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Abstract

High conductivity solid electrolytes, such as the Na super ion conductor, NaSICON, are poised to
play an increasingly important role in safe, reliable battery-based energy storage, enabling
advanced sodium-based batteries. Coupled demands of increased current density (>0.1 A ¢cm™)
and low temperature (<200 °C) operation, combined with increased discharge times for long
duration storage (>12 h), challenge the limitations of solid electrolytes. Here, we explore the
penetration of molten sodium into NaSICON at high current densities. Previous studies of [3°’-
alumina proposed that Poiseuille pressure-driven cracking (Mode I) and recombination of ions and
electrons within the solid electrolyte (Mode II) are the two main mechanisms for Na penetration,

but a comprehensive study of Na penetration in NaSICON is necessary, particularly at high current

This article has been authored by an employee of National Technology & Engineering Solutions of Sandia, LLC under Contract No. DE-NA0003525 with the
U.S. Department of Energy (DOE). The emﬁloyee owns all right, title and interest in and to the article and is solely responsible for its contents. The United
@ Sandia National Laboratories States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a
non-exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the published form of this article or allow others to do so, for United States
@ENERGY NISSE, Government purposes. The DOE will provide Public access to these results of federally sponsored research in accordance with the DOE Public Access Plan
e https://www.energy.gov/downloads/doe-public-access-plan.



density. To further understand these modes, this work employs unidirectional galvanostatic testing
of Na|[NaSICON|Na symmetric cells at 0.1 A cm™ over 23 hours at 110 °C. While galvanostatic
testing shows a relatively constant, yet increasingly noisy voltage profile, electrochemical
impedance spectroscopy (EIS) reveals a significant decrease in cell impedance correlated with
significant sodium penetration, as observed in scanning electron microscopy (SEM). Further SEM
analysis of sodium accumulation within NaSICON suggests that Mode II failure may be far more
prevalent than previously considered. Further, these findings suggest that total (dis)charge density
(mAh cm?), as opposed to current density (mA cm™), may be a more critical parameter when
examining solid electrolyte failure, highlighting the challenge of achieving long discharge times
in batteries using solid electrolytes. Together, these results provide a better understanding of the
limitations of NaSICON solid electrolytes under high current and emphasize the need for improved

electrode-electrolyte interfaces.

1. Introduction

Sodium (Na) batteries have recently generated excitement for grid-scale energy storage.'™
Particularly, batteries that employ solid or liquid Na metal electrodes benefit from their extremely
high theoretical specific capacity (1166 mAh g ), low reduction potential (-2.71 V vs. standard
hydrogen electrode), and earth abundance.’!* However, solid Na metal does not form a highly
stable solid electrolyte interphase (SEI) in the presence of liquid electrolytes, leading to continuous
capacity degradation.'*!¢ This drawback has motivated the use of solid electrolytes, such as
NaSICON (Nai+xZr2SixP3xO12, 0 < x < 3) and ”-alumina, that are stable in the presence of Na
metal and can serve as a conduction pathway for Na*.!”!* Additionally, it was originally believed

that solid electrolytes would eliminate the issue of dendrite formation that plagues solid Na metal



electrodes, due to their high mechanical strength.?’ This expectation, however, has been disproven
as dendrites still form easily within solid electrolytes above a critical current density (CCD)
(typically ~ 1 mA cm? at room temperature).?!?’ Dendrite formation can be alleviated by
employing molten Na metal as an electrode, such as in Na-S and ZEBRA batteries. This
improvement is due to the increased conductivity of the solid electrolyte and better wetting of
molten Na metal on the electrolyte surface at elevated temperatures (which reduces the interfacial
resistance).?®32 Despite these improvements, dendrites still form at sufficiently high current
densities, limiting the high-current performance of these batteries.*3*” Here, we seek to understand
the mechanisms for Na dendrite formation in the highly conductive Na-ion conductor, NaSICON,
which is recognized as a promising solid-state conductor, particularly for lower-temperature

