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We revisit the thermodynamics of the Li-Na system below the eutectic temperature (~ 350 K), where both
elements tend to form essentially immiscible bce phases. Ab initio calculations are used to extract the energetics
and to optimize the non-ideal interaction terms of the Gibbs energy, especially in the dilute limit. The obtained
optimized description is used to predict the low-temperature (below 350 K) metallic phase diagram and the
spinodal regime. Furthermore, elastic coherency effects are included. The resulting descriptions are used to
interpret and predict the microstructure formation in Li-Na metal anodes for all-solid state batteries, providing
a theoretical composition range where such microstructure is expected to form.

1. Introduction

Lithium is one of the key elements for the ongoing energy transition,
as it enables the storage of renewable energy to replace fossil sources.
This is particularly crucial for automotive applications, where devel-
oping active battery materials with high energy density, cycle stability
and low cost is decisive. Currently, the most used anode concept for
Li-ion batteries is based on graphite. But the hope is that in the future
all-solid-state batteries will allow to use lithium directly as anode
material to maximize the energy density. However, it turns out that
even in such setups the use of pure Li as anode material could lead
to undesired effects, such as the formation of dendrites [1]. A possible
mitigation strategy is to alloy it with low amounts of other elements,
which can improve the overall behavior. Among these, sodium has
emerged as a promising candidate [2-5]. Specifically, a recent study
has highlighted the low-temperature phase formation of Li-Na metal
anodes, which shows potential to deliver enhanced electrochemical
performance in all-solid-state batteries [4].

Li-Na, as a binary system, has been previously investigated, with
its phase diagram detailed in [7], building upon earlier descriptions
in [8]. These authors have developed a comprehensive thermody-
namic modeling, based on existing experimental work and the SGTE
data [9], leading in particular to the phase diagram shown in Fig.
1. Li-Na is a monotectic alloy, hence it exhibits phase separation in
the melt phase [10]. Additionally, it has a lower temperature eutectic
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point on the Na rich side. It is therefore obvious that the focus of
these investigations was on the high temperature regime of the phase
diagram, to capture the behavior in the vicinity of these invariant
points [11-19]. In contrast, less attention has been paid to the low-
temperature regime below the eutectic temperature (~350K), where Li
and Na form essentially immiscible body-centered cubic (bcc) phases.

Therefore, in this paper, we revisit the low-temperature regime
of the Li-Na phase diagram, using ab initio techniques, as these low
solubility regimes are difficult to access experimentally. Based on these
investigations, we suggest an improved thermodynamic description
of the bcc phases at low temperatures. Apart from phase stability,
also spinodal decomposition is investigated, as it is considered to be
relevant for the Li-Na anodes. In addition, this chemical perspective is
extended by the consideration of isotropic elastic effects, to estimate the
role of internal mechanical strains on the phase stability and spinodal
decomposition. The consequences of the new assessment are discussed
from the perspective of battery applications, and used to interpret and
predict the microstructure formation in Li-Na metal anodes, as well as
providing a theoretical composition range where such microstructure
is expected to form.

2. Methods

All ab initio simulations are performed with the Vienna Ab initio
Simulation Package (VASP), which uses a plane wave basis set and the
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Fig. 1. Li-Na equilibrium phase diagram, adapted from the SGTE database in FactSage 8.3 and [6]. At around 75 K lithium undergoes a phase transition towards
a dense packed structure, which is shown in [6], but not depicted and not relevant here.

projector augmented wave (PAW) method [20-22]. Different supercell
sizes ranging from 2 x 2 X 2 to 4 x 4 x 4 are used, where one or
more Na atoms replace Li atoms on the bcc positions. A full ionic
relaxation is performed with an energy accuracy of 107 eV in between
two ionic steps. The electronic self-consistency loop has a global break
condition of 107%eV. The exchange—correlation energy is determined
via the Perdew-Burke-Ernzerhof (PBE) generalized gradient approx-
imation (GGA) using the harder pseudopotentials that include the
valence states s for Li and p for Na [23]. An energy cutoff for the plane-
wave basis set of 500 eV and a 10 x 10 x 10 Monkhorst-Pack k-point
mesh are selected for the simulations [24].

