unidirectional feature without branching, and interweave with each other to form a global moss-
like (or bush-like) pattern which is usually blocked by a nanoporous separator.”” Note that this mossy

22,27-29

growth mechanism is observed for lithium and sodium®~2 but not for magnesium? which suggests

a dependence on the intrinsic nature of the metallic electrode. Finally, after a characteristic time called

Sand's time, >3

when the cation concentration reaches zero at the metal electrode, a drop of over-potential
of ca. +1 volt is observed which does not depend on the current density and leads to Li-dendrite growth
(also called tree-like) in a tip-growing manner. Note that the widely-used "dendrite” term -- which has
been defined as a skeleton of a single crystal made of one stalk and branches® -- only applies to these
branched patterns and results in a fractal-like growth that can penetrate the separator (in contrast to
whiskers), leading to catastrophic failure, short-circuit or thermal runaway.?” This fractal growth was

36,37

observed for lithium,?* sodium,* and more recently for magnesium®®*" although the latter was initially

thought to be immune to dendrite formation.



Overall, these studies have enabled tremendous advances in the understanding and observation of Li-
whiskers/dendrites, also clarifying consistent terminology for Li-growth in battery operating conditions.
The striking differences in morphology and dynamics between the mossy and the dendritic growth were
mostly interpreted as kinetically-driven processes -- namely a root-growth reaction-limited and a tip-
growth transport-limited process, respectively.”” However, a possible thermodynamic origin was not
considered, though it might be a relevant asset to guide future developments of safer LMBs. Over the past
five years, theoretical models were developed to address this question. They already provided valuable,

yet partial information on surface properties directly or indirectly related to Li-growth such as Li diffusion

38-40 48,49 47,50~

in bulk electrolytes®*° or on the electrode surface,"*' Li charge-transfer*®*® and Li-dendrite patterns.
% In these approaches however, the impact of the electrochemical potential and solid electrolyte
interphase (SEI) on the overall mechanism of Li-growth was not elucidated, although it is known to be

critical.

To figure out the thermodynamic and microscopic origin of such a complex growth mechanism, a grand
canonical approach in the density functional theory (DFT) framework is required to account for the
potential-dependence of each growth regime.”® We propose an easy-handling computational method to
address this question through the investigation of potential-dependent stability diagrams of metal-surfaces,
hereafter referred to as electro-capillary diagrams. The surface environment of the metallic electrode is
taken into account with an increasing degree of complexity from implicit solvent model (PCM) to more
explicit description of the solid-electrolyte interphase (SEI). We show that the different growth regimes
observed for each metal (metal = Li, Na, Mg) can be rationalized in terms of surface intrinsic properties.
The morphology of Li, Na and Mg particles as-obtained from the present methodology is in full agreement
with experimental observations and differs significantly from the one obtained without considering
electrochemical conditions in the calculations. Criteria for the prediction of epitaxial, mossy and fractal
growth regimes can then be extracted from the general shape of the computed electro-capillary diagrams
and from crystal symmetry considerations. More specifically, we show that the formation of whiskers and
dendrites can be directly linked to a phase transition in the metallic growth process associated with a
symmetry breaking for some specific (hkl)-surfaces becoming more stable than the bulk (negative surface
tension). Then, we rationalize the subtle differences observed for Li, Na and Mg growth morphologies and
show that a basic, yet reasonable description of the metal/SEI interface allows for a quantitative prediction
of the over-potentials expected for each growth regimes. These results provide experimentalists with
chemically meaningful parameters to prevent metallic growth phenomena. In particular, they support that
anode materials with high surface tension, low potential of zero-charge and low surface capacitance are

desirable to suppress metal whisker/dendrite formation. This approach paves the way for a systematic



theoretical study of suitable electrolyte additives or innovative anode materials to design novel dendrite-

free batteries.
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Figure 1: Schematic representation of lithium growth as observed experimentally under battery operating
conditions. Three growth regimes are distinguishable over electroplating time evolution: first a stable
pseudo-epitaxial growth followed by a mossy growth consisting in whiskers and finally a fractal growth

consisting in dendrites.?