molten Na battery applications,511 1719 32, 38-40

The mechanisms driving dendrite initiation and propagation from either solid or liquid metal
electrodes are not fully understood. In the solid metal electrode case, it is believed that voids form
at the electrode-electrolyte interface during stripping due to insufficient metal replenishment by
diffusion or creep. These voids lead to an increased local current density at the remaining
electrode-electrolyte interface during plating and these areas with high local current density
preferentially plate metal (i.e., dendrites).?" 22 #1*# In the case of liquid electrodes, it has been
suggested that liquid metal can fill existing defects, pores, and microcracks at the surface of solid
electrolytes. During plating, additional liquid metal is filled into these features and Poiseuille
pressure is generated. If the stress induced by this pressure exceeds a critical value (i.e., fracture
toughness of the electrolyte) Na filled cracks can propagate through the entirety of the solid
electrolyte. The high pressures are typically induced at much higher current densities (>10 mA cm’

2) than the ~ 1 mA cm™ CCD observed in all-solid-state batteries.>® %37 This mechanism has



previously been referred to as Mode I failure in solid electrolytes exposed to liquid metal
electrodes.* In the case of both solid and liquid metal electrodes, recombination of the mobile
cations with electrons within the electrolyte can lead to internal metal plating. The internally plated
metal can serve as sites for further Na* and electron recombination and extend throughout the
electrolyte. This mechanism has been referred to as Mode II failure in solid electrolytes exposed

to solid or liquid metal electrodes. 3% 334344

Characterizing these systems to clearly identify dendrite formation mechanisms in solid
electrolytes presents significant challenges. As opposed to liquid electrolytes, solid electrolytes
block dendrites from view in many in situ imaging techniques. Sakamoto, et al. have imaged
dendrite formation from liquid Li in garnet electrolytes in real-time from an in-plane configuration
and suggested that a build-up of pressure from excessively high current densities (particularly at
existing defects) drives metal penetration.*> Multiple groups have performed in situ and ex situ
imaging of metal penetration in solid electrolytes from solid Na and Li electrodes.?> 2% 4648 X_ray
computed microtomography (LCT) and other non-destructive imaging techniques have recently
proven useful in probing dendrite formation from solid metal electrodes without disassembling the
battery or damaging the electrolyte.*> °* However, to the best of our knowledge, similar studies

examining metal penetration in NaSICON from liquid Na have not yet been published.

The present work combines electrochemical measurements and ex situ characterization techniques
to probe metal penetration and shorting behavior in cells with liquid Na electrodes. NaSICON is
used as the solid electrolyte in liquid Na symmetric cells and exposed to unidirectional current for
up to 23 hours. Scanning electron microscopy (SEM) imaging is employed to observe the
formation and progression of dendrites after testing. Our findings suggest that Mode II failure is a

major contributor to the formation of dendrites within NaSICON and that (dis)charge density



(mAh cm) may be just as important as current density (mA cm?) when considering electrolyte
damage and failure. These conclusions can guide the design of solid electrolytes for use in molten

sodium batteries, particularly those employed for long duration storage.

2. Experimental

NaSICON Preparation

NaSICON is a fast Na" conductor discovered by Hong and Goodenough in 1976."7 Na* is
transported through the bottlenecks created by corner-sharing zirconia octahedra and silica
tetrahedra.’! 3> NaSICON synthesis was achieved using solid-state ceramic processing techniques
described by Gross et al.>® ZrSiO4 (Sigma-Aldrich, -325 mesh) and Na3PO4+12H20O (Sigma-
Aldrich, >98%), SiO2 (Sigma-Aldrich) and NaCO3 (Fisher Scientific) powders were ball-milled in
ethanol in a 2:0.6:0.4:0.8 molar ratio and subsequently dried by rotary evaporation before further
drying under vacuum overnight. The resulting NaSICON precursor powder was calcined at 600
°C for 12 h in air. Calcined powder was passed through a 150 pm sieve and uniaxially pressed in
a 1-1/8” die to 20,000 psi, followed by isopressing to 30,000 psi. The pressed cylinder was sintered
on a bed of NaSICON precursor powder, covered with a crucible and heated in air at 5 °C min™' to
1230 °C, including holds at 400 °C for 2 h and 600°C for 4 h. The sample was then held at 1230
°C for 12 h before cooling to room temperature at 5 °C min™'. After sintering, the cylinder was
sliced into approximately 1 mm thick discs (~1” diameter) using a Buehler Isomet High Speed Pro
saw and polished on both sides to 4000 grit. Chemical analysis of NaSICON via inductively
coupled plasma and LECO O (NSL Analytical, Cleveland, OH) yielded a composition of
Na33sZr1.92 Si256P0.64012, in line with the target composition Nas4Zr2.0S12.4P06012. Density by

