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As the world adds more renewable energy to the grid, there’s a growing
need for low-cost, long-duration energy storage—ideally at or below $20 per
kilowatt-hour. Meeting this challenge requires moving beyond today’s lithium-
ion batteries. One promising option is sodium metal batteries. Sodium is far
more abundant than lithium and can store a high amount of energy, making
it an attractive alternative. To make these batteries both safe and efficient,
researchers are exploring solid electrolytes materials that replace the flammable
liquid components found in most batteries today. Solid electrolytes made of glass
or ceramic could unlock safer, higher-energy sodium batteries. But a challenge
associated with these materials is the necessesity for high operating tempera-
tures (above 300°C), which drives up the cost of battery systems to around $300
per kilowatt-hour. This is currently far too expensive for widespread use. This
paper discusses opportunities and challenges with room-temperature sodium
metal batteries based on liquid metal. If successful, this technology could offer
a safe, scalable, and affordable solution for storing renewable energy, helping us
transition to a cleaner and more resilient power grid.
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Abstract

Sodium-potassium (NaK) liquid metal anodes address interfacial challenges in sodium
solid-state batteries by eliminating solid-solid contact issues of solid Na anodes. Operando
galvanostatic electrochemical impedance spectroscopy and #n situ synchrotron X-ray
computed tomography experiments reveals that interfacial Na depletion upon elec-
trodissolution results in void formation and K metal precipitation. Conversely, Na
plating upon electrodeposition results in local Na accumulation at the interface. Long-
term deposition results in Na filament growth and short-circuit failure. These degra-
dation processes arise from poor wetting due to the high surface tension of NaK and
its limited Na diffusivity. Strategies which reduce the tendency for segregation are

necessary for long-term cycling.
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Introduction

Sodium solid-state batteries (SSSBs) are attractive candidates for large-scale, stationery en-
ergy storage applications due to the earth abundance of Na element, and high safety of
non-flammable solid electrolytes.! In particular, the use of Na metal anode enable by solid
electrolytes help increase the battery energy density to meet commercial application re-
quirements. > Engineering challenges, however, persists with the anode-electrolyte interface
in solid-state batteries, mainly due to the non-uniform solid-solid contact between alkali
metal anodes and solid electrolytes.*® The electrodissolution (stripping) and electrodposi-
tion (plating) of metal anodes result in various chemo-mechanical effects including volumetric
variations, stress buildup and interfacial void formation. Those effects lead to metal filament
growth and penetration failure of the solid electrolyte.” 2

Sodium-potassium (NaK) alloys as a room-temperature liquid anode was proposed for

addressing this anode-electrolyte interface challenge.!®'4 Under room temperature, the liquid

phase of NaK alloys will be thermodynamically maintained over a wide compositional window

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(~44 wt% K to ~ 88 wt% K), 17 theoretically allowing Na stripping and plating activities

without precipitation of any solid metal, effectively preventing Na metal accumulation and

Open Access Article. Published on 26 August 2025. Downloaded on 9/23/2025 11:01:28 AM.

filament growth. However, thermodynamic predictions do not accurately reflect NaK’s re-

(cc)

sponse under applied Na stripping/plating currents, when kinetic factors may dominate and
thermodynamic predictions are no longer valid. Under cycling current, local Na depletion
or enrichment at the anode-electrolyte interface may lead to liquid-solid phase separations
(precipitation of Na metal or K metal). Therefore, understandings in the chemo-mechanical
limitations of this liquid anode under operating conditions is critical. Previous studies on
NaK liquid anodes, however, commonly utilized carbon additives!'® or porous carbon sub-
strates 1416 to modify mechanical properties of NaK alloys. These modifications enables
fabrication of self-standing liquid NaK anodes for battery assembly but at the same time
altered the the chemo-mechanical properties of NaK. The strong chemical and physical inter-

19,20

actions between NaK liquid and carbon reduces their fluidity, thus the electrochemical
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response of these modified NaK anodes are not reflective of the properties of pure liquid
NaK alloys.