Methodology

To account for the potential-dependence of metallic-growth processes, we used a grand canonical DFT
approach in which the free electrochemical energy is computed as a function of the electrode potential.>*°
The applied potential is varied through the addition of surface charges (positive or negative) which are
counterbalanced by a homogeneous background charge to account for the electrical double layer response,
following the method used in previous works (see Supplementary Information S1 for details).”***™> For
solid electrodes, the surface tension yy,; for a given (hkl)-surface is the work required to form a unit area
of surface by cleaving the bulk, and its related free electrochemical energy, Fpx;(E), can be directly
extracted from DFT calculations, and linked to the surface tension y;,; (E) through the relation:

1
Yar(E) = 2Anm (Frit (E) = NakiEpure) 1)

In this expression, 24y, Npk; and Ep,p Stand for the surface area of the two (hkl)-surfaces formed from

bulk cleavage, the number of atoms in the slab layers, and the bulk reference energy (per atom),



respectively. Introduced by Lippmann in 1875, electro-capillary curves can be approximated at second

order by the following expression:
-C3 2
Vi (B) = =24 (E — Epie )" + Wit )

where Cgy;, EFZE, VEAC refer to the surface capacitance, the potential of zero-charge, and the surface
tension at zero-charge of a (hkl)-surface, respectively, and where E is the applied potential. As shown in
Fig.2.a, a typical electro-capillary curve displays an inverted parabola shape, the top of which corresponds
to the surface tension (¥;4¢) at zero-charge and the curvature of which is related to the surface
capacitance (i.e. ability of the surface to delocalize charge-excess)® which depends on the surface

environment. The surface charge density a5, is then given by the Lippmann equation:®
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where T, p and {y;} stand for the temperature, pressure and chemical potential, respectively. Equation (3)
reflects the negative (resp. positive) surface charging for reductive (resp. oxidative) potentials lower (resp.
higher) than EFZF. The classical inverted parabola shape of electro-capillary curves reflects the decrease
of the surface tension induced by the surface charge-excess. In fact, the charge-induced coulombic
repulsion decreases the cost of surface area increase (i.e. surface tension) as the increase of surface area
dilutes the surface charge and thus stabilizes the surface. Hence, the larger the surface charge (positive or
negative) the lower the surface tension (or equivalently the free electrochemical energy). Note that
because cleavage is an endothermic process associated with bond breaking, the surface tension yy; is
usually a positive quantity, and the surface area of a particle tends to be minimal relatively to the bulk
volume as classically described by the Wulff approach. Nevertheless, surface-charge accumulation may
lead to a critical electrode potential (Ef;) for which the electrostatic repulsion on the surface becomes so
strong that the surface creation becomes energetically favored over bulk (¥ < 0). This scenario arises
when the energy gain caused by the increase in surface area to reduce coulombic repulsions is larger than
the energy cost of bond breaking required to cleave the bulk and form new surface area. This is
highlighted in Fig.2.a, where Y;;; = 0 is achieved at a reductive potential Ef,; below which the (hkl)-
surface area is expected to rapidly increase. The change in the Y;,; sign is therefore the signature of a

phase transition in the metallic-growth process.

For a given metal M, the so-called M-electro-capillary diagram is obtained by the superimposition of
different electro-capillary (hkl)-curves and dictates which (hkl)-surface first reaches the critical

Y (Exp) = 0 condition during the electrodeposition process. Note that the critical potential Ey; is an



intrinsic property of the metal M and its environment, and corresponds to the highest (hkl)-critical
potential Ef,; associated to the first (hkl)-surface reaching the ¥;,; = 0 condition. For the sake of clarity,
we here introduce the critical over-potential, AE}; , defined with respect to the metal standard potential as:
AEf, = E,°W+/M — Ej;. The aim of the present work is to link the shape of the electro-capillary diagram, as

computed in the grand canonical DFT approach, to the different regimes of metallic-growth, as

experimentally observed, following the general methodology summarized below.
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Figure 2: (a) Representation of an electro-capillary curve showing the general evolution of the (hkl)-
surface tension as a function of the applied potential E. The decrease in the (hkl)-surface tension with
respect to the zero-charge state is due to the negative charge-excess induced by the decrease in potential
with respect to the potential of zero-charge EFZC (reductive condition). Ef,,,, refers to the critical potential
below which the (hkl)-surface becomes favored over bulk and should rapidly expand so as to minimize
the particle free energy. (b) Illustration of anisotropic particle-growth induced by a symmetry lowering in
one specific {hkl}-class (see Supplementary Information S2.A for details). Following the Miller
terminology, (hkl), {hkl} and [hkl] define a plane, a set of symmetry-equivalent planes (class) and a

surface direction in the basis of direct-lattice vectors, respectively.

Under reductive conditions (E < E,S,+ /M), electrodeposition is expected to take place when the metal

surface Fermi level is high enough to reduce the solvated species of the electrolyte.® For low over-
potentials at which all (hkl)-surface tensions remain positive, electrodeposition leads to a pseudo-
epitaxial growth regime during which metallic-particles grow so as to minimize the total surface energy.