Archimedes method was 96-98% of theoretical density. Phase purity, as evaluated by x-ray



diffraction shown in Figure S1, revealed only the desired NaSICON phase (PDF# 04-022-0983)

and trace m-ZrSiO4 (PDF# 04-021-7113).

Symmetric Cell Assembly and Electrochemical Testing

Na|NaSICON|Na symmetric cells were assembled inside an argon-filled glovebox (H20 and Oz
levels <0.1 ppm). Molten Na (99.8%, Thermo Scientific Chemicals) was pipetted into two glass
tubes with tungsten rod current collectors glass sealed at the end opposite the opening. Ethylene
propylene diene monomer rubber (EPDM) o-rings were fitted on each glass tube and the NaSICON
pellet was placed between the two o-rings. The glass tubes were then clamped together to complete
the cell assembly. Gross et al. used similar cells in a previous work and a schematic is included in
Figure S2.% The Na|NaSICON contact area was 1.77 cm? The cells were transferred to a
homemade oven with electrical connections within the glovebox. The oven temperature was set at

110 £ 1 °C to keep the Na electrodes molten.

Electrochemical testing was performed using a Solartron 1280C electrochemical test station and
electrochemical impedance spectroscopy was performed using an HP 4194A impedance analyzer.
Galvanostatic tests were performed by applying 100 mA cm current in one direction. Current was
applied in one direction to differentiate the behavior at the plating and stripping side of the
electrolyte. Current was applied to the cells for either 1 hour or 23 hours to observe the time
dependence of current-induced damage. Galvanostatic current was applied in 1-hour intervals and
impedance spectra were obtained before the first interval, and after each subsequent interval.
Impedance spectra were collected at the open circuit potential by applying a 10 mV sinusoidal
voltage over the range of 1 MHz — 100 Hz. Spectra were fitted to an equivalent circuit using EC-

Lab’s Z-Fit function. Samples are named as NaSICON-Xh, where X defines the number of total



hours (h) current was applied to the corresponding symmetric cell. Before symmetric cell testing,
the pellets were sputtered with gold blocking electrodes and the ionic and electronic conductivity
were measured by AC and DC polarization, respectively. It was found that the ionic conductivity
at room temperature was 3.1 mS cm™ and the electronic conductivity was 2.0 x 10°® mS ¢cm’,

implying a transference number of approximately 1.

Imaging

Surface and cross-sectional images were obtained using an FEI Quanta 250 field emission SEM.
Cross-sections of the NaSICON samples were prepared by breaking the pellets inside of an Ar-
filled glovebox. Samples were only briefly exposed to air before transfer to the SEM. Images and
EDS maps were acquired using an accelerating voltage of 15 kV. Samples were imaged before

and after electrochemical tests to determine the effect of current on the pellets’ microstructure.

3. Results and Discussion

Symmetric Cell Testing

Two cells were tested, NaSICON-1h and NaSICON-23h, for 1 h and 23 h, respectively. The final
pellet thickness for each cell was 0.80 mm for the NaSICON-1h cell and 0.75 mm for the
NaSICON-23h cell. The voltage profiles and EIS spectra of the Na|]NaSICON|Na symmetric cells
are shown in Figure 1. EIS spectra were fitted to the equivalent circuit shown in the inset in Figure
1b. All fitted values are included in Table S1 and Table S2. As shown in the inset of Figure 1a,
the overpotential response of both cells during the first hour is very similar. Both cells exhibit an
initial voltage drop and subsequent plateau that likely represent improved wetting of Na on

NaSICON upon application of current. From the EIS spectra in Figure 1b, it is seen that the total



resistance of the NaSICON-1h cell drops from 18.8 to 12.3 Q, as measured by the sum of the two

x-axis intercepts, after testing. The NaSICON-23h cell exhibits a similar drop (Figure 1c¢) after
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Figure 1. (a) Voltage profiles and (b & ¢) EIS spectra of Na|NaSICON|Na symmetric cells. (d)

Values of Ri and R2 measured by EIS as symmetric cells are tested. Inset in (a) compares first

current interval of NaSICON-1h and NaSICON-23h cells. Inset in (b) shows equivalent circuit

used for fitting EIS spectra. Legend entries in (b & ¢) indicate when each spectrum was collected.