In this work, we studied the chemo-mechanical limitations of pure liquid NaK anodes
paired with sodium superionic conductor (NagZrsSiaPOj5, NASICON) solid electrolytes.
Operando galvanostatic electrochemical impedance spectroscopy (GEIS) collected during
Na stripping/plating of NaK liquid anodes show that the stripping and plating processes
have different kinetic limitations due to different interfacial chemo-mechanical degradations
triggered by current. Pulsed Na stripping experiments and In situ X-ray computed tomog-
raphy (XCT) imaging experiment performed during Na plating process help elucidate the
fundamental mechanism behind the unstable cycling behavior of pure liquid NaK anodes.
We conclude that 1) Na stripping from NaK becomes unstable under high current due to
the developing Na concentration gradient near the anode-electrolyte interface, which triggers
voiding and K metal precipitations that significantly increases interfacial resistance. 2) Na
plating into Na can result in interfacial Na metal accumulation under high plating current
or repeated stripping-plating cycles. Continued Na plating under these conditions leads to
Na filament growth and short-circuit failure. Our results suggest that the electrochemical
performance and stability of NaK liquid metal anodes are limited by the combined effect of
its high surface tension and Na mobility. High surface tension results in insufficient wetting
between NaK and solid electrolytes, limiting the electrochemical active area; the resultant
current focusing effect drives interfacial Na depletion that cannot be compensated by Na

diffusion inside NaK, leading to chemo-mechanical degradations.

Experimental Methods

Preparation of Na-K liquid anodes: Na-K alloys with 50, 65 and 80 wt% K (NaK50, NaK65
and NaK80) was prepared by placing Na and K metal chunks of desired weight ratios in a

glass vial together then shook vigorously until a uniform liquid metal bulb forms.
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Preparation of (NASICON) solid-state electrolyte: Commercial NagZroSisPOqs powder
(MSE Supplies) was cold pressed at 625 MPa then sintered at 1230°C for 12 h with a ramping
rate of 5°C/min to form self-standing electrolyte pellets with a thickness of ~1.5 mm. A
20 nm SnO, coating was applied to the as-sintered NASICON pellet surface that’s going
to contact NaK based on the procedure reported previously.?! 20 nm of Sn metal was first
sputtered onto NASICON surface using a VCR IBS/TM200S Ion Beam Sputterer, then
transferred to a tube furnace and annealed at 900 C for 3 h to form SnOs. Upon contact
with NaK liquid anodes, this SnO, layer transforms into a ion-electron conductive layer
K,0/K,Sn,?* which acts as a selective interface to block K ions and conduct Na ions,* thus
enables cycling of NaK anodes.

Assembly of solid-state electrochemical cells: For Na metal cells, Na metal chunks were
rolled into foils and disks with a diameter of 8 mm were cut from the foils then stuck onto
¢10 mm Cu foil current collectors. Surface of Na metal was mechanically cleaned before
attaching to NASCION electrolyte. NaK/NASICON/Na asymmetric cells were assembled

between 10 mm stainless steel plungers inside PEEK-lined stainless steel cell body. A spring-

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

loaded pressure frame was used to apply 10 MPa external pressures to the whole cell for Na

metal electrode to form a low-resistance Na/NASICON interface. A rubber O-ring with

Open Access Article. Published on 26 August 2025. Downloaded on 9/23/2025 11:01:28 AM.

10 mm outer and 7 mm inner diameters were used on the NaK liquid electrode side to
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provide seal and confine liquid NaK. 40 uLi of NaK liquid was dropped inside the O-ring
to form a liquid metal chamber upon cell assembly. For all asymmetric cells assembled for
impedance measurements, Na quasi-reference electrodes (Na-QREs) are prepared according
to previously reported procedure.?* Na/NASICON half cell stack was first assembled &
vacuum-sealed inside plastic pouches, then transferred to an isostatic press for pressing
under 100 MPa for 15 mins to form a zero-resistance Na/NASICON interface (Figure 77).
FElectrochemical testing: Critical current density (CCD), pulsed stripping and electro-
chemical Impedance Spectroscopy (EIS) and galvanostatic cycling tests were performed with

BioLogic SP-300 and VMP-3 potentiostats. The frequency range of EIS tests was 7 MHz to
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5 Hz. For in-situ galvanostatic EIS (GEIS) tests, electrochemical cells were cycling under a
constant current, with GEIS being continuously collected at 5 pA amplitude perturbations.
Staircase GEIS (SGEIS) experiments were conducted between 0.05 - 1 mA /ecm? current den-
sities, either for Na stripping or Na plating on NaK working electrodes, with a current step
size of 0.01 mA/cm?. For each current density, a constant current was first applied for 5 s,
followed by GEIS measurement at 5 uA amplitude, which takes ~35 s to complete, resulting
a 40 s step duration. Collected EIS data was processed and analyzed with Relaxis software
package. For distribution of relaxation time (DRT) analysis, both the real part and imagin-
ery part of EIS data were used for DRT transformation, with a regularization parameter A
of 1073 .