The equilibrium shape of the particles, which consists in different (hkl)-surfaces at a given potential E,



can be obtained by building a Wulff construction from the potential-dependent surface tensions Y;,x;(E)
rather than the zero-charged ones (Y;FZ¢), as usually done. Therefore, at a given potential, the equilibrium
crystal shape of the metallic-particles is deduced from the relative stability of all (hkl)-surfaces, the ones
having the lowest surface tensions relatively to their orientation being dominant on the particle’s facets.
As surface tensions Y3, (E) are potential-dependent, any change in potential altering the hierarchy in the
(hkl)-surface tensions also modifies the particles morphology. For higher over-potentials, one {hkl}-class
of symmetry-equivalent surfaces may reach the critical Y,;;(Ef;) = 0 value for which surface-growth is
favored over bulk. The critical over-potential AEy; associated to this specific critical potential value Ef;
therefore points the end of the homogeneous three-directional epitaxial regime and the onset of a lower-
directional regime during which metallic-particles preferentially grow so as to maximize their surface area
along one specific [hkl]-direction. Noteworthy, for a high symmetry crystal structure, such lower
directional particle-growth can only be achieved through a symmetry breaking of the bulk-crystal
symmetry in order to prevent all surfaces belonging to the same {hkl}-class to expand simultaneously and
identically. Possibly of kinetic origin, this symmetry lowering imposes that a surface subset of one given
(hkl)-class expands more rapidly to the expense of the other (hkl)-surfaces, hence leading to strongly
anisotropic particles (e.g. whisker-like, plate-like). Examples of unidirectional growth are given in Fig.2.b
and a proof in a simple case of the energy stabilization induced by symmetry breaking is given in
Supplementary Information S2.B. By extension, if more than one {hkl}-class of symmetry-equivalent
surfaces simultaneously reaches the Y;;(E) < 0 condition, competitive unidirectional growth in various
directions should result in a branched architecture growing in a multidirectional manner in order to
maximize the global surface area over the bulk volume. Unless kinetic limitations slow down some
growing directions over others, a fractal tree-like structure maximizing the surface area/volume ratio is
expected when (almost) all (hkl)-surfaces become energetically favored over bulk. In this context, the
different regimes experimentally observed for metallic growth can be straightforwardly deduced from the

general shape of each metal-related electro-capillary diagram.
Results and Discussion

The environment of lithium surfaces was first investigated with an implicit solvent parameterized with the
dielectric constant of ethylene carbonate-based electrolytes, € = 89.9. All technical details for the interface
models and DFT calculations are given in the Computational details section. The electro-capillary diagram
built from the thirteen most relevant Li (hkl)-surfaces® is presented in Fig.3. All uncharged (hkl)-
surfaces have different surface tensions Y;74¢ ranging from 29.08 to 33.47 meV.A? (see Supplementary

Information Table S1), in fair agreement with previous theoretical and experimental works.****®® Their



associated potential of zero-charge ranges from +1.24 to +1.67 V/Li and reflects the different surface-
dipoles generated for each (hkl) cleavage direction. As expected, the potential of zero-charge increases
with the surface atomic density.*® For the bcc lattice, the packing density dj; increases as dy19 > d1oo >
dqqq, consistently with EPZE > EFZC > EPZC ANl curves present slightly different curvatures
corresponding to surface capacitances Cj,, at zero-charge ranging from 6.73 to 8.46 uF.cm™2, in

reasonable agreement with available data for surfaces in organic carbonates media (ca. 6-15 uF.cm™2).%’

PzZC
‘E'I(ii | EO!.i*/Li | E'Li |
200, \L|th|um]
- ;
<L 20.0 E
> a
Q i
S i
~ 1
¥ 10.0-
>
0.0

2.0  -1.0 0.0 1.0

Potential V/Li
Figure 3: Lithium electro-capillary diagram as computed within the grand canonical DFT approach in
PCM@Li conditions. Ef#¢ = +1.53V/Li corresponds to the potential computed for the zero-charged Li-
particles, using a Wulff construction for which the total charge of the particle (sum over all surface-
charges) is null. The critical potential E}; allows to determine the lithium critical over-potential defined
as AE[; = Efi+/u — Ef; = +1.71VILi. The evolution of Li-particles shape, as obtained from the potential-

dependent Wulff approach, is shown for various electrode potentials at £ =-1.50 V/Li (reductive
condition), 0 V/Li and +1.53 V/Li (oxidative conditions).