For (c-d) only 22 EIS spectra and resistance values were collected for the NaSICON-23h sample,

due to Na depletion on one side of the cell after the 23" interval.



the first DC current interval, dropping from 18.7 to 11.9 Q. The first x-intercept, R1, in the EIS
spectra has been attributed mainly to the bulk conductivity of the NaSICON electrolyte, but also
contains the series resistance from the Na electrodes and tungsten current collectors. This value
remains relatively constant near 2.5 Q throughout testing and appears to determine the plateau
voltage during the current intervals, according to Ohm’s Law. The decrease in total resistance is
almost entirely due to the decrease in R2. We hypothesize that Rz is due to interfacial resistance,
as it is typically impossible to resolve both bulk grain and grain boundary resistances at this
temperature. The decrease in the interfacial resistance is likely the result of improved wetting
and increased contact area due to Na penetration of the electrolyte. Previous works have also
observed reductions in resistance of Na symmetric cells (with either solid or liquid Na electrodes)
or improved battery performance upon application of current or by introducing a coating that
facilitates Na wetting.3% 463355 The complete R1 and Rz behavior for each cell is shown in Figure

1d.

The voltage response in the NaSICON-23h cell (Figure 1a) is slightly different from the
NaSICON-1h sample, in that it displays an “arc-and-plateau” feature during the intervals. Both
cells show an initial voltage drop attributed to improved wetting upon applying current. However,
the overpotential in the NaSICON-1h cell then slowly decays to a plateau, whereas the
overpotential in the NaSICON-23h cell arcs to a nearly identical plateau, as determined by the Ri
value. The first four intervals in the NaSICON-23h cell display this arc-and-plateau pattern, with
the overpotential becoming somewhat noisy near the end of the fourth interval. During the 5%-21%
intervals, the initial measured overpotential is consistently low (< 0.5 V) before quickly increasing
and eventually plateauing near ~ 1 V. Then, during the 22" interval, the overpotential displays a

short plateau near 0.9 V before dropping and showing another plateau near 0.7 V. Finally, in the



23" interval, the overpotential begins low at 0.24 V, plateaus near 0.75 V, and then increases
rapidly near the end of the interval. The increase at the end of the 23™ interval represents
disconnection of the liquid Na electrode from the tungsten rod current collector as the level of the

liquid Na reservoir became too low and the test could not be continued.

The shape of the profile in the 1% to 22" intervals (Figure 1a) could provide insight to the
processes occurring in the NaSICON-23h sample. The arc-and-plateau feature has previously been
observed in Li symmetric cells with liquid electrolyte and was studied in depth by Chen et al. who
found that the arc-and-plateau feature is due to mass transport behavior through the bulk carbonate
liquid electrolyte as well as through a tortuous dead Li layer at the Lilelectrolyte interface.’® The
tortuous dead Li layer can impede Li" transport, resulting in drastic concentration gradients near
the electrodelelectrolyte interface that are necessary to maintain the applied current. These
gradients may not reach steady state during the applied current interval, resulting in the
continuously rising overpotential. The high applied current density in this study is likely sufficient
to establish similarly drastic concentration gradients and the gradients near the Na|NaSICON
interfaces are likely much different than within the bulk electrolyte. Additionally, as significant
amounts of Na are stripped from one side of the electrolyte, voids may nucleate at the
Na|NaSICON interface (as Na does not wet NaSICON well at 110 °C),> causing a slight reduction
in contact area and corresponding increase in overpotential. In this work, it appears that the voltage
eventually approaches its steady state as the plateau becomes nearly flat at the end of the interval.
This formation of voids at the electrodelelectrolyte interface could also be a possible explanation

for the noisy overpotential that is observed during the 41-23™ intervals.

