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ARTICLE INFO ABSTRACT

Keywords:
Lithium metal anodes

Lithium metal anodes (LMA) increase the energy density of lithium-ion batteries, but the formation of lithium
dendrites above a critical charging current (CCD) is still a severe safety issue that limits their wide industrial
application. In this work, we present a simple, scalable method to improve the properties of LMA and increase
the CCD by physical mixing with a small amount of Na metal, leading to a formation of self-organized 3D
interfacial structures during cycling. The physical premixing of Li and Na metal results in excellent dispersion of
the metals without phase separation or clustering. To demonstrate the effectiveness of these LiNa anodes in solid-
state cells with oxide-ceramic Lig 45Alg gsLasZry ¢Tag 4012 (LLZO) separators, we melt-quench them directly onto
the LLZO surface. The application of a special formation protocol during cycling leads to the in-situ formation of
a 3D Na-metal interfacial structure, which improves the cell performance. The symmetric cells prepared in this
way were operated without external pressure (0.1 MPa) and showed record CCDs for planar interfaces of over 5.0
mAecm 2, cycling stability of over 1200 cycles, and a total stripping capability of up to 100 ym Li metal, cor-
responding to a capacity of 21 mAhecm 2. Most remarkably, our approach resulted in a very low impedance of
the Li/LLZO interface, which remained constant even at high stripping/plating rates. The new approach provides
an industrially scalable method for fabricating next generation LMAs with an inherently reduced tendency to
dendrite formation, which can be readily utilized in a variety of next-generation lithium batteries.

Lithium sodium eutectic
Critical current densities
LLZO

Solid state electrolytes

1. Introduction growth due to their high mechanical strength. However, dendrites were

also observed in polymer electrolytes, and Li-metal anodes remained

To increase the energy density of current Li-ion batteries (LIBs), the
use of lithium metal anodes (LMA) with its extremely high gravimetric
capacity of 3860 mAheg™! instead of currently used graphite- or
graphite/Si anode materials is highly desirable. To date, reversible
stripping and plating of lithium during battery cycling has been a
challenge, especially for conventional liquid electrolyte LIBs, as lithium
does not plate uniformly and forms mossy/dendritic lithium that can
short-circuit the cell, leading to thermal runaway, venting, and subse-
quent cell fire [1,2]. To counteract this failure, solid-state electrolytes
such as Li-ion conducting polymers (e.g., polyethylene oxide, PEO) have
been extensively studied as they were believed to be resistant to dendrite
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unattainable.

Monroe and Newman developed a model for dendrite growth and
found that it could be successfully suppressed when the shear modulus
of the solid electrolyte was at least twice the lithium modulus (4.8 GPa at
298 K) [3]. While most polymeric electrolytes cannot meet this criterion
at suitable ionic conductivity [4-6], the discovery of the oxide solid
electrolyte LiyLa3zZry012 (LLZO) was a turning point. LLZO combines
high total ionic conductivity at room temperature (RT) with chemical
stability to Li metal and has a remarkably high shear modulus above 50
GPa and elastic modulus above 100 GPa [7-12]. Surprisingly, Ishiguro
et al. found that even LLZO exhibits dendritic Li metal growth when a
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certain critical current density (CCD) is exceeded [13]. In recent years,
many studies have attempted to elucidate the underlying mechanisms of
dendrite growth in LLZO, and several causes of dendritic Li growth have
been found, depending on the properties of the sample. Since oxide solid
electrolytes are mostly polycrystalline, the grain boundaries and pores
in their microstructure have been identified as pathways for dendrite
growth [14,15]. However, it has also been shown that dendrite growth
in single crystalline LLZO occurs at a CCD below 1 mAecm 2 when
surface defects are present, making the fracture toughness Kj. another
critical factor for dendrite resistance [16-18]. Moreover, the contact
between LLZO and Li metal has been found to have a great influence on
the CCD. Above a certain current density, the lithium atoms that are
removed from the interface during stripping cannot be replenished from
the bulk of the LMA to a sufficient extent [19-22]. This effect leads to
void formation, which break the contact at the interface between solid
electrolyte and anode, and results in a greatly increased effective current
density at the remaining point contacts, so that the effective current
density exceeds the stability of the material and dendrites are formed.

The main reason for the formation of voids at the rigid LLZO/Li
interface is the low self-diffusion coefficient of the Li metal, which de-
scribes the mobility of Li atoms in the metal either by plastic deforma-
tion or by chemical diffusivity. To overcome this limitation,
considerable efforts have been made to increase the diffusivity by
alloying lithium with various elements such as Al [23], Ag [24], Au [25,
261, CueSns [27], Ge [28], Mg [29,30], Si [31] or Sn [27,32]. Although
higher self-diffusion coefficients have been demonstrated for several
compositions and low interfacial resistances have been achieved, the
alloy typically changes the ductility of the LMA. High ductility can be
important as increasing the cell pressure during operation is another
approach to obtain good contact between the lithium metal anode and
the separator. Sufficient pressure plastically deforms the lithium metal
and leads to a collapse of possible voids formed at the interface [19,30],
but since competitive batteries require very thin LLZO separators (e.g.,
free-standing separators produced by tape casting) that can break at
high pressure, the applicability of this method for practical batteries is
limited. A more universal approach is to increase the effective contact
area [17] by three-dimensional anode concepts such as porous LLZO
anode support structures [33-35], metal sponges [36-38] or carbon
nanotube-infused Li, which are able to deliver sufficient capacities and
current densities [34,39]. However, while some approaches reduce the
effective energy density quite dramatically, their manufacturing is quite
complex and the problem of contact loss is not completely eliminated.
Therefore, a facile and industrial scalable method to fabricate LMAs with
a lower risk of dendrite formation through the in-situ formation of a 3D
interface structure would be a breakthrough for commercialization.

