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A B S T R A C T

Seawater batteries (SWBs), which utilize sodium ions instead o lithium ions, hold signicant promise due to the
abundance and cost-eectiveness o raw materials. Additionally, SWBs can achieve high theoretical capacities
with Na metal anode, and the introduction o redox-active electrolytes enhances the reversibility during Na metal
plating and stripping. However, under certain conditions, such as high current density and extended distance
between the solid electrolyte and current collector, the redox-active electrolyte can result in inerior cycling
perormance due to issues with Na metal plating on the solid electrolyte surace. In this study, we investigated
the mechanism o Na metal deposition on solid electrolyte suraces using redox-active electrolytes owning
electronic conductivity. Through electrochemical analyses, we elucidated the actors that infuence Na metal
plating: electronic conductivity, distance, and current density. By controlling the concentration and electronic
conductivity o redox-active electrolytes, we established operational parameters to mitigate solid electrolyte
cracking and ensure stable cycling, even under conditions o long distance and high current density. Given that
instances o Na metal plating on solid electrolytes in battery systems are rarely reported, our research provides
new insights and suggests innovative approaches to understanding the mechanisms o Na metal plating and
cracking in solid electrolytes.

1. Introduction

With the advent o the Battery o Things (BOT) era, numerous elec-
tronic devices have transitioned rom relying on dangling electric wires
to enabling wireless charging and usage [1,2]. The market or Electric
Vehicles (EVs) and Energy Storage Systems (ESS) is expected to steadily
expand, leading to an explosive increase in demand or lithium-ion
batteries (LIBs) [3]. However, the limited reserves o lithium resources
on Earth and the volatility o raw material prices have highlighted the
need or next-generation batteries that can serve as alternatives [4–6].
Seawater batteries (SWBs), which utilize sodium ions instead o lithium
ions, have garnered signicant attention due to their low raw material
costs, material availability, and high saety [7,8]. Particularly, the

abundant sodium ions in the cathode enable SWBs to achieve a high
theoretical energy density (3051 Wh L 1) [9].

To utilize seawater as a cathode material, the cell structure o SWBs
consists o: (1) a cathode composed o carbon electrodes and Ti mesh
submerged in seawater to acilitate OER/ORR reactions, (2) an anode
composed o active materials, liquid electrolytes, and current collectors
capable o stably storing sodium ions, and (3) a solid electrolyte such as
Na Super Ion Conductor (NASICON) ceramic to prevent physical/elec-
trical contact between the seawater and the anode [10]. Since the
seawater cathode is abundant and operates as an open system, only the
closed volume o the anode and solid electrolyte is considered in the
energy density calculation or SWBs. The anode material thus de-
termines the total cell capacity, and current research strategies on SWBs
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aim to increase volumetric capacity by utilizing high-energy-density
anode materials and providing more space to store sodium ions [10–12].

The anodes o SWBs are quite similar to that o sodium-based battery
systems, thus many kinds o anode materials and electrolytes have been
implemented throughout their development (Table S1) [13–18]. Among
these, Na metal has been extensively studied due to its high specic
capacity (~1165 mAh g 1) and low reduction potential (-2.71 V vs.
SHE), which enables high energy density [19]. Previous studies have
reported that using a saturated Na-biphenyl + 1 M NaPF6 in DME
(NaBP) as a redox-active liquid electrolyte in SWBs can yield high areal
capacity and enhance the reversibility o Na metal plating and stripping
(Table S2) [20–22]. In the study o Y. Jung, NaBP acilitates the
discharge o dead sodium due to its redox activity, thereby enhancing
coulombic eciency (CE). Additionally, it minimizes the continuous
consumption o the liquid electrolytes that lead to the ormation o the
thick SEI layer including NaF and Na2CO3. However, under varying
charge/discharge conditions, such as high current density or high
power applications or long distances between NASICON and the current
collector or high energy density, the use o redox-active electrolyte
leads to low reversibility due to the cracking o the solid electrolyte. This
racture is believed to occur because the Na metal in contact with the
NASICON applies mechanical stress to the solid electrolyte under harsh
charging conditions [23].