3. Results and discussions
3.1. Low-temperature thermodynamics

For the application as anode material, mainly the low-temperature
phases of Li-Na are of interest. As obvious from the phase diagram, the
mutual solubility of Na in Li and vice versa is rather low. Consequently,
data on this regime is limited, and the thermodynamic modeling in [7]
has presumably only reduced accuracy. Therefore, we perform ab initio
calculations at 0 K to obtain the energetics of the Li-Na system.

The results of the density functional theory computations are sum-
marized in Fig. 2. It shows the energy of formation (per atom), using
the definition

E;(Ny;, Ny,) = E(Ny;, Ny,) = N [(1 = X)Ey; + xEy,| » €))

where N = Ni; + Ny, is the total number of atoms in the substitutional
alloy, in analogy to the definition in [25]. Here, E(N};, Ny,) denotes the
energy of a system consisting of Ny; lithium and Ny, sodium atoms, and
E;; = E(N,0)/N is the energy per (pure) lithium atom (similarly Ey, =
E(0,N)/N). Furthermore, x = Ny,/N is the sodium concentration.
By definition, the energy of formation difference equals zero for both
pure Li and pure Na. Alloys which contain both elements have a higher
formation energy E, indicating that at T = 0K no solid solution phase
is formed, and instead a decomposition into pure Li and pure Na takes
place, which is in agreement with the experimental phase diagram.
Eqg. (1) can be interpreted as total energy of the system, from which
a linear function in concentration is subtracted. Such a subtraction

affects neither the common tangent construction for identifying phase
coexistence nor the condition for the onset of spinodal decomposition,
which will be discussed below.

Due to the equivalence of bcc lattice positions, the energy is unique
for setups with only a single impurity. For two such defects, the energy
depends on their relative position, which leads to a slight scatter in the
data. This effect is most pronounced for an equal amount of Li and Na
atoms (x = 0.5), where the highest energy configurations correspond
to irregular “solid solution” configurations, whereas the lower ones
to arrangements, where the different atom types are organized in
layers or blocks. This energy reduction relative to the solid solution
configurations indicated the system’s tendency for phase separation. As
we treat the phase separation on the continuum level, we mainly focus
here on the randomly arranged high energy configurations; further
improvements using special quasirandom structures are possible [26].
However, we point out that the focus of the present investigations
is on solubility limits and spinodal decomposition, which occur at
low concentrations. Therefore, only these unique branches at x ~ 0
and x ~ 1 are relevant and considered for the determination of an
optimized thermodynamic description in the following. Moreover, in
the present investigations, only T = 0K energies from the ab initio
simulations are used. For higher temperatures closer to the eutectic
temperature, next to configurational entropy contribution, which are
discussed below, also thermal vibrations should be considered. The
focus of the present work is formally on low-temperature phase sep-
aration, where vibrational modes are not yet excited. Especially on the
Li rich side, such an approximation is reasonable due to the higher
Debye temperature of Li as compared to Na [27]. This simplification
is in line with existing thermodynamic descriptions, but an extension
to quasiharmonic descriptions is possible, similar to discussions in,
e.g., [28].

Finite temperature configurational entropy is added via the ideal
solution model, in agreement with the Calphad description. We note
that not all lattice configurations are energetically equivalent, thus the
use of the ideal model, which assumes equal probability for all states,
is strictly speaking not appropriate. However, as we are here mainly
interested in the low-concentration regimes, only small amounts of Na
in the bcce Li lattice (and vice versa) are relevant. As all lattice positions
in the bcc lattice are equivalent, as discussed above, and the distance
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Fig. 2. Ab initio based formation energy of the Li-Na system. The low energy configurations in x = 0.5 correspond to partially ordered structures, where Li and
Na are arranged in layers, in agreement with the energy reduction through phase separation.

between Na atoms is large for low concentrations, the assumption is
appropriate. For higher concentrations, deviations are captured in the
Calphad framework in the excess Gibbs energy expression, as defined
below.