In the approach presented here, we use small amounts of Na me-
chanically mixed into the Li metal (LiNa) prior to anode fabrication to
create such 3D interlayers that form in-situ during the formation cycles.

A look at the equilibrium phase diagram shows that lithium and
sodium are miscible only in narrow concentration ranges of the liquid
state and are phase separated in the solid state [40]. Theoretically, a fine
rod-like microstructure of dispersed lithium and sodium metals could
form when the liquid monotectic composition is quenched, leading to
the in-situ formation of a 3D sodium scaffold in lithium matrix. How-
ever, such a 3D structure has never been reported, and usually the
mixing of Na and Li in the liquid phase leads to phase separation with
the formation of large clusters of individual metals. Even without a
finely dispersed structure, the addition of 0.5 wt% to 47.42 wt% sodium
to the molten lithium has been shown to be beneficial for anode per-
formance, as it reacts with impurities such as LioCO3 at the LLZO surface
and reduces the interfacial resistance [41,42].

The combination of the surface-cleaning properties of the Na metal
with the formation of a 3D Na substructure in the Li anode is expected to
further improve cell performance. However, quenching a monotectic
LiNa melt on a current collector or a ceramic separator does not seem
feasible on an industrial scale, mainly because it does not lead to the
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formation of a 3D architecture. One possible reason for this could be that
the two phases segregate during slow cooling, which makes the large-
scale production of the finely dispersed LiNa anodes from the molten
state an additional challenge. Furthermore, this process requires
extremely dry and oxygen-free atmosphere, as the molten metals react
very quickly with traces of Oy and Hy0.

In this work, we have found a way to overcome the challenges
described above and produce LiNa anodes with improved performance.
A key step in this process is the physical premixing of Li and Na by
repeated folding, resulting in LiNa anode foils with excellent dispersion
of the metals without phase separation or clustering. Physical mixing at
room temperature reduces the amount of unwanted reaction products
compared to the molten state, as the reaction with atmospheric impu-
rities is slower. By heating the LiNa foils on the LLZO separator at 300 °C
and subsequent quenching, we were not only able to achieve excellent
contact between anode and solid electrolyte, but also suppress sodium
segregation, which is still extremely well dispersed in the Li matrix.
After the formation cycles, our anodes showed for the first time an in-
situ formed 3D interfacial layer that maintains a permanent contact
between the LLZO separator and the LiNa anode, thus enabling high
capacity cycling. Due to the immiscibility of Li and Na in the solid state,
the formed 3D structure is also very stable during cycling and can
withstand over 1000 cycles.

2. Results and discussion

Sodium is much softer than lithium and could reduce the hardness of
a mixed LiNa foil, promoting the plastic deformation leading to the
collapse of voids at the interface. However, lithium and sodium are
virtually immiscible over the entire composition range, with an eutectic
point occurring near the sodium-rich end at 3 mol% Li (eutectic tem-
perature 92 °C) and a monotectic point on the lithium-rich side at 97 mol
% Li (monotectic temperature 170 °C) [40]. The monotectic composi-
tion was chosen for the preparation of Li-Na (LiNa) anode foils in this
work. In order to achieve a good distribution of Na in the Li host
structure, physical mixing was chosen over in-melt mixing, as the latter
usually leads to segregation of Na in large clusters (demixing), especially
in the region of mutual immiscibility of Li- and Na-rich melt phases.
During mechanical mixing, Li and Na metal were weight in the desired
amounts, mixed and calendered to obtain a thin, flat foil of roughly
combined metals. This foil was then cut into multiple pieces, folded and
calendered to the same thickness as before. This process was repeated at
least 20 times to ensure a homogeneously, finely dispersed Na in Li
metal which could then be applied to the LLZO pellets (Fig. 1).

Since mechanical treatment often increases the hardness of the metal
foils (work hardening) [43], which would mitigate the desired metal
softening, we performed a detailed mechanical characterization of
selected samples to evaluate the effect of the processing steps and
composition on the mechanical properties of the anodes. As a reference
sample (Foil 1), we used a pure Li metal foil that was mechanically rolled
from Li pellets and calendered. The sample labeled Foil 2 was a pure Li
metal foil that was mechanically folded and calendered 20 times. For the
sample labeled Foil 3, we used the same fabrication process as for Foil 2,
but with the mechanical mixture of 3 mol% Na and 97 mol% Li metal.
The sample labeled as Foil 4 is the LiNa anode after melt bonding. For
that, Foil 4 was heated at 300 °C for 5 min between two Ni foils and
quenched on a metallic surface in the glovebox, following therefore the
same procedure as the symmetric cell preparation explained in the
methods section.