The EIS spectra in Figure 1c¢ and resistance values in Figure 1d provide additional insight to the

behavior of the NaSICON-23h cell. After the initial drop, the value of R2 then stabilizes to an
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approximately constant value after the second and third intervals, implying steady current-voltage
behavior. During the fourth current interval, however, the overpotential profile becomes somewhat
noisy. EIS reveals that the total resistance significantly decreases from 16. 2 to 6.0 Q after the
fourth interval. This resistance drop coincides with the initially low and noisy voltage response
during the 5% interval and is likely indicative of Na beginning to short the electrolyte. The initial
overpotential is much lower than that observed in previous intervals and is too low to be attributed
to conduction purely through NaSICON. Additionally, noisy voltage profiles in Li-ion cells have
been attributed to so-called “soft shorts” where small regions of the cell become shorted, but the
high current density passed through the shorted area causes the accumulated metal to become
disconnected, either within itself or from the bulk electrode.’’ This soft short can re-establish itself
many times and result in a noisy voltage profile, such as that observed in the 5®-21 intervals. The
voltage profile maintains a similar shape through the 21% interval, and the value of R2 remains
between 4-8 Q. Then, after the 22" interval, during which a new, lower voltage plateau was

observed, Rz decreases to its lowest value of 3.5 Q, likely indicating further Na penetration.

Plan-view and cross-sectional Images

Representative plan-view and cross-sectional images of pristine (as-made) NaSICON are shown
in Figure 2a-b. Additional SEM images of the pristine NaSICON pellets are provided in Figure
S3. Some porosity and voids can be seen in the untested pellets in both the plan-view and cross-
sectional images; however, the images show that the untested pellets are free of any gross internal
defects that one might expect to serve as preferential failure sites. There is a very thin dark layer
at the surface of the pellet visible in the untested cross-section (Figure 2b) that results from
polishing. The SEM images in Figure 2c-f show plan-view and cross-sectional images of

NaSICON after electrochemical testing for 1 or 23 hours. These images provide evidence of the
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Na penetration responsible for the resistance decrease described in Figure 1. In the pristine cross-
section in Figure 2b, one consistent microstructure comprising joined cube-like grains, is observed
and represents that of NaSICON.? In Figure 2¢, however, a region of the NaSICON sample near
the plating side (top of the image) has become darkened but still mostly maintains the cube-like
morphology of the pristine NaSICON. This morphology is believed to reflect the earliest stages of
Na penetration within the electrolyte, where Na has begun to enter the pellet and the darkening
may be due to Na penetrating along grain boundaries. Grain boundaries in solid electrolytes have
previously been considered as sites for preferential metal penetration and, in this case, the small
voids observed in the plan-view image in Figure 2a could allow the liquid electrodes facile access
to exposed grain boundaries.’®*° These voids could then serve as the initial pathways for Na to
infiltrate NaSICON, increasing the true contact area and decreasing the total resistance. Further,
in Figure 2d, a small region of the electrolyte is penetrated by Na metal on the stripping side
(bottom of the image) and the dark region is confirmed as bulk Na metal by the EDS map in Figure
3a. The dark region in Figure 3a clearly shows an intense Na signal compared to the unaffected
region of the image and the accompanying reduced Si signal indicates that this region is mostly
pure Na metal (that likely partially reacted with O upon transfer to the SEM chamber). The EDS
spectrum showing all relevant elements for Figure 3a is included in Figure S4. This penetration
of Na provides a pathway with increased conductivity and could significantly reduce the total
resistance observed by EIS. Interestingly, this penetration from the stripping side electrode
contradicts the classical thought that Mode I (pressure-induced cracking from the plating side)
causes most of the metal accumulation in solid electrolytes. Due to Na predominantly

accumulating on the stripping side, we suggest that Mode II (recombination of ions and electrons
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Untested NaSICON

sectional SEM images of electrochemically tested NaSICON. (¢ & d) NaSICON-1h sample after
testing. (¢ & f) NaSICON-23h sample after testing. Inset in each image shows a higher
magnification image of the boxed region. The top of the images (c-f) corresponds to the plating

side of the electrolyte and the bottom of the images corresponds to the stripping side.