Synchrotron in situ X-ray computed tomography experiments: A custom designed cylin-
drical PEEK cell with 6 mm inner diameter was used for in situ synchrotron X-ray computed
tomography experiments conducted at the 27-ID HEX beamline?® at National Synchrotron
Light Source II, Brookhaven National Laboratory. For the operando cells, a rubber O-ring
with 6 mm outer diameter and 4 mm inner diameter was used to seal NaK liquid anode
between the NASICON electrolyte and Al current collector. An external pressure of ~10
MPa was applied by adjusting the torque of cell tightening screws. Monochromatic X-ray
beams at 80 keV was directed to the cell and the transmitted beams were converted to visible
light by a scintillator, then collected by a CCD camera to obtain a single radiography image
with a 4 x 4 mm field of view and 1.3 pum pixel size. For each tomography image, 3001
radiography projections were collected with an exposure time of 0.2 s each over a 180° cell
rotation. The raw projection images were processed using the Algotom software,?® which
includes the following data processing workflow: flat-field normalization, center-of-rotation

27
L,

determination, zinger removal, ring artifact removal,*" and filtered back-projection.
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Results and discussion

Unstable cycling behavior of NaK liquid anodes

Critical current density (CCD) testing on NaK50 reveal cell short-circuited during Na plating
at 0.4 mA/cm? (Figure la). At lower current densities (0.05 and 0.1 mA/cm?), Na stripping
and plating showed stable voltage profiles. As the current increased above 0.2 mA /cm?, the
steadily rising voltage during Na stripping indicates a growing charge transfer resistance.
This trend is also evident in the operando DRT spectra collected during the CCD test (Fig-
ure 1b—e; the original EIS spectra are provided in Figure ??7.). These spectra, plotted as
logarithmic-scale contour plots with color representing resistance y(£2), show two peaks at
0.05 and 0.1 mA/cm?. The two peaks represent the grain boundary resistance in the NA-
SICON electrolyte (ygg)?* and interfacial resistance (7;,;) at the NaK/NASICON interface
(Figure 1b). The interfacial resistance (7;,:) arises from two main factors: (1) mechanical
constriction caused by micro- or nano-scale voids at the NaK/NASICON interface, due to

28-30

the high surface tension of the NaK alloy, and (2) charge transfer resistance between

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

NaK and the NASICON electrolyte.?! By contrast, in a Na/NASICON/Na symmetric cell,

mechanical constriction can be minimized through uniaxial or isostatic pressing, resulting in

Open Access Article. Published on 26 August 2025. Downloaded on 9/23/2025 11:01:28 AM.

near-ideal interfacial contact and a negligible 7;,; (Figure 77).%4
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Both ygp and 7;,; remained nearly constant during cycling at 0.05 and 0.1 mA /cm?,
indicating that the NaK/NASICON interface remained stable. The ~;,; peak increased and
broadened during liquid metal stripping at 0.2 mA /cm?, indicating either enhanced mechan-
ical constriction (e.g., void formation or enlargement) or increased charge transfer resistance
(Fig. 1d). The 7;,; decreased when the current was reversed and Na was plated into the lig-
uid metal anode. The decrease in ;,,; indicates improved NaK/NASICON interfacial contact
during deposition (Figure 1d, e).

7Yint Tapidly diminished and eventually vanished during plating at 0.4 mA /cm?, suggesting

that Na metal deposition filled pre-existing pores and enhanced the NaK/NASICON inter-
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Figure 1: (a) Critical current density test on liquid NaK50 working electrode, with constant
GEIS measurement (~35 s per GEIS scan during cycling). (b — e) Distribution of relaxation
time (DRT) spectra converted from GEIS spectra collected during the CCD test at different
current densities.

facial contact (Figure 1d, e). Concurrently, vgp 7in: suddenly disappeared during plating,
indicating mechanical failure of the NASICON pellet due to Na metal penetration .