The Martens hardness measured on the differently processed foils
clearly shows a work hardening effect induced by the mechanical
treatment, which leads to an increase in hardness of up to 19 % after
multiple calendering steps (Fig. 2a). The addition of 3 mol% Na has only
a very small effect, leading to a slight increase in hardness compared to
similarly treated Li foil. Melt-quenching of the LiNa foil leads to a slight
reduction in hardness, which however remains approx. 17 % higher than
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Fig. 1. Manufacturing process of the LiNa anode: 1) mechanical mixing of stoichiometric amounts of lithium and sodium metal, 2) first calendering to obtain a foil,
3) cutting and folding, and 4) repeated calendering. Steps 3 and 4 are repeated at least 20 times, resulting in a fine distribution of sodium in lithium. The finished foil

is then attached to the LLZO separator (inset) for electrochemical testing.

the pure Li foil. This effect was attributed to a strong crystalline
texturing of the LiNa foil during mechanical mixing. After mixing, a
preferred 100 orientation was observed, which was randomized again
during heat treatment (Fig. 2b—f). Since Na addition did not lead to the
softening of the metal anode, all performance improvements shown in
the later sections were not caused by plastic deformation, i.e. collapse of
voids forming at the interface, thus allowing low or even pressureless
operation of practical cells with such anodes.

To fabricate the symmetric cells for electrochemical characteriza-
tion, the freshly calendered LiNa foils were pressed by hand onto both
sides of a LLZO pellet and sandwiched between two nickel current col-
lectors. To achieve good interfacial contact between the metal electrode
and LLZO and to regain the BCC lattice of the two alkali metals, the cell
was then heated to 300 °C for five minutes and immediately quenched to
room temperature on a metal plate (See Fig. 1, application). To inves-
tigate the distribution of Li and Na in such an electrode, the Foil 4
prepared in the same way was cross-cut with a plasma focused ion beam
(plasma FIB) and analyzed using scanning electron microscopy (SEM).
The SEM images with backscattered and secondary electrons (Fig. S1)
show a homogeneous contrast with no signs of demixing and phase
separation, indicating that a monotectic solid solution was formed after
electrode fabrication.

Low interfacial resistance between solid electrolyte and metal anode
is one of the key properties of a cell, which has a decisive effect on its
performance. Electrochemical impedance spectroscopy (EIS) measure-
ments show that the interfacial resistance of the cells with LiNa anodes is
exceptionally low, even without any adhesion layers or LLZO surface
modification, and is below 2 Qecm ! (Fig. S2). This value is in line with
the best LLZO|Li interface resistances reported in literature [19,41,
44-47].

The critical current density (CCD), i.e., the current density at which a
short circuit of the cell occurs, is another key property used to charac-
terize dendrite tolerance of cells. To determine the CCD, we used an
established protocol that is widely accepted for the study of cells with Li
metal anodes. For this purpose, the current density was applied in 100
incremental steps from 0.05 to 5.0 mAecm 2 and the cell voltage was
measured. The measurement was stopped when the polarization
reached the stop criterion of 1.0 V, indicating almost complete contact

loss, or when a voltage drop indicated the onset of dendrite growth,
taking the current at which this occurred as the CCD.

At 60 °C, the symmetric reference cell with pure lithium electrodes
showed an overpotential of —44.5 mV at 2.2 mAecm ™2 during the third
plating cycle, and the polarization increased sharply until it reached
—1.0 V (>20 times the starting voltage). During this increase, a voltage
drop was also measured, which is a clear sign of the onset of dendrite
formation. Therefore, the reference CCD is 2.2 mAecm 2 for pure Li
anodes (Fig. S3).

In contrast to pure Li, the cell with LiNa electrodes showed lower
polarization. Even at the highest applied current density of 5.0
mAecm 2 and after 300 stripping/plating cycles, no dendrite formation
was observed and the potential increased only 2.4-fold (from —102 mV
to —240 mV), well below the stopping criterion of 1.0 V (Fig. 3a).
Therefore, the CCD of at least 5.0 mAecm 2 at 60 °C was determined for
LiNa electrode cells, which already meets the critical milestones for high
energy and high power solid-state batteries [48].

The change in electrode polarization agrees well with the evolution
of the interfacial resistance with varying current density as determined
by EIS (Fig. 3b). In contrast to the reference cells with pure Li electrodes,
where the interfacial resistance typically increases with increasing po-
larization current, the cells with LiNa electrodes show an opposing
trend. In fact, all contributions to the cell impedance decrease with
repeating cycling, after an initial small increase at low polarization
currents up to 1.0 mAecm 2. At first, the bulk and GB contributions
appear to increase by about 2 %, only to drop again as the interface
resistance stabilizes at its very low values. The origin of this effect is not
entirely clear, as it is not observed in the other cells that cycle with
constant current densities. However, the very slight deviation of 2 % is
within the scatter of the values over the different current densities,
which is much greater than the given standard deviation of the indi-
vidual fittings (error bars on each data point). Nevertheless, it is note-
worthy that even at high polarization currents, the interfacial resistance
remains virtually constant during several hundred stripping/plating
cycles (Fig. 3c), which distinguishes our electrode from all LLZO|Li cells
reported so far. Similar to the cells with pure Li electrodes, the initial
increase in interface impedance of cells with LiNa electrodes can be
explained by the decrease in contact area due to stripping of lithium
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Fig. 2. Martens hardness (a) and pole figures (b-f) of Li and LiNa foils after different fabrication steps. Foil 1 is pure untreated Li metal foil, Foil 2 is pure Li metal foil
which was mechanically treated, Foil 3 is a LiNa foil before heat treatment, and Foil 4 is the LiNa foil after the heat treatment. Average and standard deviation are
taken from 130 indents. Experimental set up at F = 15 mN/10s. Pole figures for Foil 1 (b), Foil 2 (¢) and Foil 3 (d) show a strong 100 single-crystal-like texture,
indicating that the calendering procedure generates the 100 preferred orientation. The measurements on Foil 4 (e and f) show no preferred orientation, confirming
that the heat treatment erases the texture. (e) is the reflection from Li (110), while (f) is the reflection from Na (110). Due to overlapping reflections with the Ni foil,