We anticipate that the primary reason or the dierence in revers-
ibility according to the conditions is the electronic conductivity o the
redox-active electrolytes. The correlation between electronic conduc-
tivity and the metal plating position has been reported in many papers
[24]. Sang-Hong et al. reported that, when a 3D electrode structure was
designed dierently, metal plating rst occurred at positions with high
electronic conductivity [25]. This study demonstrates through simula-
tions that layers with high electronic conductivity, which induce an
increased metal reaction fux, are avoured or metal nucleation.
Moreover, several studies have reported that metal plating is possible in
the pores o solid electrolytes when internal electronic conductivity is
present [26]. Thereore, when using a redox-active electrolyte, there is a
possibility o metal deposition on the surace o the solid electrolyte,
where electronic conductivity is abundant due to direct contact with the
redox-active electrolyte. The metal plating locations can be divided into
1) the current collector surace, 2) the pores o the solid electrolyte, and
3) the surace o the solid electrolyte. While many papers have reported
cases 1) and 2), it was dicult to nd relevant studies reporting metal
plating on the surace o solid electrolytes.

In this study, we analyse the mechanism ometal deposition on solid
electrolyte suraces using NaBP as redox-active electrolyte with elec-
tronic conductivity, identiying three infuencing actors: electronic
conductivity, distance between the solid electrolyte and the current
collector, and current density. The electronic conductivity was adjusted
by varying the biphenyl concentration in the electrolyte and measured
by Isothermal Transient Ionic Current (ITIC) method. Each actor was
analysed through electrochemical methods, including overpotential
measurements and electrochemical impedance spectroscopy (EIS), as
well as through additional designed quartz cell systems. Ultimately, we
have dened application parameters that minimize NASICON cracking
and ensure stable cycling under high current conditions, while
leveraging the high reversibility aorded by the electronic conductivity
o redox-active electrolytes.

2. Materials and methods

Preparation of electrolytes Biphenyl (99.5 %, Sigma-Aldrich) was
added into the 1,2-Dimethoxyethane (99 %, Ala Aesar) solvent, rom
which moisture was removed by molecular sieves to obtain a 2 M (0.1,
0.5, and 1 M) solution. Ater the solution was stirred or more than 1 h, a
corresponding amount o Na metal was added to saturate the solution.
Ater stirring or over 10 h, 1 M o Sodium hexafuorophosphate (NaPF6,
98 %, Ala Aesar) salts and an additional 0.5 M o Na metal were added

to the solution or oversaturation. Ater being stirred or 2 h, the solu-
tions were completely prepared and reerred to as saturated sodium-2 M
(0.1 M, 0.5 M, and 1 M) biphenyl in dimethoxyethane (n M NaBP). All
preparation steps were conducted in an Ar-lled glove box with H2O and
O2 content o less than 1 ppm.

Electrochemical measurements Electrochemical tests such as gal-
vanostatic cycling and EIS were conducted using 2465-type seawater
battery coin cells. NASICON solid electrolyte (obtained rom 4TO ONE
Energy) was attached at the cap, and the 1, 2, and 4 mm gap between
NASICON and the current collector was xed by welding a stainless-steel
(SUS) spacer and SUS304 mesh without using a spring. The electrolyte
lled the whole volume o the cell without using a separator. The
cathode material used was natural seawater with the addition o 0.4 M
sodium errocyanide to maintain pH stability and a carbon elt (6 cm× 4
cm) as the cathode current collector. Galvanostatic cycling was per-
ormed using a WonATechWBCS 3000 battery tester. EIS was conducted
using Biologic VSP-300 in the range o 7 MHz to 1 Hz (10 mV ampli-
tude). The total conductivity was measured by the ITIC method, which
used two SUS electrodes with a 2~2.5 cm Tefon tube. The ionic currents
were measured at 0.1 V or 1 h by a Biologic VSP-300 potentiostat.