13



in the electrolyte interior) caused this accumulation and could be more prevalent in the failure of
solid electrolytes than previously suspected. It is important to note that Na accumulation still
occurred, albeit far less, on the plating side (Mode I) of the electrolyte in the NaSICON-1h cell
and a representative SEM image is shown in Figure S5. Additionally, the darkened NaSICON-
like region in Figure 2c¢ does not exhibit increased Na signal in EDS maps and we believe the
concentration of Na is not increased enough by grain boundary penetration to be visualized by

EDS.

Upon examination of the cross-section of the NaSICON-23h sample (Figure 2e-f and Figure 3b),
significant amounts of Na metal have clearly accumulated within the electrolyte, extending across
the entire thickness. The EDS spectrum showing all relevant elements for Figure 3b is shown in
Figure S4. These spectra show that the NaSICON-23h pellet has a much higher relative amount
of sodium in the cross-section, which is also clear in the SEM images. Interestingly, it does not
appear that current passes through only the Na metal pathways even when completely shorted, as
the plateau voltage in the 51-22"¢ intervals remains near 1.0 V, which would be expected for non-
shorted ionic conduction through NaSICON. The cell also fails due to Na depletion at the stripping
electrode, confirming some Na“ conduction occurred during the later intervals. Again, this
observation may be explained by the soft shorting phenomenon. Shorting can be confirmed,
however, by comparing the true vs. theoretical mass of Na transported. Based on the applied
current after 23 1-hour intervals, 3.5 g of Na should have been transferred from the stripping to
plating electrode. Upon measuring the mass of Na on either side of the cell, though, it was found
that only 2.3 g of Na had been transported, corresponding to a transfer efficiency of 65.7 %. The
low efficiency implies that there was an additional pathway for current to pass through the cell and

the most likely candidate was electronic conduction through Na metal that had penetrated the
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thickness of the solid electrolyte. This pathway was most likely initially established sometime
during the fourth current interval, when the voltage profile first became noisy, and may have been
exacerbated during the 22" interval, when the overpotential dropped to a lower plateau value.
However, even though Na has penetrated much of the cross-section in the NaSICON-23h sample,
the total resistance is not low enough to be attributed purely to Na, which has an electronic
conductivity of 1.0 x 10° S cm™ at 110 °C.%' The higher resistance and maintained Na" transport
would support the conclusion that current does not pass entirely through these Na-penetrated
regions, but instead that the Na creates new, higher conductivity pathways and increases contact

between Na and NaSICON, lowering the total resistance of the electrolyte.

In Figure 2e, the observed Na penetration appears as a branched structure that begins from a single

T

NaSICON-1h

O

Figure 3. Cross-sectional SEM imgs and corresponding sodium, oxygen, and sihco mps
of tested NaSICON samples. (a) NaSICON-1h sample. (b) NaSICON-23h sample. The top of the
images corresponds to the plating side of the electrolyte and the bottom of the images corresponds

to the stripping side.
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point on the stripping side of the electrolyte, reminiscent of the typical dendrite structure from
solid metal anodes.?* 2> 2 An EDS map of this image is included in Figure S6 that confirms this
structure having a high concentration of Na, indicating the presence of Na metal. Again, this
penetration begins from the stripping side of the electrolyte and would imply that Mode 1II is
responsible for significant metal formation in the electrolyte. The substantial Mode II metal
formation seen in these cells may have been exacerbated by the fact that half of the electrolyte in
a symmetric cell is exposed to potentials favorable for metal plating, leading to plating deeper
within the electrolyte than previously expected, particularly if pores and other defects exist (as
they do for all sintered solid electrolytes).®® Figure 2f, depicting another region of the cross-section
from the NaSICON-23h sample, also appears to show lines of Na metal that extend from the
stripping to plating side of the electrolyte, but it is not clear if these lines indicate initiation from

the stripping side.