some pole figures (e.g., Li (200)) cannot be measured for Foil 4.

with formation of voids.

However, the subsequent decrease in resistance is observed for LiNa
electrodes only and is therefore likely due to the presence of Na metal, as
will be discussed later. Since cycling with low currents up to 1.0
mAecm 2 was found to decrease the LiNa|LLZO interfacial resistance,
this procedure was used in further experiments as formation cycles for
all cells tested.

In comparison, measurements at 25 °C also showed improvements in
CCD, which reached 1.15 mAecm 2. Due to the lower temperature, the
resistance associated with the bulk and grain boundaries of the LLZO
increases by a factor of ~4.5 compared to 60 °C, which is due to the
lower ionic conductivity of LLZO at this temperature. Interestingly, the
interface resistance increases by a factor of 50 for the first cycle and
drops to a factor of 20 in the subsequent cycles (Fig. S4). While the

interfacial resistance remains constant at a low level, the difference in
temperature dependence indicates that the activation energy of Li
transfer at the interface is higher than for bulk and GB conductivity,
which could be related to contact geometry resistance of the system,
with its activation energy increasing due to current constriction [19].
Further experiments with different Na contents and formations cycles,
coupled with in situ analysis of the 3D Na structure, could elucidate the
exact nature of this effect more precisely.

The exceptionally high interfacial stability of cells with LiNa elec-
trodes is also evident in long-term galvanostatic stripping/plating ex-
periments, which are used to characterize the cycling stability of the
batteries and are particularly important for practical application. In
these measurements, the same amount of Li metal (determined elec-
trochemically as the amount of charge transferred in each cycle and
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Fig. 3. a) CCD measurement on a symmetric LiNa|LLZO|LiNa cell at 60 °C. Black and red lines indicate applied current density and change in cell polarization,
respectively. b) Nyquist plots of the impedance spectra for the cell shown in the Fig. 3a, recorded after different electrochemical treatments: A, freshly assembled cell
(red), B, after CCD test up to 1.0 mAecm 2 (blue) and C, after CCD test at 5.0 mAecm 2 (yellow). Equivalent circuit is shown in the inset. ¢) Evolution of the different
contributions to the total impedance during CCD measurements of the cell in Fig. 3a, obtained by fitting the impedance spectra in Fig. 3b: total resistance (R in
black, bulk resistance (Rpy) in blue, grain boundary (Rgg) resistance in red and interface resistance (Ryg) in yellow.

fixed at 0.1 mAhecm 2) was transferred between the electrodes at
different rates and repeated 200 times at each current density (Fig. 4a).
It is noticeable that the cell has a very low total impedance of about 54
Q, which practically does not change even at a current density of 3.0
mAecm 2. Moreover, all contributions to the total impedance, including
the LiNa|LLZO interface resistance, remain virtually the same after 300
cycles during CCD tests and another 900 cycles during long-term mea-
surements. Only at the highest applied current density of 3.0 mAecm 2 a
slight decrease in bulk (Rpy) and grain boundary (Rgg) resistance is
observed, which could be interpreted as the onset of dendrite formation
(Fig. 4). However, the absolute resistance decrease is very small at 2.8 Q
and 0.6 Q for bulk and grain boundary resistance, respectively, so the
amount of dendrites is likely to be negligible but could increase with
increasing capacity.

To investigate how much capacity can be plated at a given current
density, long-term stripping and plating experiments were performed. In
literature, the total amount of Li that can be stripped and plated with
pure lithium anodes is usually limited to 1-2 mAhecm ™2 at a current
density of 0.1 mAecm 2 at 25 °C [19,21,39]. For our experimental setup,
similar results were obtained, with a total amount of 1 mAh/cm? at 0.5
mA/cm? and 5 mAh/cm? at 0.1 mA/cm? at 60 °C (Fig. S5). In all cases,

pure Li-metal 2D anodes with non-optimized interfaces lead to an in-
crease in interfacial resistance, ultimately resulting in dendrite forma-
tion when larger amounts of Li are stripped/plated.