From a thermodynamics perspective, the finite temperature Gibbs
energy is modeled as

Gp =Y x GP + RT Y x;Inx; +*G¥ 2

within the Calphad framework. Here, the molar Gibbs energies °G®
of the pure element i with structure @ as described in [9], and R is
the ideal gas constant, in agreement with the usual normalization as
Gibbs energy per mole. The non-ideal, excess contribution is expressed
through the Redlich-Kister polynomials as

n
"SGﬁ = ZZx,-szkL?fj(x,-—xj)k. 3)
i J>i k=0
Zhang et al. [7] truncates the expansion after the leading term for the
bee Li-Na phase, using 'L = 16000]/mol. For T = 0K the excess
contribution *G? corresporfds to the formation energy E, (apart from
the normalization per mole), i.e. *G® = N,E /N, and the expression
from [7] is depicted in Fig. 2. Although the agreement with the ab initio
data is reasonable, it does not capture well the apparent asymmetry
between the Li and Na rich sides. Therefore, we suggest to include
also the next order term in the Redlich—Kister expansion. This leads to
an improved description in the low-temperature and low-concentration
regime. At elevated temperatures, also temperature dependent Redlich—
Kister coefficients would be required, which is beyond the scope of the
present article.

Consequently, an analysis of the low-concentration and low-
temperature regime of the common tangent construction yields for the
solubility limit of Na in Li

BGP(x = 0)
X =~ eXp —T N (4)

where the prime denotes differentiation with respect to the Na concen-
tration x, see [29]. On the Na rich side, one gets similarly

“GP(x=1)
1 —x ~exp —rr ) 5)

An expansion up the second term in Eq. (3) yields on the Li rich side

0 7 bee 1 7 bee
X = exp <_ LLi,Na + LLi,Na ) 6)
- RT

and similarly on the Na rich side

07 b 11 b
l—xe exp <_ LL?,CNa - LLCi,CNa ) (7)
~ —RT .

These expressions show that for a description of the low-concentration
regimes the coefficients °LP ~and 'L , as well as the solubility
limits, are directly related to the slope of the ab initio computed
formation energy at x = 0 and x = 1. As the computed energies with
one Na or Li defect are unique, the coefficients therefore follow directly

from a finite difference expression,

OIS+ LS = Na[EV = 151 = (N = DBy - By, ®
0Ly = LS = Na [5(1; N—-1)—(N - DEy, - ELi], 9

using here the results from the largest calculated 4 x 4 x 4 system,
which contains N = 128 atoms. Solving the above linear system yields
OLPSS, = 20109.8J/mol and 'LPSS, = 5772.6]/mol, leading to the new
formation energy curve shown in Fig. 2, which agrees well with the ab
initio data also in the intermediate concentration regime.

Figs. 3 and 4 show the low-temperature solubility limits both on the
Li and Na rich side in an Arrhenius representation. Obviously, the exact
expressions, as obtained from the common tangent construction, agree
well with the low-temperature asymptotics (6) and (7). The graphs also
contain the predictions from the previous assessment [7]. Whereas on
the Na rich the two descriptions lead to very similar results, the new
assessment leads to a significantly lower solubility limit on the Li rich
side. We note that the phase equilibrium between the two bcc phases
plays a role only below the eutectic temperature 7, ~ 370 K.

Beyond the thermodynamic phase stability we can also use the
description to evaluate the onset of spinodal decomposition. The spin-
odal regime is in between the inflection points of the Gibbs energy
curve, Gﬁ”(x) = 0. Apart from a numerical solution of this condition,
also analytical approximations in the low-concentration regime (either
x < 1l or1-x < 1) can be worked out easily. For the Li rich side,
we can neglect the configurational term (1 — x)In(1 — x), and then the
condition for the inflection point becomes approximately

RT RT

_xs lolg - = 0 bee 1 7 bec
G (x=0) 2x LLLNa+6>< LI\

10

xspin ~

hence the onset of spinodal decomposition increases linearly with
temperature. An analogous analysis on the Na rich side yields
RT

I _st(D” =1
o (x=1

— Xspin ~
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Fig. 3. Na solubility limit in Li in an Arrhenius representation, i.e. the Li rich side of the Li-Na phase diagram. The straight lines result from the low-concentration
limit (6) for both the assessment by Zhang et al. [7] and the present work. They agree well with the full common tangent construction (squares) for each description
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Fig. 5 compares the analytical approximations (10) and (11) to the
numerically determined onset of spinodal decomposition. Especially
on the Li rich side that agreement is excellent, as the required con-
centrations for spinodal decomposition are still small. Nevertheless,
the difference between the present and the previous description [7]
is significant, since the old description leads roughly to twice as high
critical concentration of Na to trigger spinodal decomposition. On
the Na rich side, the analytical approximation (11) delivers reliable
estimates only at very low temperatures, as at around 50 K the spinodal
concentration is already high. This invalidates the assumptions used for

the derivation of Eq. (11), which can therefore serve only as an order
of magnitude estimate.