The regions with significant metal accumulation are also regions where current is likely
concentrated due to improved Na wetting on the NaSICON surface, explaining why the entire
surface does not display this color and microstructure. This improved wetting (whether it results
from early Na penetration or is purely due to surface features) would lower the local resistance.
The lower local resistance would likely cause high localized current, giving a higher chance of
Na® and electron recombination within the electrolyte (Mode II), and, eventually, Na
accumulation. The progression of Na accumulation observed in these cross-sections is surprising
when the classical idea of critical current density is considered. Previous literature has suggested
that at high enough current density, solid electrolytes will quickly fail due to the formation of
dendrites.?!> 2% 3% 36 Qur observation of progressive failure, however, suggests that while some

metal formation may occur quickly, it is more appropriate to consider both current density and
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(dis)charge time when examining electrolyte failure. The combination of the two parameters would
suggest a critical charge density should be considered, rather than just a critical current density.
We suspect metal may penetrate these electrolytes even at lower current densities, but the effects
are not prevalent until sufficient charge per unit area has passed — such as in the NaSICON-23h
cell where the electrolyte passed 2.3 Ah cm™. Since most papers focus on cycling (as opposed to
unidirectional current), small metal accumulations within the electrolyte could be stripped away
when the polarity of the cell is reversed, making the earliest metal formation difficult to detect.
This further consideration of discharge time when examining solid electrolyte failure will be
especially important for the progress of stationary, long duration storage, where discharge times

of > 12 h are desired.

4. Conclusions

NaSICON solid electrolytes were synthesized and tested in liquid Na symmetric cells to study the
Na|NaSICON interface and the propagation of Na metal through the solid electrolytes. A
unidirectional current density of 100 mA c¢cm™ was applied to the cells for up to 23 1-hour intervals

to probe the early and late stages of Na-electrolyte interaction. We found that:

e The total resistance — and particularly the interfacial resistance - of the symmetric cells

decreased with the application of 100 mA c¢cm™ current density.

e The overpotential during testing depended on the bulk ionic conductivity of the electrolyte.

e Na accumulation in NaSICON solid electrolytes appeared to occur in two stages. First Na may
have infiltrated grain boundaries from the surface of the electrolyte, appearing as discolored

NaSICON. These regions then served as current concentrators and eventually further Na
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accumulation occurred until bulk metallic Na was present in the interior of the electrolyte. The
progressive accumulation suggests that both a critical current density and critical total charge

density are important criteria for solid electrolytes.

e Na accumulation initiated on both the stripping or the plating side of the electrolyte. Previous
models stated that most metal accumulation in liquid electrode cells begins on the plating side
(due to Poiseuille pressure buildup). Our observations, however, show that discoloration,
accumulation of Na metal, and even branching of dendrite-like Na also initiated at the stripping
side of the electrolyte and may have then extended across the entire thickness. Na accumulation
on the stripping side suggests that Mode II may be a significant mechanism just as prevalent

as Mode I in NaSICON solid electrolytes at high current densities.

e Local regions on the NaSICON surface with improved Na wetting may also have served as
current concentrators that initiated Na accumulation. This phenomenon would be similar to the
behavior seen in all-solid-state batteries where regions of the metal electrode in good contact

with the electrolyte act as current concentrators and preferentially form dendrites.?! 4

These findings help provide a better understanding of the metal plating behavior in solid
electrolytes in the presence of liquid metal electrodes. As liquid metal batteries become more
important in the field of energy storage, these insights promise to inform the design of improved

battery systems.
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Figure S1. XRD patterns for pellets used in NaSICON-23h and NaSICON-1h cells. NaSICON

and additional phase peaks are labeled accordingly.
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Figure S2. Schematic of Na|NaSICON|Na symmetric cells.
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Table S1. Fitted EIS values for NaSICON-1h cell before and after constant current testing.

NaSICON-1h
L1(H) dev R1(Q) dev R2(Q) dev a2 dev Q2 (F*sazl)  dev Area Specific Resistance ((0*cm?2)
Before Testing[3.0E-06 1.9E-07 2.7 1.1 16.1 0.9 0.82 060 6.3B-06 4.1E-06 33.2
After 1 2.8E-06 2.2E-07 2.5 1.5 9.8 1.4 0.79 066 1.2E-05 1.4E-05 21.8

Table S2. Fitted EIS values for NaSICON-23h cell before and after each constant current interval.