The shape of Li-particles was predicted in various electrochemical conditions, following the electro-
capillary diagram of Fig.3. To this aim, we used a Wulff construction based on the potential-dependent
surface tensions Yy, (E) computed at each potential of interest.®® An interesting asset of this procedure is
that it allows one to deduce the potential of zero-charge of a Li-particle (EFZ¢) by constraining the total

surface charge of the particle to be null (see Supplementary Information S3 for details). As previously



shown, because of the Fermi level equilibration of all surfaces, a globally neutral particle may consists in
positively and negatively charged surfaces. In the case of implicit solvation, ELPiZC is predicted at +1.53
V/Li, a potential at which Li-particles adopt a truncated cubic shape dominated by the (100) surface

(Fig.3). This shape is in agreement with other DFT studies using uncharged surface energies.®*®

However, EFZC is far above the reference Li*/Li redox-pair potential (by definition 0 V/Li) so that Li-
particles are expected to be unstable towards the formation of oxidized Li* at this potential. The Wulff
shape obtained using the uncharged standard approach corresponds to an unstable system under
electrochemical conditions and is therefore not relevant. At a reductive potential of E = —1.5 V/Li a
rhombic dodecahedron shape dominated by the {110}-surfaces is predicted by our calculations which
significantly differs from the shape obtained at EFZC. The consistency of this electrochemical approach
can be checked by comparing the simulated particle shapes to experimental observations. Scanning-
electron microscopy (SEM) data® reveal that Li-nanoparticles display a rhombic dodecahedron shape with
dominant {110}-surfaces at, however, moderate reductive potential (-0.1V/Li) compared to our
predictions (—1.5 V/Li). Hence, despite the relatively rough description of the Li-metal/electrolyte
interface considered in our implicit model (PCM@L.i), the present methodology leads to qualitative
agreement with experiments. To which extent an explicit description of solvent molecules allows for a
more quantitative description of the interface is a legitimate question. Previous studies have made such a
comparison between implicit and explicit models.®" It was shown that including explicit water layers on
metal surfaces influences the surface electric field but does not significantly impact the free energy
associated with the different intermediates of C-C bond formation mechanism during the electrochemical
reduction of CO,. In this particular case, where explicit water molecules mainly add electrostatic
interactions, the conclusion was that implicit approaches are sufficient to obtain quantitative results.
Nonetheless, this observation is no longer valid in the situation where the inclusion of explicit molecules
leads to strong chemical bonds between the solvent and the solute. As an example, we showed that an
explicit description of lithium solvation shell in combination with a PCM is necessary to accurately
evaluate lithium redox potential.>” This strongly suggests that a more realistic solvation model accounting
for the chemical interactions between the Li-surface and the electrolyte is here required to predict redox

potentials and make the present methodology quantitative.

To this aim, we explicitly included in our interface model a simplified, yet realistic description of the solid
electrolyte interphase (SEI). SEI is known to form upon cell charging at the Li-surface and arises from
partial electrolyte decomposition. It acts as a more or less passivating layer at the electrode/electrolyte
interface which is typically nano- to micro-meter thick and protects the anode for further degradation due

to high mechanical and electronic stability. For Li-anodes, SEI is described in the so-called “mosaic



model” as a mixture of various insulating phases (Li,O, LiOH, Li,COs,...) with carbonates as one of the
dominant species at the metal/electrolyte interface.”"’? Therefore, different Li/carbonate interfaces
(PCM@LIi-COj3) were built (see Supplementary Information, Fig.S3 and Fig.S4) to check the impact of
chemically modified Li-surfaces on the electro-capillary diagram of Fig.3. In order to limit computational
cost, electrochemical calculations in explicit solvation were restricted to the four most stable Li (hkl)-
surfaces. Details for PCM@Li-CO; calculations are given in S4. As shown in Table S2, the potential of
zero-charge of all (hkl)-surfaces is not significantly impacted by the carbonate adsorption. Accordingly,
zero-charged Li-particles are found at very similar potentials in both implicit (EPZ¢ = +1.53 V/Li) and

explicit conditions (EFZC =

+1.56 V/Li). Both values are consistent with the experimental work function
measured for the Li-crystal (+1.6 \V/Li).” The impact of SEI is mainly seen in the surface tensions which
are twice smaller for PCM@LIi-CO; compared to PCM@Li due to the strong bonding between the
carbonates and the metal surface. Interestingly, the (100) and (110) surface-tensions in explicit solvation

are substantially different at Efﬁ/u while they were similar in implicit solvation. This can be easily linked

to the surface packing density which discriminates the ability of the two surfaces to adsorb molecular
species in terms of adsorption-sites and bonding strength. As a consequence, the fraction of each surface
in the Li particle-shape is strongly modified in PCM@Li-CO3; compared to PCM@L.i in such a way that
the rhombic dodecahedron morphology experimentally observed at —0.1 V/Li is now accurately
reproduced by our calculations at this potential (see Supplementary Information, Fig. S4). This
guantitative agreement with experiments supports that the main electrochemical features of Li-SEI
interfaces are reasonably well captured by our PCM@Li-CO; model, provided that the capacitance is
properly scaled (see Supplementary Information S4). It also stresses out that the evolution of Li-particles
shape under electrochemical conditions has a thermodynamically origin, which persuaded us to further
link our electro-capillary diagrams to the growth regimes experimentally observed for Li-

whiskers/dendrites.