Material characterization The suraces o plated Na metal on
NASICON, glass ber separator, and stainless-steel current collector
were investigated by an SEM and EDS instrument (Quanta 200FEGin-
strument). A quartz-type cell that has diameter o 12 π was assembled
and Na metal plated on the SUS mesh was rinsed by DME beore SEM
and EDS analysis. The viscosity o NaBP was measured by a viscometer
(Brookeld DV-1) in an Ar-llied glove box at 21 ◦C.

3. Results and discussion

The anode part o the SWB is composed o a NASICON (Na1+xZr2-
SixP3-xO12) solid electrolyte and a liquid electrolyte containing redox-
active materials such as saturated Na-n M biphenyl + 1 M NaPF6 in
DME (NaBP), with an anode-ree conguration to achieve high energy
density (Figure S1a). The structure o SWBs, which separates the
seawater and anode with NASICON, enables the use o redox-active
electrolytes (anolytes) owning electronic conductivity. Given the
structural conguration o the anode in SWBs, where NASICON and
redox-active electrolytes are electronically connected, it is highly
conceivable that Na metal plating can occur on the surace o NASICON
or in its pores (Fig. 1a-c). Recent studies have shown that the growth o
Na dendrites along grain boundaries into the internal pores o the solid
electrolyte can lead to cracks, and the nonnegligible electronic con-
ductivity in the pores o the solid electrolyte also infuences the position
o Na metal deposition [27]. Although metal nucleation in the pores o
solid electrolytes has been reported, it remains challenging to determine
whether the plated metal is on the surace o the solid electrolyte or the
current collector, even in all-solid-state battery systems.

Accurately determining the initial location o Na metal plating is
crucial within the SWBs. To identiy this, a quartz cell that NASICON
adhered to inside a quartz tube was designed to separate the anode and
cathode (Figure S1b). Using a transparent quartz cell allows or the
direct observation o Na metal ormation at the interace between the
current collectors and the solid electrolytes. When the 1 M NaPF6 in
DME electrolyte is used in the quartz cell, Na dendrites grow and crack
the NASICON, resulting in gas evolution rom the cathode side due to
direct contact with external seawater, as shown in Fig. 1d. However, it
was dicult to visually conrm the position o metal plating in the
opaque, dark-green NaBP (Fig. 1e).

Ater washing the quartz cell with plated Na metal through a 1 mA
cm 2 current density during 5 h o charging, dierences in morphology
were observed when using redox-active and conventional electrolytes,
as shown in Fig. 1–i. In Fig. 1 and g, only 1-2 small, dark point-like
cracks were observed on the surace o NASICON with conventional
electrolytes. In contrast, plated Na metal was uniormly distributed
across the surace o NASICON when using a redox-active electrolyte, as
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shown in Fig. 1h and i.
Furthermore, dierences between conventional and redox-active

electrolytes were also identied through voltage proles. When using
conventional electrolytes, a substantial voltage drop o about 80 mV
occurred, with notable fuctuations ollowing the initial drop, indicating
unstable charging (Fig. 1j). However, when using a redox-active elec-
trolyte, a voltage drop o only about 22 mV was observed due to short
circuits driven by cracks, with no signicant fuctuations thereater
(Fig. 1k). This phenomenon was consistently observed in multiple trials,
as shown in Fig. 1l, varying with the concentration o biphenyl.

For neat 1 M NaPF6 (i.e., without biphenyl additive) and 0.2 M NaBP
electrolytes, the range o voltage drops due to cracks was between
50–150 mV, requently exceeding 200 mV at the lowest point ater the
initial drop (Figure S2a). However, when using 2 M NaBP electrolyte,
even with the occurrence o cracks, the voltage drop mostly remained

below 30 mV, with the lowest point around 50 mV (Figure S2b). These
phenomena are expected to vary with the concentration o biphenyl,
which aects the plating position o Na metal and consequently the
morphology o cracks.