3.2. Elastic effects

The considerations so far neglect elastic effects, as usually done
for thermodynamic descriptions. This assumes that in case of phase
separation the two phases are separated such that they cannot deform
each other. In many applications, however, the phases stick together,
and if then different lattice constants emerge, they mutually deform
one another, which leads to an additional elastic energy contribution.
This contribution always makes the phase separation less favorable, as
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Fig. 5. Left panel: Begin of the spinodal regime on the Li rich side. Right panel: End of the spinodal regime on the Na rich side. The plots compare for both
the previous assessment [7] and the present description the analytical approximation (10) to the exact numerical solution (black squares). On the Na rich side,
the inset refers to the low-concentration regime of the chemical spinodal curve as obtained from our analytical model and numerical solutions. The expansion is

valid only at low concentrations, as shown in this inset magnification.

in a single phase material without external mechanical constraints all
macroscopic stresses can relax.

At this point, it is instructive to compare the above ab initio pre-
dictions to simulations without ionic relaxation, where all atoms are
forced to remain on the equilibrium positions of the pure Li lattice.
As sodium has a larger equilibrium lattice constant than lithium, this
leads to compressed states if Li is replaced by Na. From the computed
energies we then get a negative formation energy, which indicates
that in this case no phase separation would occur and instead a solid
solution should form. This improper prediction is a consequence of the
artificially strong internal elastic deformations, which make the phase
separation energetically unfavorable, as the emerging sodium phase is
strongly compressed. However, from this result we conclude that elastic
effects can have a substantial influence on phase coexistence in Li-Na.

A more realistic description is based on the assumption of coherent
precipitation of the second phase. In contrast to the above perspective,
elastic relaxation is permitted, such that the total elastic energy, which
arises due to lattice mismatches, is minimized. This perspective gives an
upper bound to the influence of elastic effects, as additional relaxation
effects, e.g., due to plasticity, creep or interface slip are not considered.
Therefore, we follow a similar approach as in [30,31], where me-
chanical effects are taken into account using a mean field description.
Such approaches are further elaborated and justified in [29], also
with the extension towards the inclusion of elastic relaxation near free
surfaces [32]. The calculation is based on the assumption of forming
coherent interfaces between the emerging phases and linear elasticity.
Further major assumptions are the isotropy of the elastic constants and
the lattice expansion through the increase of the sodium concentration.
In this case, the Bitter-Crum theorem [33] applies in infinite or periodic
systems, and therefore the elastic energy becomes a function of the
volume fractions of the two involved phases alone and does not depend
on their spatial arrangement. As suggested by Cahn [34], the elastic
effects can effectively be described by adding an elastic contribution
(with dimension energy per mole)

2
Gy = MXZ 12)
No(1—v)

to the existing description. An explicit proof for this result is given
in [29]. In the above expression, E is Young’s modulus, v the Poisson
ratio, y the Vegard coefficient of lattice expansion, €, the volume of a
unit cell and N, the number of atoms per unit cell. It is assumed that
both phases have the same elastic constants, and that they differ only
by a concentration dependent isotropic eigenstrain eg.)) = §;; xx. With
pure lithium as reference phase we use Q, = aii,o with ap; = 3427
being the T = 0K lattice constant of bce Li and N, = 2 for a bec lattice.
The Vegard coefficient is approximated as y = (ay,—ario)/aL;p, using
anyp = 4.19 A. The values of the elastic constants of Li and Na and
their anisotropy will be discussed in detail elsewhere. Here, we use as
upper bound Young’s modulus of lithium in isotropic approximation as
E = 13.8 GPa and a Poisson ratio of v = 0.33.

As derived in detail in [29] an analogous low-temperature Arrhe-
nius behavior can be obtained from the generalized common tangent
construction, which reads on the Li rich side

SGP (x = 0) + AG
X = exp <—mTel (13)
with
Ey2QuN
AG, = — =X 074 (14)
No(1-v)

An analogous description can be obtained for the Na rich side. Results
for the low-concentration regime for the coherent binodals both for the
description [7] and the present one are shown in Fig. 6. As expected,
the coherent phase separation can occur only inside the chemical
binodal regime, hence elastic effects increase the solubility limits. The
reason is that elastic coherency contributions appear only in two phase
configurations, which are therefore energetically less favorable. Al-
though mechanical anisotropy and contrast of elastic constants formally
lead to deviations from the above mean field results, the solubility
limits will only weakly be affected by these corrections.