red

In situ X-ray computed tomography (XCT) imaging during Na plating (at 0.7 mA /cm?)
into NaK liquid electrode short-circuited after only ~ 0.5 mAh/cm? (Figure 2a,b). In con-
trast, in situ Na plating in NaK XCT at lower current densities (0.4 mA /cm?, Figure ?77)
proceeded without short-circuit, reaching 4 mAh/cm? cutoff capacity (Figure ??a-c). In situ
XCT cross-sections collected throughout this plating process demonstrated a characteristic

edge-chipping fracture mechanism. %3233 This has been previously shown with lithium solid
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Figure 2: (a) Schematics of the in situ NaK/NASICON/Na cell assembled with an O-ring
for in situ synchrotron XCT experiment and reconstructed virtual cross-section of of the
region of interest (red dashed box) showing the cell components and active NaK/NASICON
interface. (b) Voltage profile of in situ XCT cell during Na plating process of NaK liquid
anode under 0.7 mA/cm? current density. (c-f) Reconstructed in situ XCT virtual cross-
sectional images at the NaK/NASICON interface collected during Na plating process. Crack
initiation-propagation inside NASICON that led to short circuit can be observed. (g) Illus-
tration demonstrating the crack initiation-edge chipping process, with NaK infiltration after
edge-chipping.

state batteries and attributed to high local current densities attributed to incomplete con-

11,32 (Figure 2c-f). The crack propagated quickly and eventually led to

tact at an interface
short-circuit with the cell voltage dropped to near 0 V (Figure 2b, f).3436 Although due to
spatial resolution limits, sub-micron interfacial Na metal accumulation is not directly visible
in the XCT images, the observed NASICON electrolyte fracture can only be caused by Na
metal filament growth, as illustrated in Figure 2(g). As Na plating leads to interfacial Na
metal precipitation at the NalK/NASICON interface, subsequent Na filament growth opens
up a crack on the NASICON surface. With continued Na plating, the surface crack develops
and eventually chips off a small piece of the NASICON electrolyte, allowing liquid NaK to
infiltrate the crack. This electrolyte edge-chipping relieves some surface stress induced by Na
filament intrusion, and the infiltrated NaK contacts and partially dissolves the Na filament.

This combined phenomenon effectively reduced the crack size, as observed in the XCT im-

ages after edge-chipping (Figure 2(e-f)). The in situ XCT results confirm that liquid-solid
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phase separation, in the form of Na metal precipitation, develops at the NaK/NASICON
interface during Na plating, especially under high current densities. Note that from our pre-
viously published results, Na/NASICON /Na symmetric cell demonstrated a CCD of ~3.2
mA /em?.37 This previous result, combined with the XCT observations here, confirm that
the short circuit phenomenon observed in Figure 1 is caused by the NaK liquid electrode,

not the Na counter electrode.

Origin of unstable Na stripping behavior

To understand the unstable Na stripping behavior of the NaK/NASICON interface, we also
performed in situ XCT imaging during staircase stripping of NaK liquid electrode (Figure
??7). The NaK50 working electrode went through Na stripping under 0.2, 0.4, 0.7 and 1
mA /cm? current densities, where unstable stripping behavior becomes apparent when the
current density went above 0.7 mA /cm? (Figure ?? (a)). By comparing the reconstructed

virtual cross-section images of the pristine state and under 1 mA /cm?

stripping current
(Figure ?7? (b)), we observe the enlargement of a pre-existing bubble within the liquid NaK
electrode as a direct result of Na stripping. This bubble, however, locates inside the NaK
liquid, thus its enlargement does not directly contribute to interfacial resistance. No other
interfacial evolutions are observable from the XCT images. This suggests that the length
scales of the interfacial evolutions that resulted in unstable Na stripping behavior are smaller
than the spatial resolution of the XCT beamline. Alternative interfacial probing method is
needed to gain insights into this behavior.

Staircase GEIS (SGEIS) experiment was performed on NaK liquid working electrode
against a Na reference (Figure 3 , original EIS spectra are provided in Figure ??). This
measurement mimics a linear current scanning experiment for probing the NaK anode re-
sponse as a function of Na stripping current density, with an equivalent current scanning

rate of ~0.001 pA/s. The current scanning process revealed notable DRT changes, which