Such an increase in interfacial resistance was not observed in our
electrodes, even in cells already exposed to the CCD measurement pro-
tocol. Therefore, we investigated the total amount of Li that can be
stripped and plated using a cell that was preconditioned up to 1.0
mAecm 2 by a CCD test procedure and thus already exhibited the lowest
interface resistance. In contrast to the literature, our modified anode
allowed a total stripping capacity of 11.5 mAhecm ™2 at 25 °C at 0.1
mAecm 2 and still 5.1 mAhecm 2 at 0.2 mAecm ™2, which is an order of
magnitude increase in available lithium compared to the pure metal
anode (Table 1). These values are also well above the typical re-
quirements of commercial cells in terms of total capacity.

Since all-solid-state batteries can operate at elevated temperatures,
we tested the total available capacity at 60 °C. During galvanostatic
charging with a current density of 0.2 mAecm 2, two potential plateaus
were observed before the total available lithium was stripped (Fig. 5).
The first plateau is observed when stripping up to 6 mAhecm 2 lithium,
which corresponds to a Li layer thickness of about 30 um. This process
can therefore be attributed to the stripping of Li metal in close proximity
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circuit shown in Fig. 1b: total resistance (Ryo) in black, bulk resistance (Rpy) in blue, grain boundary (Rgg) resistance in red and interfacial resistance (Ryr) in yellow.

Impedance spectra were recorded after every ten cycles.

Table 1

Measured capacities from total stripping experiments of LiNa anodes performed
at different temperatures and current densities. Note that the total electrode
thickness/capacity of the 25 °C sample was about half that of the 60 °C sample.

Temp. ( I/A Stripped Cap. Stripped Li Dy
°C) (mAecm ™) (mAhecm ™) (vm) (cm®es™)
25 0.1 11.527 56.0 9.7(2)e
10 11
25 0.2 5.121 24.9 8.6(1)e
10—11
60 0.2 21.590 104.8 3.64(4)e
10—10
60 05 14.127 68.6 5.95(4)e
10 10
60 1.0 7.129 34.6 6.00(3)e
10—10

to the LLZO surface, which is consistent with the estimate of available
lithium capacity reported in the literature [19,21,39]. The second
plateau corresponds to the removal of an additional 15.6 mAhecm 2 of
lithium. In total, 21.6 mAhecm 2 at 0.2 mAecm 2 was available for
stripping, which means that almost 105 pm of dense Li was completely
transferred to the other side of the symmetric cell. This value is
approximately equal to a thickness of our anode layer, leaving the anode
side virtually lithium-free. The second plateau can therefore be attrib-
uted to the transport of lithium in the bulk of the metal foil, i.e., inside
the LiNa microstructure. A similar behavior has already been observed
by Fuchs et al. for lithium infused with carbon nanotubes [39], however,
an increase in interfacial polarization was observed for their samples,

resulting in a much lower CCD compared to this study. In our case, the
rapid increase in polarization is due to Li depletion of the anode as all
available Li is stripped.

To understand this outstanding performance, which is due to only
small additions of sodium, it is worthwhile to take a closer look at the
polarization behavior. To this end, the EIS spectra were measured
periodically (voltage dips in Fig. 5a) at open circuit potential (OCV), i.e.,
without polarization of the sample. The interfacial resistance Rjr be-
tween LLZO and LiNa anode remains almost constant during the strip-
ping experiments (Fig. 5b), which gives clear evidence that an intimate
contact between LLZO surface and bulk lithium is maintained by our
modified electrode. While the bulk resistance Rpyx and grain boundary
resistance Rgp in LLZO remain virtually constant, a slight increase in
impedance can be seen on the low frequency side of the spectrum. From
the capacities extracted from the EIS fit, we can assign the semicircle at
low frequency to unknown diffusion processes, however, the overall
increase is also small and cannot explain the sharp increase in polari-
zation observed in Fig. S6.

Thus, we conclude that the 3D Na metal scaffold structure provides
sufficient interfacial contact even when the anode is completely stripped
of Li. This structure is able to distribute electrons and lithium ions evenly
and serves as a nucleation site for lithium metal deposition.

Since our cell operates without applied external pressure (only about
1 atm ambient pressure on the cell) and thus mechanical deformation of
lithium to improve the interface can be ruled out, Li diffusion within the
metal anode is a rate-limiting step. To compare our samples, we calcu-
lated the effective diffusion coefficient Deg using Sand’s equation (SI
Egs. (1-5) [49]. At 25 °C, D.f reaches a value of ~le10710 cmzos’l,
which is twice the values of 5.1610 1! cm?es ! and 2.3e107!! cmZes?
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Fig. 5. a) Voltage profile of a symmetric LiNa|LLZO|LiNa cell at 60 °C during
galvanostatic stripping at a current density of 0.2 mAecm 2. The voltage range
up to 1.0 V is shown in black and the magnification of the same graph in red. b)
Evolution of the different contributions to the total impedance during the
stripping experiment of the cell in Fig. 5a, obtained by fitting the impedance
spectra partially shown in Fig. S6.

reported in the literature for pure lithium [22] or a Li-Mg alloy [30],
respectively. At 60 °C and low current density, the effective diffusion
coefficient is about 3.6e107'° cm2es™! and the anode is completely
stripped of lithium, limiting the capacity. A similar behavior has been
observed before under similar conditions in the literature (50 °C, I/A <
0.25 mAecm 2 [22,25]), but could not been explained at the mecha-
nistic level. At higher current densities, we apparently reach the diffu-
sion limit at about ~6e107'" cm2es™!, where lithium is only partially
stripped from the anode. In this range, the extractable capacity depends
on the current density and remains at about ~7 mAhecm™2 at 1.0
mAecm 2 at 60 °C for stripping. This is additional evidence of the su-
perior lithium mobility in our 3D LiNa microstructure and highlights the
potential advantages of this electrode morphology.