Similar to the above approach, also the coherent spinodals can be
calculated [34], which is done for simplicity using the assumption
of elastic isotropy again. The consideration of cubic elasticity on co-
herent spinodal decomposition has been elaborated in [35], and has
only minor influence on the predicted stability limits here. Also, the
concentration dependence of the elastic constants leads only to higher
order corrections. It turns out that the description based on [7] leads
to a critical temperature around 205 K, which is significantly below
the eutectic temperature, contrary to the new assessment. Here, one
has to keep in mind that rather an upper bound for the elastic effects
has been calculated. Also, the non-ideal Gibbs energy contribution
(3) is optimized to deliver reliable predictions in the dilute regime,
and therefore the behavior near a possible critical point may not be
captured well.

Altogether, all results can be combined, leading to the new phase
diagram below the eutectic temperature, see Fig. 7. The coherent phase
diagram becomes very asymmetric, whereas the previous description
leads to a symmetric phase diagram. Compared to the previous descrip-
tion, the Na solubility limit in Li is therefore reduced, whereas more Li
is soluble in Na.

3.3. Relevance for Li-Na anodes

Enabling lithium metal as electrode in all-solid-state batteries is
a key step for enhanced energy density and safety. However, it is
frequently reported that the limited self diffusion of Li and the morpho-
logical instability of the lithium metal anode restrict the rate capability
of these cells. During lithium stripping, pore formation takes place at
the interface due to the slow diffusion kinetics of vacancies in the
lithium metal, see, e.g., [36]. These authors report that alloying with
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Mg leads to stable solid solution phases which can stabilize the interface
and lead to better performance.
Recently, a complementary approach was presented, which is based
on the mechanical mixing with small amounts of sodium to lithium [4].
This approach differs strongly from the Mg alloying, as Li-Na are
essentially immiscible at low temperatures, as discussed in the preced-
ing sections. Therefore, phase separation is an immediate consequence
from equilibrium thermodynamics. However, by alloying Li with 3
at% Na via mechanical mixing, heating above the melting point and
quenching to room temperature sufficiently fast, a metastable solid
solution or finely dispersed structures emerge. Only during a formation
step at the first cycles a scaffold structure establishes, consisting of Li
and Na rich regions, which form a complex three-dimensional network
with characteristic pattern scale of the order 10 pm (see Fig. 8, which
is reused from [4] and licensed under CC BY 4.0). As there were no
indications for the formation of such a microstructure already from the
liquid state during quenching, the question of a possible mechanism
for the origin of this pattern arises through a solid-state phenomenon.
During the initial formation step, the Li concentration in the anode is
reduced during stripping, and therefore the alloy is quenched isother-
mally deeper into the two phase region. An appealing mechanism
for the emergence of a Na rich phase would be by nucleation and
growth. Nonetheless, inspection of the microstructure indicates that
the scaffold structures are spatially rather uniform, whereas nucleation
as a thermally activated random event and subsequent fast growth

would rather suggest the emergence of irregular structures. Instead,
the scaffold structure shows similarities to evolving structures from
spinodal decomposition, which raises the question whether this barrier-
less transformation process may at least initiate or support the scaffold
formation.

Due to the small amount of Na, the low-temperature eutectic point
on the sodium rich side is only indirectly relevant, whereas the mono-
tectic point on the Li rich side turns out to be an important feature
for composition and process design. In a first step, Li and Na at the
monotectic composition are mechanically mixed at room temperature.
This mechanical mixing, which can be handled in advance in the sense
of a industrial processing, is mainly intended as a pre-mixing step,
whereas direct alloying would lead to immediate phase separation,
which turns out to be less suitable [3]. Then, the temperature of the
assembled symmetrical cell is raised above the monotectic temperature,

such that a homogeneous Li-Na melt phase can form. Due to the
mechanical mixing, the required holding time for this homogenization
is rather short. With the chosen composition, the melting temperature
is minimized, and similarly it is avoided to bring the alloy neither
into the low-concentration miscibility gap nor into the range of the
monotectic demixing. As in both cases phase separation involving at
least one liquid phase with fast diffusion would result, rather rapid
microstructure formation would take place, e.g., by monotectic solidifi-

cation [37]. This would be detrimental for the anode performance, and
is indeed not observed [4]. We can indirectly conclude that through the
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Fig. 8. SEM images at different magnifications of the remaining sodium structure after complete lithium stripping of one side of a symmetrical half-cell with
Li-Na anodes and LLZO separators. (a, b): LLZO surface, while (c, d): Ni current collector surface. Images reused from [4] and licensed under CC BY 4.0.

choice of the monotectic composition and sufficiently fast quenching,
the alloy is maintained in a metastable state with at most nanoscale
sized precipitates.