Under reductive conditions (E < E’,,.) and for typical operating current-densities, Li* diffusion in bulk

Li%/Li
electrolyte may no longer compensate Li* consumption at the electrode/electrolyte interface which induces
an over-potential to balance the electronic charge. As shown in Fig.4, three different over-potential
domains leading to different electrode morphologies can be identified in the Li electro-capillary diagrams
computed in implicit (PCM@L.i) and explicit solvation (PCM@Li-COs3). As far as over-potentials are low

enough so as all Yy, are positive (Ef; < E < Efi+ /Li), Li-particles are expected to grow in a pseudo-

epitaxial regime to minimize their total surface area and free energy. In this domain (green region in
Fig.4), our calculations predict the (110)-surface as the most stable Li-surface so that Li-particles are

expected to grow with a rhombic dodecahedron morphology dominated by the (110)-surface, in perfect

10



agreement with experimental observations.”® As discussed above, explicit solvation is required to access
quantitative prediction of the absolute AEf; over-potential at which the epitaxial regime ends. Below the
AE[; = +0.65 V/Li predicted for the PCM@Li-CO; interface, a second domain is visible in our electro-
capillary diagrams (blue region in Fig.4) upon which solely the (110)-surface displays a negative surface
tension Y3, < 0. This potential window corresponds to a second growth-regime characterized by a
symmetry breaking of the equilibrium crystal shape to minimize the particle free energy and favoring low-
directional growth. Kinetics or size effects may be an important factor in the crystal shape, but their
impact is difficult to determine at this stage. Nevertheless, only three over all possible symmetry lowering
in the {110}-class lead to {110}-faceted mono-crystalline objects growing in the [111]-direction (see
Supplementary Information, Fig.S5), as experimentally observed.”"? The hexagonal and triangular cross
sections obtained with this model are also in agreement with experimental observations. Noteworthy, any
other (hkl)-surface reaching the critical Y;(Ef;) =0 would induce different shapes and growth-
directions, therefore supporting the consistency of the present approach to rationalize the characteristic
whisker shape and its unidirectional spatial expansion which both form the mossy aggregate
experimentally observed. Interestingly, not only the whisker’s shape is precisely determined by our
thermodynamic approach, but also the over-potential at which this peculiar growth-regime starts agrees
with experiments. Indeed, according to Bazant’s observations,?? mossy growth is observed for an over-
potential of ~0.4-0.5 volt at low current density (~1mAh/cm?). Although more sophisticated interface-
models with more exhaustive descriptions of the SEI could even improve our results, the present
prediction of AE}; = +0.65 V/Li is only slightly over-estimated compared to the experimental value, hence
attesting that both the methodology and the interface model are relevant. Eventually, the third and last
regime corresponding to Li-dendrite growth is shown to occur experimentally after a +1 volt over-
potential drop which is now independent of the applied current density. Such a potential drop corresponds
in our electro-capillary diagrams to a third domain (indicated in red in Fig.4) in which most or all (hkl)-
surfaces have reached the critical Y3, (E) = 0 value. This regime is therefore very consistent with the
growth of branched architectures (fractal growth characteristic of dendrite shape) resulting from the

removal of the unidirectional symmetry constraint associated with the whiskers growth.

Overall, the present methodology allows good estimates of the relative stability of Li-surfaces under
electrochemical conditions, which in turns controls the evolution of the particle shape and triggers specific
Li-dendrite growth-regimes. In contrast with current knowledge, our results suggest that Li-dendrite
growth is not only kinetically-driven by Li" diffusion limitation but also has a thermodynamic origin

through the Y3, (E) surfaces tensions that govern the Li morphology under electrochemical conditions. To

11



support this hypothesis, we extended the present study to other metallic electrodes such as Na and Mg for

which experimental observations are also available.

|Epitaxia| growth| | Mossy growth ] | Fractal growth

> ———————————————_
e e ——
——
_:\
—— ——
b 100

110
111
210
211
221
310
311
— 320
— 321

322

331
sy 332

Lithium Lithium

[PCM + carbonatel

o/

0.0 -20 -15 -1.0 -0.5 0.0 0.0

Potential (V/Li)