Since lithium metal adheres very strongly to the LLZO surface, the
lithium layer generally cannot be removed from the LLZO separator.
However, since the lithium could be completely extracted from our LiNa
electrode during galvanostatic stripping, we were able to easily detach it
from the separator and examine the morphology using scanning elec-
trode microscopy (SEM). As expected, it was found that the surface of
the LLZO separator was completely covered by a porous sodium layer,
although no sodium was intentionally deposited (Fig. 6a and b).
Therefore, it can be assumed that this sodium layer formed during the
initial cycling from the evenly distributed Na in the LiNa foil, which was
melted and quenched on the LLZO pellet during cell assembly. The
presence of the Na layer can explain the very low interfacial resistance of
our cells, since Na reacts with any resistive impurities on the LLZO
surface such as lithium oxides or carbonates. Moreover, Na remains
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electrochemically inert at the potentials applied during electrochemical
cycling but provides electronic conductivity, which is why the sodium
layer can provide a morphologically stable electrical contact between
the LLZO pellet and the metal anode.

This hypothesis is confirmed by post-mortem analysis of the surface
of the nickel current collector, which could be separated from the LLZO
pellet because it no longer contained lithium after complete Li stripping.
The analysis showed that it was completely covered by a uniform layer
of highly porous sodium (Fig. 6¢ and d). This shows that the sodium
layer forms a coherent 3D scaffold that bridges the LLZO and the Ni
current collector after complete removal of Li and has a sponge-like
morphology with a disordered but uniform porosity with a pore size
of about 20-50 um. This structure increases the effective surface area of
the electrode, provides electrical contact, faster surface diffusion, and
thus enables higher available capacities compared to a dense 2D lithium
morphology. EDX spectra of the Na-covered LLZO and current collector
confirm the presence of sodium and can be found in the supporting in-
formation (Figs. S7 and S8).

We demonstrated that the LLZO with LiNa electrode can sustain
current densities of 5.0 mAecm 2 and 2.0 mAecm 2 for short and long
cycle times, respectively. This result is among the highest for CCDs in
general and is the highest at 60 °C (Table 2).

The most likely mechanism leading to this champion performance is
outlined in Fig. 7. The unique approach to preparing the monotectic
mixture of 5 vol% Na in Li results in a finely distributed Na metal phase
in Li, even after the melt-quenching. Fig. 7a sketches such a finely
dispersed structure of Na (blue) in a Li (grey) metal anode, the poly-
crystalline LLZO in yellow below, and the Ni current collector in orange
on top. Upon polarization (Fig. 7b), Li is stripped from the interface and
forms voids due to the limited self-diffusion of bulk Li. However, the
voids favor faster Li diffusion at their internal surface [19], and in
addition, the Na deposits as larger inclusions (blue particles) at the
interface, also promoting Li diffusion (Red arrows in Fig. 7b). The
overall thickness of the electrode will shrink, leading more and more Na
being “plated” at the LLZO interface. If Li is partially stripped during
these formation cycles, an intermediate state between B and C will form.
In the extreme case, when all Li is removed (Fig. 7c), the porous 3D Na
structure observed in the SEM still provides electrical contact between
the Ni current collector and the LLZO surface. This structure leads to the
improved and constant interfacial resistance and enables high CCDs.
During the subsequent plating (Fig. 7d), the diffusion within the 3D Na
metal is faster than in the Li bulk (short red arrow in Fig. 7d), but it was
shown that the available capacity for high current densities is still
limited by the bulk diffusion (long red arrow in Fig. 7d). Therefore,
additional strategies to improve bulk transport would further increase
the available capacities of Li metal anodes and make them attractive not
only for solid-state batteries, but especially for batteries with a first
discharge cycle such as Li-S, or batteries featuring a conversion type
cathode.

3. Conclusion

By physically mixing Li and Na metals at room temperature in a ratio
close to the monotectic composition, a fine dispersion of the elements
can be achieved without phase separation. While cycling such a LiNa
anode, a 3D interfacial structure is formed in-situ, which improves the
performance in terms of CCD, cycling stability and total plating capacity
even in cells with planar interfaces and no external pressure application.

As proof of concept, symmetric cells were fabricated by direct melt-
quenching of the LiNa foils on the planar surface of LLZO pellets used as
separator. Due to the 3D Na-metal interface structure, these cells were
able to withstand record current densities of 5.0 mAecm 2 during in-
cremental testing without external pressure, which is one of the critical
milestones for industrial application [48]. In long term-cycling tests, the
CCD was still higher than 2.0 mAecm 2 after 800 cycles, and the
interfacial impedance between LiNa-anode and LLZO separator
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Fig. 6. (a, b) SEM images at different magnification of the LLZO surface after a symmetrical cell was fully polarized (Li completely stripped). The surface is almost
fully covered by sodium. (c, d) SEM images at different magnification of the Ni current collector surface after lithium was fully stripped. The surface is covered by a

sodium scaffold.