This perspective is plausible from the description developed in the
previous sections. Although at room temperature the solubility limit of
Na (chemical binodal) is only around x ~ 3 - 10~ and therefore below
the nominal composition of 3 at%, spinodal decomposition sets in at
around 3.6at%. Coherency effects can further stabilize the metastable
solid solution to a solubility limit of x ~ 3.8 - 10~ with coherent
spinodal decomposition starting at 5.8 at%. During the formation step
of the symmetric Li-Na/LLZO/Li-Na cell the sodium concentration is
increased due to stripping of lithium, and the alloy definitely enters
the spinodal regime, which can trigger the observed scaffold formation.
Moreover, inside the electrode a concentration gradient emerges during
stripping of lithium due to the finite diffusivity of Li. This explains the
observation in Fig. 8 that the Li-Na/LLZO interface consists essentially
of Na only, as the lithium is depleted there. In contrast, the Li-Na alloy
remains in the solid solution regime for a longer time near the current
collector before phase separation is triggered, and therefore there a
finer scaffold structure is observed.

We point out that spinodal decomposition alone will presumably
not be able to entirely explain the scaffold formation due to kinetic
reasons. The kinetics of this process are usually described by the Cahn-
Hilliard equation, which is a fourth order equation, and is directly
related to the original discrete treatment by Hillert [38]. It describes
the initial rapid development of concentration fluctuations and the
following phase separation into essentially depleted local equilibrium
phases. After this initial growth regime, coarsening is driven by the
reduction of interfacial energy. Quantitatively, the coarsening regime
was investigated in [39]. The authors show that for a phase indepen-
dent kinetic coefficient the coarsening is in line with classical Ostwald
ripening [40,41]. Hence, it shows a scaling of the characteristic length
scale of the patterns as R ~ (dODt)1/3, as for interface controlled
diffusion, the scaling obeys R ~ t'/4. Using characteristic values for
Li and Na diffusion coefficients, which are of the order ~10~10 cm?/s in
the relevant temperature regime (from room temperature to ~60 °C; the
ionic conductivity is typically too low below these temperatures for bat-
tery applications) and a capillary length d,, which is typically on atomic
scales, it leads even after extended times to patterns which are on the

submicron scale and thus below the scaffold pattern size experimentally
observed [4]. Consequently, we believe that an additional acceleration
through the ionic transport during stripping will ultimately form these
structures, which are possibly initiated by the spinodal instability. In
turn, the slow curvature driven coarsening in absence of electrical fields
implies that the self-organized scaffold structure is rather robust against
curvature driven coarsening even on extended lifetimes of batteries.

4. Conclusions

We have calculated the phase stability of bec Li and Na in the
low-temperature regime, where both elements show only low mutual
solubility. By performing ab initio simulations to calculate the forma-
tion energy, which is used together with a configurational entropy
expression for predicting the low-temperature phase coexistence, we
revisit the Li-Na phase diagram and improve the current description.
An asymmetry in the non-ideal interaction term calls for the inclu-
sion of higher order terms in the Redlich—Kister expansion, therefore
extending the work from [7]. Based on the new thermodynamics, we
find a reduced solubility limit of Na in Li, compared to the previous
study, which is in line with a theoretical Arrhenius description. Beyond
phase stability, we also considered spinodal decomposition, which is
expected to start at 3.6at% at room temperature. The inclusion of me-
chanical coherency stresses rises the Na solubility limit and pushes the
onset of coherent spinodal decomposition to higher Na concentrations
(up to 5.8at%). For all-solid-state batteries, we suggest that spinodal
decomposition triggers the formation of a scaffold microstructure in
Li-Na anodes during Li stripping, when the Na content is effectively in-
creased. However, spinodal decomposition alone will not fully explain
the microstructure formation due to sluggish coarsening kinetics.
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