Figure 4: (a) Lithium growth regimes as experimentally observed® - Published by the Royal Society of
Chemistry. (b) Schematic representation of the different lithium growth regimes expected from (c) the

electro-capillary diagrams computed in implicit (PCM) and explicit (PCM + carbonate) conditions for the

Li electrode, and magnified in the potential region of interest (reductive conditions, £ < E + /u) The

12



green, blue and red domains define the potential-window predicted for the epitaxial, mossy and fractal
growth, the width of which is directly linked to the over-potentials at which each growth-regime starts
(experimental observations). Results show that implicit solvation is sufficient to qualitatively predict and
fully rationalize the different growth mechanisms while explicit solvation also enables quantitative
predictions of the over-potentials experimentally measured for the different Li-growth regimes.

The same methodology was applied to sodium and magnesium, both being thought as promising
alternative to lithium for the next generation of rechargeable metal batteries, while also undergoing
undesirable and uncontrolled dendrite growth under specific operating conditions.?®3***%" As mentioned
in the introduction, sodium presents a two-step growth instability process equivalent to the mossy and
fractal growth reported for Li, while magnesium presents a first growth-regime as thin hexagonal platelets
formation, then followed by hazardous dendrites. Sodium and magnesium electrodes were considered in
PCM conditions with a dielectric constant corresponding to classical solvents, ethylene-carbonate-based (¢
= 89.9) and ethereal-based (¢ = 7.2), respectively. Their electro-capillary diagrams and potential-
dependent particle shapes are shown in Fig.5. Also having a bcc lattice, Na behaves similarly as lithium
under reductive conditions and presents the same rhombic dodecahedron Wulff shape at —1V/Na. Na
electro-capillary diagram computed in PCM (Fig.5.a) shows the onset of a {110}-dominated
unidirectional growth regime, similar to Li. The formation of Na-whiskers leads to mossy-like growth
which, however, starts at a slightly lower over-potential than for Li (AEg, = +1.37VV/Na compared to AE};
= +1.71V/Li, as computed in PCM conditions). For Mg (Fig.5.b), the most stable surface of the hcp lattice
is the (0001) leading to a hexagonal crystal shape, irrespectively of the potential. For reductive potentials
at which all y;,; remain positive, the increase of the (0001) fraction induces a flattening of the particle

shape as experimentally observed.> At AEy 4 = +2.42VIMg over-potential, the {0001}-class consisting in

only two (0001) and (0001) surfaces reaches the ¥;,;;(E) = 0 critical surface tension. The increase of one
surface area necessarily leads to the increase of the other one, which results in the formation of thinner and
thinner hexagonal platelets (Fig.5.d). Accordingly, our calculations confirm that Mg does not undergo
unidirectional whisker formation, alike Li and Na, but a bidirectional growth of thin hexagonal platelets.
This growth is slower than the unidirectional growth of whiskers, as the particle expansion is proportional
to the inverse of the hexagon radius, and does not lead to a mossy layer but to interspersed thin hexagonal

platelets, fully consistent with experimental observations.*
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Figure 5: (a) Sodium electro-capillary diagram. (b) Magnesium electro-capillary diagram. (c)
Experimental observation of magnesium thin hexagonal platelets, adapted from Ref.[37] with permission

from The Royal Society of Chemistry. (d) Magnesium Wulff constructions simulated with (0001) surface
tension decreasing.

Li, Na and Mg critical over-potentials computed in PCM conditions follow AEy, > AE[;> AEg,,

suggesting that 1) the pseudo-epitaxial domain is more extended for Mg than for Li and Na and the
surface instability is more difficult to reach for Mg, and 2) Na is slightly more prone to whisker/dendrite
growth than Li and Mg. As mentioned above, these critical over-potentials computed in PCM conditions
are over estimated due to the lack of explicit chemical bonding at the metal surface which artificially

increases the surface tensions (Supplementary Information table S1 and table S2). However, the

adsorption energies of CO;” species, Eégsé_, computed on Li, Na and Mg dominant surfaces are nearly
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constant (Supplementary Information table S5) and show that surface tensions are decreased by
approximately the same factor for Li (51% for Li (110)-surface), Na (44% for Na (110)-surface) and Mg
(55% for Mg (0001)-surface) when identical carbonate density is considered. This supports that explicit
solvation mainly impacts surface tension (within the same order of magnitude) and allows rapid
evaluation of Na and Mg critical over-potentials, which are here found to be AEy, = +0.59V/Na and
AEg;, = +1.42VIMg, following the same order AEf;, > AE}; > AEg, than in PCM conditions. This makes
the purely implicit model a reasonable model to compare critical over-potentials of alkali, alkaline-earth

and their alloys.