Preliminary experiments have demonstrated that the concentration
o biphenyl can infuence both the position o Na metal plating and the
voltage proles due to short circuits. It has been documented that
polycyclic aromatic hydrocarbons (PAHs), such as biphenyl, dissolved
together with Na metal in a solvent can act as redox-active materials
[28]. There is an interaction between PAHs and alkali metals that in-
volves charge transer, where the alkali metal donates electrons to the
PAHs, occupying the previously unoccupied π* orbitals [11,29]. In this
scenario, they consist o Na+ cations and biphenyl anions, generating
delocalized electrons that contribute signicantly to the electronic
conductivity, a pivotal characteristic aecting the positions or metal

Fig. 1. Scheme o possible metal plating positions in an SWB ull cell: (a) current collector side plating, (b) NASICON surace plating, and (c) pores o NASICON
plating. Quartz cell structure or SWB ull cell during sodiation with dierent electrolytes; (d) 1 M NaPF6 in DME, (e) 2 M NaBP. Quartz cell washing with DME
solvent ater 4 mAh cm2 Na metal plating with dierent electrolytes, (-g) 1 M NaPF6 in DME, (h-i) 2 M NaBP. Dropped voltage measurements with dierent
electrolytes, (j) 1 M NaPF6 in DME, (k) 2 M NaBP, and (l) repeated measurements o dropped voltage with various trials.



plating. Thereore, the increase o the biphenyl’s concentration results
in the rise o the redox-active electrolyte’s electronic conductivity. The
ITIC method was utilized to separately evaluate the ionic and electronic
conductivities o the redox-active electrolyte, as illustrated in Fig. 2
[30]. A measurement cell was constructed by sealing coin cell caps (with
stainless steel serving as a current collector) on both ends o a 25 mm
long PTFE tube with a diameter o 19 mm, as depicted in Fig. 2a. The
ITIC method involves applying a constant voltage while measuring
current density. The initial current density curve is linked to the mobility
o ions within the electrolytes, contributing to ionic conductivity,
whereas the subsequent constant current density is associated with
electronic conductivity within the electrolyte, as depicted in Fig. 2b.
Through tting and analysing these curves, it is easible to separate and
evaluate both the ionic and electronic conductivity using the ormula:

J(t) = σdc,e U
/L+ 

σdc,Na+U
/ L)exp {

μNa+U
/ L2)t} (1)

Here J denotes the current density, L the distance between the two
electrodes, μNa+ the sodium ion mobility, σdc,e and σdc,Na+ the electronic
and ionic conductivities, respectively, t the time, and U the voltage be-
tween the two electrodes.

To maintain the minimum ionic conductivity required or ion
transport in 0.1 M to 2 M biphenyl, 1 M NaPF6 was added as the sup-
porting electrolyte. Consequently, variations in solubility and viscosity
may lead to dierences in chemical pre-sodiation. Thereore, discharge
tests were conducted to quantiy the amount o dissolved Na, as depicted
in Fig. 2c and Figures S3a-b. The SWB coin cells, which contains 150 µL
o NaBP, a glass ber (GF/A, Whatman) separator, and a SUS current
collector, was discharged with a current o 0.25 mA cm 2. The con-
centrations o biphenyl and Na increased proportionally up to 0.5 M, but

the rate o increase in Na concentrations noticeably decreased rom 0.5
M to 2 M biphenyl. As shown in Fig. 2d, the electronic conductivity
increased rom 1.65 mS cm 1 at 0.1 M to 4.24 mS cm 1 at 2 M NaBP,
correspondingly with the Na concentration ratio. This rise is attributed
to the increased electronic conductivity resulting rom the ormation o
biphenyl anions as Na metal orms Na cations and biphenyl anions. In
contrast, the ionic conductivity reached its highest value o 2.55 mS
cm 1 at 0.5 M, compared to 1.45 at 0.1 M and 0.89 mS cm 1 at 2 M. This
decrease in ionic conductivity at higher NaBP concentrations is expected
due to the rise in viscosity caused by the increasing biphenyl concen-
tration (Figure S3c). Additionally, the conductivity o 0.5 M NaBP was
measured across temperatures ranging rom 0 ◦C to 40 ◦C by ITIC
method, considering the temperature o seawater (Figure S4a, b) [31].
The electronic conductivity displayed an increasing trend with tem-
perature, while the ionic conductivity peaked at 30 ◦C, reaching a
maximum value o 3.381 mS cm 1.