rapidly recovered upon resting, followed by gradual relaxation and continued recovery over
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the extended rest period (Figure 3b). A stable Na stripping regime, exhibiting relatively low
voltage and a DRT spectrum dominated by vop and a single ~,,; peak near 7 = 107! s, is
observed over the current density range of 0 to approximately 0.6 mA /cm? (Figure 3a). Na
atoms are steadily oxidized at the NaK/NASICON interface with a relatively low resistance.
When stripping current goes above 0.6 mA /cm?, however, the NaK working electrode enters
an unstable stripping regime, with quickly rising cell voltage (Figure 3b) and changes in the
DRT profile. First, as the current density increased, 7;,; not only grew in magnitude but
also shifted toward lower 7 values, indicating shorter relaxation times. Second, a new peak
appeared at 7 = 107* to 1073 s (v, Figure 3b), suggesting the onset of a new interfa-
cial process with sub-millisecond relaxation time at higher stripping current densities. The
increasing 7;,: and 7., with increasing current density directly resulted in the non-linear
voltage rise in the unstable Na stripping regime. SGEIS (current scanning) procedure ended
after the GEIS measurement at 1 mA /cm? completed, the cell then entered an OCV resting
period with continuous PEIS measurements taken at 35 s interval. By overlaying the last

DRT spectra during SGEIS procedure (1 mA/cm?/0 s upon resting) to DRT spectra taken

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

at different resting times (Figure 3c), we examined the evolution of each DRT component as

a function of resting length. In the first DRT spectra taken immediately after SGEIS com-

Open Access Article. Published on 26 August 2025. Downloaded on 9/23/2025 11:01:28 AM.

pleted (35 s into rest), v shifted back to its original relaxation time (107! s) with increased

(cc)

amplitude, 7;,, completely vanished, meaning that the interfacial feature corresponding to
Vi Tecovers completely within 35 s after stripping current stopped.

Increasing the potassium content in the NaK metal can increase the elasticity of the
electrode. In practice, when an electrode is infinitely elastic contact should be maintained.
The voltage profiles for NaK50, NaK65 and NaK80 during current scanning shows that the
current threshold for unstable Na stripping behavior has strong NaK composition depen-
dence. NaK65 entered unstable regime at ~ 0.15 mA/cm?, much lower than the ~ 0.6
mA /cm? threshold observed for NaK50 (Figure ??a). The operando DRT profile of NaK65

over the current scanning demonstrate slightly different behavior than NaK50 (Figure ?7?c),

10
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Figure 3: (a) Operando DRT spectra obtained during Na stripping SGEIS (current scan-
ning) experiment on NaK50 liquid working electrode, followed by an extended resting period.
(b) The voltage profile of the SGEIS test and corresponding DRT spectra as functions of
Na stripping current density. (c) DRT spectra overlay during the OCV resting period.
Schematics of the NaK/NASICON interface at (d) pristine state, and in (e) stable Na strip-
ping regime, (f) unstable Na stripping regime.

which is better visualized in 3D DRT overlay plots (Figure ?7?d, e). As Na stripping current
approaches the unstable threshold for NaK65, ~;,; shifted significantly toward lower 7 value,
and eventually merged with the newly emerged 7/, , at 7=1073 s. (Figure 3e). As Na content
goes lower with NaK80, the cell voltage of NaK80 during SGEIS quickly reached voltage
limit (3 V) during the first GEIS measurement at 0.05 mA/cm? (Figure ?7), providing no
complete EIS spectra.

Such composition dependence suggests that the starting Na content of NaK liquid anodes
dictates the limiting current for Na stripping, which should be directly related to the Na
concentration gradient that develops near the NaKK/NASICON interface during stripping,
8

similar to the mass transfer phenomenon studied in liquid electrolyte-electrode interfaces.?

For Na oxidation reaction process (Na — e~ — Na'), the charge transfer resistance is
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inversely proportional to the Na concentration (R oc 1/Ch,)at the interface.®® Reducing
interfacial Na concentration leads to significantly increased R, reflected as increasing 7.
in the DRT spectra collected on pristine NaK/NASICON /Na cells with NaK50, NaK65 and
NaK80 working electrodes (Figure ?7). Therefore, interfacial Na depletion accompanied by
Na concentration gradient development directly result in increased 7;,,;, which dominates the
observed DRT configuration within stable Na stripping regime (Figure 3e).