Table 2
Reported critical current densities (CCD) of different LLZO with different mod-
ifications, measured at different temperatures and current densities.

LLZO Modification ~ Condition CCD Ref.
(mAecm™2)
Lig.76Alg.24La3Zr>010 Li3BO3 25°C 0.35 [50]
Lig 4LazZry 4Tap 6012 InCl3 RT 0.7 [51]
Lig 45Alo.05LasZr 6Tag 4012 — 60 °C 0.35 [47]
Lig.45Alg 0sLasZry ¢Tag 4012 LiNbO3 60 °C >0.45 [471
Lig sLasZr; sTag 5012 Zn:Cu 28 °C 2.8 [52]
Lis.4Gag o2LazZry0q2 Single 20°C 0.28 [17]
crystal
Lig.25Alg. 25123712012 - 25°C 0.93 [53]
Lig.25Al0.25La3Zr2012 - 40 °C 1.48 [53]
Lig.25Al0.25La3Zr2012 - 60 °C 2.57 [53]
Lig 25Alo.25La3Zr2012 - 80°C 4.07 [53]
Lig 25Alo.25La3Z1r2012 - 100 °C 6.70 [53]
Lig sLasZry 5Tao 5012 Li-CNT 25°C, 3.4 0.6 [39]
MPa
Lig sLasZry sTag 5012 HCL 25°C 1.6 [54]
Lig sLasZr; sTap 5012 HCl 60 °C 2.6 [54]
LiyLasZr;015 - 30°C, 2 0.6-0.7 [55]
Lig sLasZr; sTap 5012 - MPa 1.4-1.5 [55]
30°C,7
MPa
Lig sLasZr; sTag 5012 - 195°C 530(140) [56]
Lig 4LasZr; 4Tag 012 LiNa RT >1.5 [41]
Lig sLasZr; sTag.5012 LiNa RT 11 [42]
Lig sLasZr; sTag 5012 LiNa 60 °C 3.7 [42]
Lis.4sAlo.0sLasZr1 6Ta04012 - 60 °C 2.2 This
work
Lig.45Alg.0sLasZry ¢Tag 4012 LiNa 60 °C >5.0 This
work

remained low. Finally, the monotectic LiNa anode achieved remarkable
capacities at 25 °C and 60 °C in full-stripping experiments, reaching
cycled capacities of 21 mAhecm™2, which correspond to ~100 pm of
pure Li metal. The calculated effective diffusion coefficient Deg was
twice as high compared to pure lithium, reaching ~1e107% cm2es ! at
25 °C. At 60 °C, the diffusion limit of Degs ~6.001071% cm2es™! was
reached.

This overall increase in performance in combination with higher
stability and the simple manufacturing process can bring advanced
lithium-metal anodes closer to industrial application, especially in
combination with solid separators.

4. Experimental section/methods
4.1. Preparation of LiNa electrodes

To avoid demixing of Li and Na during cooling, we physically mixed
stoichiometric amounts of lithium (99.99 %, Alfa Aesar) and sodium
(99.8 %, Alfa Aesar) rather than melting them together. In this process,
we calendered the metals into foils and folded the foils. This was
repeated at least 20 times until a homogeneous distribution was ach-
ieved. A mixture of Li with 3 mol% (5.36 vol%, 9.29 wt%) Na was
chosen since this composition has a monotectic point at ~170 °C [40].

4.2. Preparation of LLZO symmetric cells

Lig.45Alg gosLasZry gTag 4012 was prepared by solid-state reaction. The
starting materials LIOHeH20 (AppliChem, 99 %), LagO3 (Merck, 99.9 %,
10 h pre-dried at 900 °C), ZrO, (Treibacher, 99.5 %), TasOs (Treibacher,
99.99 %) and Al,O3 (Inframat, 99.9 %) were mixed in an intensive mixer
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Fig. 7. Schematic of the formation mechanism of the 3D Na interface structure, starting with the monotectic mixture after quenching (A), Li migration through the
bulk and along void surfaces (red arrows) accompanied by consolidation of the metal electrode during stripping (B), the fully established 3D Na structure in the Li
depleted state after high-capacity stripping (C) and the most likely metal electrode structure upon replating of the full Li capacity (D).

(EIRICH laboratory mixer type EL1), pressed into pellets and calcined at
850 °C for 20 h in a high temperature muffle furnace (Nabertherm
GmbH, Lilienthal, Germany) in an aluminum oxide crucible. The
calcined powder was ground with an electrical mortar grinder (RM 200,
Retsch GmbH, Haan, Germany) with a tungsten-carbide crucible and
calcined for a second time at 1000 °C for 20 h. The final LLZO powder
was pressed into the pellets and sintered in a closed alumina crucible at
1175 °C in air for 10 h in the high-temperature muffle furnace. The
sintered pellets had a diameter of ~7 mm. XRD shows pure cubic LLZO
phase. The crystallographic density of p(XRD) = 5.348 gecm > was
determined by Rietveld refinement using the Fullprof program package
[57]. The refinement can be found in the supporting information
(Fig. S9). On average, the pellets had a geometric density of p(geo) =
5.31(3) gocm’S, which corresponds to a relative density of 99.3(7)%.
The pellets were cut into 0.7 mm thick slices with a diamond saw (Iso-
Met, Buehler, ITW Test & Measurement GmbH,
Leinfelden-Echterdingen, Germany) and were manually pre-polished in
ambient atmosphere. The separators were then transferred into a glove
box. For the fabrication of symmetric cells, both sides of the LLZO sep-
arators were manually polished using SiC sandpaper with an 800 grit.
Metal electrodes were then plated manually by pressing freshly calen-
dered foils onto the fresh polished separators. The symmetrical cell was
placed between two nickel current collectors and heated to 300 °C for
five minutes. The hot cell was then quenched by placing it on a metal
plate at ambient temperature. After cooling down to room temperature,
the symmetrical cell was transferred into a Swagelok cell, sealed, and
taken out of the glove box for analysis.