The strategy or enhancing the energy density o seawater batteries
involves increasing the volume o the anode to enlarge the proportion o
active material. It is crucial to widen the gap between the current col-
lector and NASICON and then plate the Na metal, as illustrated in Fig. 3a
and 3b [10,12]. However, widening the distance resulted in the occur-
rence o NASICON cracks due to Na metal, consequently preventing a
proportional increase in the energy density, as the instances shown in
Figure S2. Generally, dendrite ormation and solid electrolyte racture
are closely linked to both electronic and ionic conductivities in metal
anode systems [32]. According to Sand’s time equation, when the cur-
rent density is high and ionic conductivity is insucient, the ion con-
centration on the electrode surace decreases, accelerating the initial
rate o dendrite ormation [33,34]. Additionally, in all-solid-state

Fig. 2. Isothermal transient ionic current (ITIC) method or measuring ionic and electronic conductivity. (a) Schematic and actual image o the cell used or ITIC
measurement. (b) Graph showing measured ITIC current density vs. time or 0.5 M NaBP electrolyte. (c) Relationship between measured Na concentration and
biphenyl concentration during the 1st discharge capacity. (d) Measured ionic and electronic conductivity o the electrolytes with varying biphenyl concentrations.
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batteries, the negligibly high electronic conductivity o the solid elec-
trolyte can induce the ormation o metal dendrites in the solid elec-
trolyte [35]. This suggests that ocusing on reducing the electronic
conductivity rather than improving the ionic conductivity is necessary in
some cases. Conversely, there are strategies or uniormly increasing the
electronic conductivity o the current collector to lower the nucleation
overpotential [36]. Thereore, proper adjustment o both the electronic
and ionic conductivities is crucial or preventing solid electrolyte dam-
age caused by Nametal dendrites, thereby enhancing battery cyclability.
Hence, the distance actors were examined at three dierent values (1
mm, 2 mm, and 4 mm, Figure S5a, b) in a coin cell structure with three
concentrations o biphenyl (0.1 M, 0.5 M, and 2 M) to investigate the
correlation between the distance and the ionic/electronic conductivity
o the electrolyte by the metal plating mechanism. As the gap between
the current collector and NASICON increases, the distance o the space
that the liquid electrolyte occupies also expands along with the pathway
or Na+ ion transportation, which aects the resistance o the anolyte
(Fig. 3a) according to
R = l/σA, (2)

where R denotes the resistance, l denotes the distance, σ denotes the
conductivity, and A denotes the area.

According to Formula (2), the electrolyte resistance (R) increases as
the electrolyte distance (l) increases, leading to a higher Ohmic over-
potential during the charging process o the Na metal [37]. At lower
concentrations o NaBP (0.1 M and 0.5 M), increases in charging voltage
were observed with a wider gap between the NASICON and the current
collector consistent with expectations, indicating a higher Ohmic over-
potential (Fig. 3a, 3c, and 3d). However, there was no signicant rise in
the overpotential despite the widening distance when using a 2 M NaBP
electrolyte, as illustrated in Fig. 3e. This observation deviates rom cases
where Na metal plating occurs on the current collector, leading to an
expected shit in the metal plating position on the NASICON surace, as
evidenced by previous cell disassembly.

In the case where Na metal is plated on the NASICON surace as
shown in Fig. 3b, Na+ ions do not utilize the pathway provided by the
liquid electrolyte. Consequently, the increased distance minimally a-
ects Na metal plating on the NASICON surace, resulting in a similar
Ohmic overpotential. Furthermore, it was observed that the charging
overpotential increased when the biphenyl concentration was below 0.5

Fig. 3. Illustrations depicting the increasing gap between the solid electrolyte and the current collector with the Na+ ion transport pathway at (a) low biphenyl
concentration with low conductivity and (b) high biphenyl concentration with high conductivity. Voltage proles o initial nucleation with dierent electrolytes: (c)
Sat.Na-0.1 M biphenyl + 1 M NaPF6 in DME, (d) Sat.Na-0.5 M biphenyl + 1 M NaPF6 in DME, and (e) Sat.Na-2 M biphenyl + 1 M NaPF6 in DME. () Nucleation
overpotential versus gap between NASICON and current collector. (g) Electrochemical impedance spectroscopy (EIS) measurements or dierent biphenyl con-
centrations compared to 1 mAh cm2 metal plating.