The emerging ., within unstable Na stripping regime of both NaK50 and NaK65 should
correspond to other chemo-mechanical interfacial evolutions triggered by drastically reduced
interfacial Na content in NaK. Chemically, local Na depletion directly leads to precipitation
of K metal, as suggested by Na-K phase diagram.!® Na depletion and K precipitation gen-
erates additional K/NASICON interfaces and small interfacial voids (Figure 3f), effectively
forming small, scattered mechanical constrictions that has a faster relaxation time than pre-
existing voids (Figure 3d), accounting for ~/,, emerged at 71073 s. Loss of Na metal at the
NaK/NASICON interface could also directly deepen the pre-existing interfacial voids, lead-

ing to higher constriction capacitance with shorter relaxation time, shifting 7;,; to smaller 7

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

values. 239 For solid metal anodes in SSBs, void formation upon stripping due to insufficient

metal diffusion and deformation is well-studied, characterized by increased interfacial /charge

Open Access Article. Published on 26 August 2025. Downloaded on 9/23/2025 11:01:28 AM.

transfer resistance.3*4? However, mechanical behavior of liquid metals like NaK are drasti-

(cc)

cally different from solids. Their deformation/recovery time upon imposing/removing me-
chanical, electrical or electrochemical perturbations are typically in the ms regime (71073
s) with case studies on liquid metals actuators like mercury and gallium.*'"#* Particularly,
in the case of electrochemically-induced mechanical deformation, previous report on liquid
gallium-indium alloys observed that mechanical movement does not initiate until applied
electrochemical current reaches a critical threshold,*® which resembles the SGEIS results
above, where DRT peak only shifts to or emerges at 71073 s under high current. As the
stripping current stopped, DRT spectra immediately recovers to near-pristine state, domi-

nated by vgp (7107% s) and 7;,; (71071 s), suggesting the interfacial degradations induced

12
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by high Na stripping current recovers in under 35 s. (Figure 3c) The increased amplitude of
~Yint between 0 s and 35 s upon resting could be due to the merging of smaller voids, as part
of the mechanical recovery process. Between 35 s and 15 h resting period, the amplitude of
Yint gradually diminished to near-pristine state. The slower recovery process can be related
to recovery of Na concentration gradient and liquid-solid phase separation, which require
further experimental examination.

To summarize, the SGEIS-OCV experiment results demonstrate the reversible, dynamic
chemo-mechanical degradation process of the NaK/NASCION interface during Na stripping,
dominated by stripping current density. Under high Na stripping current, Na concentration
gradient develops at the interface, and fast Na depletion leads to increased interfacial void-
ing, potentially accompanied by precipitation of K metal. Once the Na stripping current
stops, a mechanical recovery process initiates. This process involves liquid flow, Na diffusion
inside NaK, and re-dissolution of precipitated K metal, and the majority of these processes
occur in under 35 s after the stripping current stops. The liquid flow re-compensates the
interfacial voids, and Na diffusion homogenizes the Na concentration inside NaK until all
K metal dissolves, and Na concentration gradient recovers. After the mechanical recovery,
the NaK/NASICON interface return to near-pristine state, especially given that the total
Na stripping capacity during the SGEIS experiment (< 1 mAh/cm?) is much smaller than
the theoretical capacity of the whole liquid NaK electrode (> 40 mAh/cm?) based on its
volumetric loading.

As the time resolution of operando GEIS experiments are limited to the duration of a
single GEIS scan (~35 s), those experiments may not comprehensively capture interfacial
processes that develop and recovers within shorter time frames during Na stripping from
NaK. Pulsed stripping experiments, in this case, probes interfacial recovery behavior upon
stripping with sub-second temporal resolutions (Figure 4a). In this experiment, a 1 s Na
stripping current pulse at 1 mA /cm? current density imposed on NaK liquid anode is followed

by a resting period ranging from 0.1 s - 10 s. Na stripping continues until the cell voltage

13
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1 mA/cm? stripping

1 mA/cm?, 1 s pulse 0.1s rest
1 s pulse, 1 s rest

1 s pulse, 5 s rest

1 s pulse, 10 s rest
0.25 mA/cm? stripping

Voltage (V)
o

Figure 4: (a) Voltage curves of pulsed Na stripping experiment performed on NaK50 liquid
anodes with different resting periods (0.1 - 10 s) after each 1 s current pulse. (b) Magnified
voltage curves demonstrating the response of NaK anodes during current pulse-OCV resting
cycles. (c) Critical stripping capacity of NaK anodes as a function of resting period length
between current pulses. The theoretical critical stripping capacity under this experimental
setup is ~40 mAh/cm?.
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reaches 3 V. The length of resting period, in this case, significantly impacts the critical
stripping capacity of NaK working electrodes. With resting lengths between 0.1 - 2 s, the
cell voltage continuously decreases during rest; it takes at least 5 s of resting time for the
cell voltage to plateau after a 1 s current pulse. (Figure 4b) The critical stripping capacity
of NaK liquid anode is directly affected by the resting length (Figure 4c). Direct stripping
under 1 mA /cm? leads to very fast voltage increase and the NaK anode delivered minimal
capacity. By introducing a 0.1 resting period after each 1 s current pulse, the NaK anode
delivered slightly higher capacity. Extending the rest to 1-2 s yields a sharp increase in