NaSICON-23h
L1(H) dev R1{Q) dev R2(Q) dev a2 dev Q2 (F*s3%1)  dev  Area Specific Resistance (Q*cm?)
Before Testing|3.0E-06 1.6E-07 2.0 09 187 0.8 083 059 4.0E-06 2.2E-06 36.4
After 1 2.9E-06 1.4E-07 2.2 1.2 120 1.0 081 0.64 8.9E-03  8.0E-06 249
After 2 2.8E-06 2.6E-07 2.3 09 159 0.8 0.82 061 7.1E-06  4.6E-06 321
After 3 2.8E-06 2.6E-07 2.6 08 162 0.6 082 060 7.0E-06 4.3E-06 33.2
After 4 2.9E-06 9.3E-07 3.0 2.6 6.0 2.6 081 076 1.1E-05  2.6E-05 15.8
After 5 2.7E-06 2.2E-07 2.9 1.0 144 09 0.80 061 8.5E-06 6.1E-06 30.5
After 6 2.8E-06 5.1E-07 2.4 1.9 8.2 1.8 0.80 0.70 1.0E-05  1.5E-05 18.7
After 7 2.8E-06 8.6E-07 2.3 2.7 6.2 26 079 075 1.3E-05  3.0E-05 149
After 8 2.9E-06 9.5E-07 2.5 2.8 6.1 2.7 079 075 1.3E-05  2.9E-05 15.1
After 9 3.1E-06 1.1E-06 2.5 31 5.1 3.0 081 079 1.1E-05  3.2E-05 13.3
After 10 2.8E-06 5.5E-07 23 2.1 7.1 21 0.80 0.72 9.6E-06  1.7E-05 16.6
After 11 [2.9E-06 5.5E-07 23 2.0 7.0 2.0 081 073 9.4E-06 1.7E-05 16.2
After 12 [2.9E-06 8.3E-07 2.1 2.6 5.8 25 0.80 0.76 1.1E-05  2.6E-05 13.9
After 13 [2.9E-06 8.0E-07 2.1 2.6 5.7 25 081 077 1.1E-05  2.6E-05 13.7
After 14 3.0E-06 8.3E-07 2.1 2.7 5.4 2.6 0.81 0.78 9.9E-06  2.6E-05 13.1
After 15 2.9E-06 8.2E-07 2.0 2.7 5.6 2.6 0.81 0.77 1.0E-05  2.5E-05 13.4
After 16 [2.9E-06 6.2E-07 2.6 2.3 6.9 22 079 072 1.2E-05  2.4E-05 16.7
After 17 [2.9E-06 6.2E-07 2.8 2.3 6.6 23 081 073 8.9E-06 1.8E-05 16.5
After 18  [3.0E-06 7.8E-07 2.7 2.7 6.2 2.7 0.80 074 9.5E-06 2.1E-05 15.7
After 19 2.9E-06 1.0E-06 3.9 3.2 5.1 3.2 0.81 0.79 8.9E+06  2.6E-05 15.8
After 20 [2.9E-06 1.4E-06 3.4 41 41 41 081 082 8.8E-06 3.7E-05 133
After 21 [2.9E-06 8.3E-07 2.7 2.8 7.0 2.7 081 072 7.8E-06  1.6E-05 17.0
After 22 |2.9E-06 1.7E-06 2.1 4.6 35 4.6 081 086 9.9E-06 5.3E-05 9.8
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Untested NaSICON

Flgure S3 SEM images of NaSICON (a) surface and (b) Cross sectlon Insets show '- hlgher

magnification of boxed region.
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Figure S4. EDS spectra showing relevant elements for maps shown in Figure 3 in main text

showing relative intensity of each element in mapped regions.
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Figure S5. Cross-sectional SEM image of NaSICON-1h sample after testing. Inset shows a higher

magnification of boxed region.
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Figure S6. Cross-sectional SEM image and corresponding sodium, oxygen, and silicon EDS maps
of NaSICON-23h sample after testing. The top of the image corresponds to the plating side of the
electrolyte and the bottom of the image corresponds to the stripping side. A height difference on

the left side of the image caused signal loss during the EDS scan.
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