M, as depicted in Fig. 3. For NaBP at a concentration o 0.1M, which has
similar ionic conductivity to that o 2 M NaBP, the charging voltage
increased with the electrolyte distance, suggesting that dierences in the
electronic conductivity o the electrolyte drive this phenomenon. These
distinct electrochemical phenomena between low biphenyl concentra-
tions and 2 M biphenyl were urther validated through electrochemical
impedance spectroscopy (EIS).

Prior research has highlighted changes in grain boundary resistance
observed via EIS analysis when metal penetration occurs in solid-state
electrolytes [38,39] In the coin cell structure with a 4 mm gap, EIS
was compared between the pristine state and post-charging ater
reaching a current density o 1 mA cm 2 (Fig. 3g). The rst semicircle,
with a requency o 1.04 MHz, primarily refects the resistance element
at the grain boundary o NASICON solid electrolytes [11]. For 0.1 M and
0.5 M NaBP, negligible changes in resistance were observed in the rst
semicircle when Na metal was charged to 0.5 mAh cm 2, indicating that
at low concentrations o NaBP, substantial changes do not occur on the
NASICON surace during Na metal charging. In contrast, at a 2 M NaBP
concentration, there was a signicant increase in the resistance o the
rst semicircle, likely attributed to Na metal ormation at the grain
boundaries o the NASICON surace, consistent with other studies [38,
39].

The second semicircle, with a requency o 3.85 kHz, primarily re-
fects charge transer resistance [11]. During the charging process,
minimal changes in the size o the second semicircle were observed or
low concentrations o NaBP (0.1 M, 0.5 M). However, with 2 M NaBP, a
reduction in the size o the second semicircle was noted, suggesting a
decrease in charge transer resistance due to Na metal ormation on the
NASICON surace, reducing the impact o NaBP on charge transer at the
NASICON interace. These results imply that charge transer reactions
predominantly occur on the NASICON surace at a 2 M concentration o
NaBP.

While previous electrochemical analyses implicitly suggested that Na
metal could be deposited on the NASICON surace when using a high-
concentration biphenyl electrolyte, a more precise understanding is
necessary. To address this, a metal plating experiment was conducted in
a quartz cell with a 1cm gap lled with GF/A, as depicted in Figure S6a.

Upon disassembling the cell ater charging, it was challenging to observe
any traces o Na metal on the NASICON surace and the glass ber
separator on the NASICON side with the 0.5 M biphenyl electrolyte.
However, pieces o Na metal were visible on the current collector and
the separator o the current collector side, as shown in Figure S6b.
Conversely, it was dicult to detect any Na metal on the current col-
lector side o a quartz cell prepared under the same conditions, but using
a 2 M biphenyl electrolyte; instead, most o the Na metal was ound on
the NASICON side (Figure S6c).

Subsequent SEM and EDS analyses o the NASICON surace revealed
no traces o Na metal when using the 0.5 M NaBP electrolyte (Fig. 4a-).
However, when plating Na metal using a 2 M NaBP electrolyte, plated
Na metal on the NASICON surace was observed (Fig. 4g-l). Conrma-
tion through EDS showed signicantly higher counts o Na K elements
compared to the NASICON itsel, indicating the presence o Na metal.
Additionally, the absence o Si K and P K components urther implied the
presence o Na metal. Thus, although directly conrming the location o
plated Na metal in situ with an opaque redox-active electrolyte was
challenging, post-analysis ater cell separation provided direct conr-
mation that Na metal could plate on the NASICON surace.