critical stripping capacity (~2 mAh/cm? to ~10 mAh/cm?), whereas longer rests of 5-10
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s show no further improvement, plateauing at 12-14 mAh/cm?. This behavior indicates

that the reversible component of interfacial chemo-mechanical degradation induced by Na
stripping fully recovers within ~5 s after the current stops. Given the capacity trend in Figure
4, we can infer that the recovery timescale is roughly 2-5 s, as the capacity reaches a plateau
somewhere between 2 s and 5 s resting times. In contrast, under a lower current density (0.25
mA /cm?), the cell voltage remains low up to the cutoff capacity (20 mAh/cm?), suggesting
that slower interfacial degradation processes may require longer than 10 s to recover.

As discussed above, liquid metal deformation and recovery is on ms timescale. The
fact that resting period of 0.1 s only slightly increased critical stripping capacity suggests
that pure mechanical deformation contributes very little to the mechanical constrictions
observed in DRT under high current. During Na stripping, the applied current creates a
local Na™ flux at the NaK/NASICON interface, which establishes a concentration gradient
according to Fick’s first law (J = —DOC/0z ). The development and relaxation of this
diffusion layer follow Fick’s second law (0C'/0t = DO*C'/dz*) with a characteristic timescale
t ~ L?/2D (where L is the length of the diffusion layer, or in other words, the length of the
concentration gradient region). Consequently, the diffusion layer formed during a 1 s pulse
requires roughly 1 s to recover. With the pulsed stripping experiment results suggesting a
2 - 5 s interfacial recovery time after a 1 s current pulse, the remaining recovery process
should then be the phase separation recovery, mainly re-alloying of precipitated K metal
into NaK. The pulsed stripping experiment showed no significant critical stripping capacity
increase as the resting period extends from 5 s to 10 s, seemingly suggesting that the K-
NaK re-alloying also completes within 5 s. However, our operando DRT spectra collected
over the resting period after current scanning (Figure 3c) demonstrates that there’s a much
slower 7;,; recovery proceeding between 35 s - 1 h upon resting, suggesting that K-NaK
re-alloying takes significantly longer time than phase separation. This is likely the reason
that the stripping capacity did not further increase with resting period extended from 5 s

to 10 s. Similar slow alloying behavior was reported before in a study on K-Na alloying
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process, with the conclusion that NaK formation via K metal alloying into Na metal has

significant kinetic barrier, 46

similar barrier may present during K-NaK alloying process. The
Na concentration gradient development near the NaK/NASICON interface is the limiting
factor for Na stripping from NaK liquid anodes when the current density goes above 0.6
mA /cm?.  Above this limiting current density, the reduced interfacial Na concentration
resulted in higher charge transfer resistance, at the same time led to increased interfacial
voids as a result of both mechanical deformation and liquid-solid phase separation. These

effects in combination resulting in contact loss. Such interfacial degradations are reversible

but require an extended resting period to self-recover.

Interfacial Na metal accumulation upon plating

A SGEIS-OCV resting experiment during Na plating (Figure 5a , original EIS spectra pro-
vided in Figure ??7.) was conducted on NaK50 liquid electrode. The cell voltage response

upon current scanning is near-linear, suggesting that Na plating process is stable and con-

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

sistent regardless of plating current density. Operando DRT spectra, however, show that

while y4p remained unchanged, ~;,; continuously decreased as the current density increased

Open Access Article. Published on 26 August 2025. Downloaded on 9/23/2025 11:01:28 AM.

(Figure 5b). This contradicts with the concentration-dictated alloying observation. Such

(cc)

observations suggest that although Na stripping from NaK is limited by interfacial Na con-
centration gradient, Na plating is not. As NaK conducts electrons, Na ions from NASICON
electrolyte are directly reduced at the interface. When the Na plating rate exceeds the Na-
NaK alloying rate in NaK, Na metal can directly precipitate at the NaK/NASICON interface.
Precipitated Na metal partially compensates the pre-existing interfacial voids (Figure 5d),
reducing mechanical constrictions and therefore decreasing ;..