For high enough current-density, increased cation consumption causes depletion in the electrolyte close to
the metallic surface which ultimately leads to dendrite formation, as described above. Lithium, sodium
and magnesium having close capacitances (Supplementary Information, Table S1, S3 and S4), the
difference in their AES, (AE,flg > AEf; > AEg,) mainly arises from the difference in their surface tensions
(Voda(Mg) > YIZF (L) > Y5 (Na)) and potentials of zero-charge (ExZ¢ < EL7¢ < Eff") which are
therefore the two thermodynamic quantities one should first tune to avoid dendrite formation. From the
expression of surface tension given in eq. (2) the critical over-potential AE}, above which a metal M is

prone to whiskers/platelets formation can be estimated with respect to its standard potential E + M* /M from

the zero-charge properties following:

ZYPZC
BEf ~ |7 = R + By (4)
Thus, increasing the critical over-potential to prevent whisker or dendrite growth could be achieved by
appropriate chemical engineering of the metal surface in order to maximize the surface tension, minimize
the surface capacitance or shifting the potential of zero-charge towards lower values. Hence, to prevent
dendrite growth, an optimal SEI material should satisfy the following conditions: 1) minimize solvent
decomposition and carbonate formation, 2) be stable over decomposition even with direct contact with the
Li-surface, 3) make weak bonds with the Li-surface to reduce surface tension, 4) have a low surface dipole
to decrease the potential of zero-charge, 5) be an electronic insulator to reduce the surface capacitance and
6) be a lithium conductor to allow Li* transport and reduction. Turning back to the experimental and
theoretical approaches so far developed to suppress dendrite formation, we can now fully rationalize their
impact on dendrite formation with respect to these different parameters. First, in the Li case, the
carbonate-based SEI is stabilizing the metal surface,” decreasing its surface tension and potential of zero-
charge, therefore favoring dendrite formation. Hence, although SEI is known to be essential for Li-ion

battery operation, it also appears as one of the major causes of dendrite growth instabilities. Preventing
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alkyl carbonates decomposition on the metal surface could constitute a winning strategy to postpone or

suppress such instabilities. In previous works,>""

we have shown that alkyl carbonate solvents
coordinated to Li* or Mg*" cations undergo an electrophilic activation under reductive conditions leading
to solvent decomposition and carbonates release. It is therefore not surprising that superconcentrated
electrolytes decrease the ability of solvent to decompose at the metal surface™ as they favor ion-pairing.
At high salt concentrations, the probability that cations have one counterion in their first solvation shell is
very high, thus quenching the electrophilic activation of alkyl carbonates and hopefully dendrite growth.
A less extreme solution to obtain dendrite-free surfaces is to use conventional electrolytes with specific
additives' favoring the formation of SEI less bonded to the Li surface than carbonates. One example is the
fluorination of the Li electrode which generates thick enough interfaces with a higher surface tension, thus
allowing few hundreds of battery cycles*? without dendrite formation. Another example is the use of 2D
atomic crystals, such as h-BN, deposited on the electrode surface.”®”” This interfacial layer allows a
uniform deposition of metallic cations due to its low diffusion barrier and high stiffness. On top of this
kinetic impact, it has been shown that h-BN layer interacts with the anode surface through weak van der
Waals interactions which leads to high surface tension and therefore important critical over-potential. This
thermodynamic impact is in perfect coherence with our model. Finally, the use of cesium as a plating
additive to reduce dendrite formation was described in the self-healing electrical shielding mechanism.™
Cs atoms can be incorporated at low over-potential in the Li metal interface (Cs” is reduced 0.1 V before
Li*) to form an alloy-surface. As a highly polarizable atom, Cs should be more stable at the interface than
in the Li-bulk, therefore staying at the interface. This should drastically decrease the binding energy of the
Cs-surface with carbonates therefore increasing the surface tension. Furthermore, as Cs is slightly more

electropositive than Li, the surface dipole should be reduced, so as the potential of zero-charge.