4.3. Investigation of hardness

Martens hardness of 100 pm thick pure lithium and LiNa foils are
experimentally determined using micro-indentation. All experiments
and sample preparation are conducted in an argon filled glove-box, in
which oxygen and water content are kept below 0.1 ppm. The experi-
ments are performed using a Fischerscope H100 indenter (Helmut
Fischer GmbH, Sindelfingen, Germany) equipped with a diamond
Vickers tip. Square samples are cut by a sharp blade from the original
foil. The squared samples are attached to a metal sample holder, to
provide support and stability during indentation. All measurements are
performed at room temperature. The indentation experiments are load-

controlled. The load is applied following %ﬁ, with loading and unload-
ing at the same rate. After optimization, the experimental settings are
fixed as F = 15 mN/10s. 130 indents are performed, from which
average and standard deviation are calculated. The individual mea-
surements are carried out with a space of at least 10 times the inden-
tation depth in between each indent.

Additionally, XRD, texture and pole figure analyses are carried out

on all specimens. These experiments are performed using a dome
airtight sample holder, a diffractometer EMPYREAN (PANalytical) and
Cu-K, radiation.

4.4. Sample characterization

X-ray diffraction (XRD) analysis was performed using an Empyrean
diffractometer (Malvern Panalytical GmbH, Kassel, Germany) with Cu-
Ka radiation. The diffractometer was equipped with a PIXcel®P area
detector. The XRDs were measured in reflection geometry from 10 to
140° 20 with a step size of 0.026°. Rietveld refinement of the XRD
patterns was performed using the Fullprof package.

Scanning electron microscope (SEM) images were taken on a Zeiss
EVO 15 (Carl Zeiss AG, Oberkochen, Germany) with an acceleration
voltage of 15 kV. Energy-dispersive X-ray (EDX) spectra were measured
using an Urtim Max 100 detector and analyzed using the AZtec software
package (both Oxford Instruments plc, England).

Cross sections of LiNa between two Nickel foils were cut with a Xe-
Plasma-FIB equipped on a Helios 5 Laser PFIB system (Thermo Fisher
Scientific) and SEM images taken.

The electrochemical characterization was performed using a Bio-
Logic VMP-300 multipotentiostat (Bio-Logic Sciences Instruments Ltd,
Claix, France) and a VT 4002EMC climate chamber (Votsch Industri-
etechnik GmbH, Balingen, Germany). Impedance spectra were
measured at 25 °C with the program EC-Lab [58] at frequencies between
7 MHz to 1 Hz with an electrical field perturbation of 10 mVemm . The
measured impedance spectra were fitted with RelaxIS3 (rhd instruments
GmbH & Co, KG, Darmstadt, Germany) in the frequency range of 3.49
MHz to 1 Hz and 2.77 MHz to 5 Hz at 25 °C and 60 °C, respectively. The
impedance spectra were fitted with an induction element L, three R-CPE
elements and one final CPE-element. The induction element Lcaple Was
necessary because of the measurement setup and corresponds to the
inductivity of the used cables. In order to assign the R-CPE elements to
the corresponding physical counterparts, the effective capacitance C was
calculated from the fitted resistance R, CPE coefficient Q, and the
exponential parameter o (Eq. (1)) [59,60].

1
(QR)=

C=
R

€8]

Capacitances fit quite well to the reported values for bulk 10 'm,
grain boundaries (GB, 1078 F) of an ion conductor, and as well as the
interface resistance (IF, 107° F) between electrolyte and electrode [61].

To determine the critical current density (CCD) for lithium dendrite
formation, lithium stripping and plating experiments were performed
using BioLogic VMP-300 multipotentiostat. Cells were heated to 60 °C
and capacity-controlled galvanostatic cycling was performed at 0.1
mAhecm 2 starting at 50 pAecm 2 and increasing by 50 pAecm ™2 per
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cycle. Every 30 s, a data point was recorded. Additional data points were
recorded if the measured voltage showed a deviation of >10 mV from
the previous data point to detect micro short-circuits. Additionally, after
every 0.1 mAecm 2 stripping and plating increment, impedance spectra
were measured. Total stripping experiments were performed with
symmetrical cells at different current densities (0.1 — 1.0 oncm’z) and
temperatures (25 °C and 60 °C). The cells were polarized until the
stopping criterion of 1.0 V was reached. An impedance spectrum was
measured every 0.5 mAhecm 2.
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