During the OCV resting period after the plating current scanning process completed,
Yint gradually increased its amplitude between 35 s - 15 h (Figure 5¢). Such slow recovery
suggests that the precipitated Na metal alloys very slowly with the NaK liquid anode. To

confirm this observation, we assembled a K metal/NASICON/Na cell and performed a Na
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plating GEIS-OCV resting experiment (Figure ?7?), where 0.2 mAh/cm? of Na metal is
plated into the K metal working electrode. Similarly, we observed immediately reduced ~;,;
upon Na plating, indicating interfacial Na precipitation rather than Na-K alloying process.
Upon resting, 7;,; similarly recovered to pristine level over a 15 h resting period (Figure
??). Given the slow Na-NaK alloying dynamics, Na metal would quickly accumulate at
the NaK/NASICON interface upon Na plating, and eventually lead to Na filament growth
and electrolyte penetration failure, similar to solid Na metal anodes. In particular, if a Na
plating step follows a Na stripping step without imposing an extended resting period for the
stripping-induced contact loss to recover, Na metal precipitation during plating would be
highly heterogeneous and lead to very fast cell failure, which is our observation during the

CCD test and our in situ XCT during Na plating (Figure 1 and Figure 2).
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Figure 5: (a) Operando DRT spectra obtained during Na plating SGEIS (current scanning)
experiment on NaK50 liquid working electrode, followed by an extended resting period. (b)
The voltage profile of the SGEIS test and corresponding DRT spectra as functions of Na
stripping current density. (¢) DRT spectra overlay during current scanning and OCV resting
period. (d) Schematics of the NaKK/NASICON interface at pristine state, and upon Na
plating.
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Conclusions

Our experimental results show that the NaK liquid anode is unstable under high Na stripping
and plating currents due to different chemo-mechanical degradation processes at the anode-
electrolyte interface. The measured Na stripping current limited is ~ 0.6 mA/cm? from
our SGEIS experiments. This limit is a result of developing Na concentration gradient at
the NaK/NASICON interface. We note that this current density is based on geometric
contact area, and the real contact area between NaK and NASICON is likely smaller as NaK
does not wet NASICON surface. The concentration gradient originates from limited Na
diffusion rate inside NaK, and local Na depletion leads to liquid-solid phase transformation
and voiding events that effectively cause contact loss. Such degradations, however, can be
significantly mitigated by adopting a pulse-stripping protocol, where a Na stripping current
pulse is followed by an OCV resting period slightly longer than the pulse duration. This
fast self-healing property is due to the fast deformation mechanics of the liquid, as well

as relatively fast Na diffusion rate in NaK liquid, compared to in solid metals. The Na

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

plating process is limited by the amount of Na accumulation at the NaK/NASICON interface,

thus can be affected by the battery cycling protocol, the applied current density, and the

Open Access Article. Published on 26 August 2025. Downloaded on 9/23/2025 11:01:28 AM.

amount of Na deposition. Overall, repeated cycling, high plating current and increased

(cc)

Na plating capacity would all lead to interfacial Na accumulation, followed by Na filament
growth and electrolyte penetration failure. Our results show that the anode-electrolyte
interfacial contact issue in SSSBs cannot be simply resolved by replacing Na metal with
liquid NaK alloys, as the high surface tension of the NaK liquid leads to poor wetting on
the electrolyte surface. The non-wetting anode-electrolyte interface significantly limited the
contact area, causing local current focusing and lead to increased charge transfer resistance
and liquid-solid phase separation, which eventually accelerated anode-electrolyte failure.
This study elucidated that the NaK/NASICON interfacial degradations are mainly induced
by inhomogeneous anode-electrolyte contact, and subsequent chemo-mechanical degradation

due to interfacial Na depletion (stripping) or Na accumulation (plating). With the above
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conclusions in mind, the practical value of NaK anodes and the pathway toward its real world
applications become clear. Compared to solid metal anodes for SSBs, liquid NaK anode
enables very fast and thorough chemo-mechanical self-recovery of the interface via liquid
flow and facile Na diffusion. Therefore, those degradations are self-recoverable by adopting
a pulsed current charge/discharge during battery operation, which resembles the duty cycle
of real battery packs,*” and is achievable via battery pack-level engineering in real-world
applications. Furthermore, the interfacial degradations can be significantly mitigated with
a wetting anode-electrolyte interface between NaK liquid and NASICON electrolyte. This
can be achieved by either reducing the surface tension of NaK liquids with additives,!® or
engineering a surface coating layer on NASICON electrolytes.?® The above strategies would

help NaK anodes achieve realistic cycling current densities.
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