All these examples show that optimizing each key-parameter independently of the other is complex as
they all tend to be interdependent. Thus, a solution to the dendrite growth issue could be to use
bifunctional molecules associated with separated adsorption and polarization moieties for pre-coating the
electrode surface. The first functionalized group would control the Li-surface binding and thus the surface
tension while the second polar group would control the surface dipole and thus the potential of zero-
charge. By this means, one could play independently on the surface tension and potential of zero-charge,
thus offering subtle mastering of the interface for more efficient prevention of dendrite growth.
Nowadays, the main challenge we face is that strategies for dendrite prevention must be effective on long-
term cycling, whereas Li-particle volume change upon charge and discharge inevitably leads to strong
mechanical strain on the coating layer. On the one side, non-sticking hard layers should favor high surface
tension but it is likely that the coating will undergo undesired cracks, which ultimately open channels for

parasitic reactions of the uncovered Li-electrode with electrolyte. On the other side, soft materials such as
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polymers should easily decompose in contact with the highly reductive Li-surface, thus losing their
mechanical protection. So, one possible strategy could be to mix one first layer of non-sticking hard-
carbon (h-BN-like) in direct contact with Li, to increase the critical over-potential of Li-dendrite
formation, with one second layer of soft functionalized polymers, to accommodate the mechanical stress
while still insuring Li* transport across the layers. Furthermore, excess amount of Li-metal associated with
large particle size could be used to reduce the volume change and the stress on the coating layer. Whatever
is the strategy developed in the near future, the methodology presented therein can efficiently screen in
silico target molecules and/or layers before being experimentally tested in real conditions.

Conclusion

Growth mechanisms of Li, Na and Mg were investigated by means of a thermodynamic grand canonical
DFT approach accounting for the potential-dependence of surface tensions. Results highlight the
thermodynamic origin of the epitaxial, mossy and fractal growth regimes that are linked with intrinsic
energetic properties of metal surfaces. The metal surface instability under reductive conditions is
characterized by an over-potential threshold AE}; above which surface charge repulsions overcome the
work required to increase the surface area. This critical AE}; sets the reductive potential below which one
(at least) metallic surface becomes more stable than the bulk (negative surface tension). By having the
lowest critical over-potential, Na is more prone to whisker/dendrite growth than Li and Mg. At this critical
over-potential, the equilibrium crystal shape switches from a surface area/volume minimization to a
surface area/volume maximization to dilute the surface charges. For both Li and Na, this implies a
symmetry breaking in one {hkl}-class of surfaces leading to unidirectional growth of whiskers. For the
hcp-Mg, a bidirectional growth resulting in thin hexagonal platelets is obtained to maximize the (0001)-
surface area. As the over-potential increases, a negative surface tension is achieved for more (hkl)-surface
orientations, thus leading in the end to fractal growth. Thanks to this study, three interdependent key-
parameters inherent to the metal surface properties are identified as tunable quantities to prevent dendrites:
the surface capacitance, the surface tension that needs to be increased through the formation of SEI less
strongly bonded to the metal surface than carbonates, and the potential of zero-charge that needs to be
lowered through the decrease of the surface dipole. By providing qualitative to quantitative estimates of
these three thermodynamic parameters, we believe the present methodology is a valuable tool to
systematically screen novel families of multi-functionalized additives to master dendrite-free

electrochemical interfaces for safe and high-energy-density metal batteries.

Computational details
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Periodic calculations were performed within the density functional theory (DFT) framework, using the

7881 and the projector augmented wave (PAW) method,*® as

Vienna ab initio simulation package (VASP)
implemented in VASP. The exchange-correlation effects have been accounted for by the generalized
gradient approximation (GGA) using the functional of Perdew, Burk and Ernzerhof (PBE).** The
electronic wave functions have been defined considering a plane-wave basis set up with an energy cutoff
of 450eV for every metals. The Brillouin zone integration for Li, Mg, and Na bulks have been performed
with 14x14x14 Gamma centered k-point mesh. This reference k-point set has been adapted for slab
systems, depending on lattice parameters of every cleavage directions. For geometry optimization,
convergence criterions have been set to 10° eV and 10 eV.A™ respectively for electronic iterations and
ionic relaxation. For all calculations in PCM, the vacuum thickness in the z-direction has been set to 15A,
7 atomic layers have been defined and the lattice parameters have been fixed as well as the central layer.
For PCM@L.i-CO; calculations, the vacuum thickness was upscaled to 25A. An implicit solvent has been
used as implemented in the patch VASPSol®® to simulate the presence of the most commonly used
solvents for each metal in their respective battery conditions: permittivity of the solvent has been set to
89.9 (ethylene carbonate (EC)) for Li and Na, and 7.2 (dimethoxyethane (DME)) for Mg. The cavitation
energy contribution has been set to 0 meV.A?, and the cutoff charge density parameter (which determines
at which value of the electron density the dielectric cavity forms) has been set to 2.5.10* A® and 5.10° A’
for Li in PCM@Li and PCM@L.i-CO; respectively, 1.25.10* A* for Na and 5.10™ A for Mg. Details on

the PCM parameters can be found in Ref.[57].
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