Although prior experiments conrmed the plating o metal on the
NASICON surace, additional research was conducted to assess its
impact on cyclability. The plating o Na metal on the NASICON surace
hinders the prolonged use o thick anodes and causes NASICON cracking
due to localized stress, as depicted in Fig. 5a. Thereore, despite the
benets o a high CE rom the redox-active electrolyte, a decrease in
cycle perormance is evident. Conversely, reducing the redox-active
material content results in issues with low CE due to the ormation o
useless dead Na and SEI layers, illustrated with the 1 M NaPF6 electro-
lyte in Fig. 5b.

The cycle lie o 0 M, 0.5 M, and 1 M NaBP electrolytes in SWB coin
cells was evaluated under extreme conditions with a 4 mm gap anode
and a current density o 2.6 mA cm 2. Specically, it was noted that the
0 M biphenyl + 1 M NaPF6 in DME electrolyte initially demonstrated
low CE as anticipated (Figure S7a). Ater approximately 50 cycles, the
development o a sucient SEI layer and dead Na ormation led to
higher CE, yet subsequent dendrite ormation caused NASICON

Fig. 4. Observation o disassembled NASICON ater 5 mAh cm2 Na metal plating with dierent electrolytes; Sat.Na-0.5 M BP + 1 M NaPF6 in DME and Sat.Na-2 M
BP + 1 M NaPF6 in DME. (a, g) Real image o disassembled NASICON surace with quartz cell structure. (b, h) SEM images o NASICON surace at 200x magnication,
(c, i) 1000x magnication, and EDS images o (d, j) Na K element, (e, k) Si K element, and (, l) P K element.
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cracking, resulting in cell ailure. For the 2 M NaBP electrolyte, unstable
voltage proles were observed during the charging process o the rst
cycle under the conditions o the 4 mm gap and high current density,
rendering cycle conrmation impossible (Figure S7b). In contrast, the
initial high CE characteristic o redox-active electrolytes was noted with
a lower concentration o 1MNaBP (Figure S7c). However, cell operation
was halted due to the impact o Na metal plating on the NASICON
surace, leading to cracks and short circuits. In the case o 0.3 M NaBP,
high CE was maintained or more than 70 cycles initially. However,
because o its relatively low conductivity, it exhibited low voltage e-
ciency, and a decrease in CE was observed ater the 80th cycle
(Figure S7d, e). Consequently, the advantages o high CE and cyclability
rom the current collector due to metal were demonstrated through the
cell operation to 500 cycles at an intermediate concentration point o 0.5
M NaBP (Figure S7, g).

4. Conclusion

A key approach to enhancing energy density in SWBs involves
increasing the anode volume, which in turn widens the distance between
the solid electrolyte and the current collector. However, when
employing a redox-active electrolyte that improves the reversibility o
Nametal plating/stripping, NASICON cracking occurs more rapidly than
anticipated. This is presumed to be due to the high electronic conduc-
tivity o the concentrated NaBP redox-active electrolyte, leading to the
assumption that Na metal plating occurs on the NASICON surace rather
than on the current collector.

To investigate this phenomenon o accelerated NASICON cracking,

we conducted experiments involving quartz cell test, nucleation over-
potential, and EIS analyses to identiy the trend o Na metal plating with
a high concentration o NaBP redox-active material, which diered rom
that observed in conventional electrolytes where plating typically occurs
rom the current collector. Furthermore, SWB coin cell disassembly and
SEM-EDS analysis were employed to examine the morphology o Na
metal plated on the surace o NASICON.

Ultimately, our results indicated that reducing the concentration o
redox-active material led to an initial CE issue due to dead Na ormation
during the Na metal plating/stripping process. Conversely, increasing
the concentration led to diculties in utilizing the internal volume o
the anode due to metal ormation on the NASICON surace. Thereore,
there exist upper and lower limits to the concentration o redox-active
material, depending on cell conditions such as distance and current
density. This analysis is signicant as it provides an approach or
achieving more stable operation o redox-active electrolytes previously
used with Na metal in SWBs. Considering the rarity o metal plating on
solid electrolyte suraces in battery systems, our research oers valuable
insights and suggests novel approaches or comprehending the mecha-
nisms o metal plating and cracking in solid electrolytes.
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