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Seawater batteries (SWBs) have emerged as a next-generation battery
technology that does not rely on lithium, a limited resource essential for
lithium-ion batteries. Instead, SWBs utilize abundant sodium from seawater,
offering a sustainable alternative to conventional battery technologies.
Previous studies have demonstrated the feasibility of achieving high energy
densities in SWB anodes using vertically aligned electrodes. However, the use
of tin anode materials with high volumetric energy density has encountered
reversibility challenges due to the electrical isolation of tin particles

caused by severe pulverization during charging and discharging. In this study,
the reversibility of vertically arranged tin electrodes is improved by promoting
desodiation of pulverized tin particles through the use of sodium-pyrene
(Na-Pyr) as a redox mediator. The Na-Pyr redox-mediated electrolyte, combined
with vertically aligned tin electrodes, demonstrates reversible capacities of 6
mAh cm~2 over 80 cycles in SWBs. Furthermore, it is shown that arranging the
electrodes vertically to maximize the area can achieve a high areal capacity of
up to 40 mAh cm~2. The combination of the Na-Pyr redox mediator and vertical
tin electrode, with its excellent electrochemical performance, is promising as
a practical anode material for enabling SWBs to achieve high energy density.

and utilized wirelessly.l'! This has resulted
in a fundamental change in perspective,
as evidenced by the projected growth of
the electric vehicle and energy storage sys-
tem industries, which will lead to a signif-
icant increase in the demand for lithium-
ion batteries (LIBs), currently the predom-
inant choice in battery systems.[?! Never-
theless, LIBs face significant challenges
due to the high costs associated with
lithium- and cobalt-based materials, as well
as safety concerns regarding their use of
flammable organic electrolytes.’) Conse-
quently, researchers are investigating alter-
native rechargeable battery systems that of-
fer lower costs, greater sustainability, and
enhanced safety compared to LIBs. This in-
terest in alternative technologies has led
to a focus on seawater batteries (SWBs),
which utilize sodium ions from seawater
instead of lithium ions. SWB technol-
ogy offers excellent thermal stability due
to its water-in-battery structure, operating
by immersion in seawater and providing a
cooling effect.l’! The abundance of sodium

1. Introduction

The advent of the Battery of Things era has brought about a sig-
nificant change, i.e., the ability of electronic devices to be charged

ions in seawater provides an almost limitless resource for the
sodium element, facilitating its use in rechargeable sodium ion
batteries. The high theoretical energy density of SWBs (3051 Wh
L71) is attributed to the ability to store the sodium source in
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the anode through the use of external ambient seawater as the
cathode.[®!

Although SWBs have a high theoretical energy density, their
practical energy density is low due to the structural limitations
of the present system. The cell structure of SWBs consists of
three main components. First, the cathode part contains seawa-
ter and cathode current collectors such as Ti mesh and carbon
cloth.l”l Second, there is a solid electrolyte termed a NASICON
(Na super ionic conductor) ceramic, which physically separates
the cathode and anode.®! Finally, the anode part has a specific
layout, consisting of a single-sided stainless steel (SUS) frame
in a coin cell.l’! This anode part is filled with liquid electrolyte
and anode materials. Consequently, the capacity to store energy
in the restricted anode area is a critical factor in determining the
energy density of SWBs. Two methods have been proposed to
achieve high energy density of the conventional anode: 1) utiliz-
ing active materials with inherent high energy density,['”) and 2)
maximizing the loading of active materials in the anode.l'!l An-
ode materials with high energy density are typically those rely-
ing on an alloying mechanism, such as red phosphorus(*?! (2596
mAh g!) and tin!**! (847 mAh g='). However, they had the dis-
advantage of poor cycle life characteristics due to pulverization,
caused by extreme changes in volume during cycling.['*] This is-
sue was particularly evident during desodiation on alloying-type
anodes, as evidenced by previous studies that had demonstrated
a larger delithiation/desodiation polarization of alloying-type an-
odes than the lithiation/sodiation polarization.['} Another pro-
posal for achieving high energy density involved maximizing the
loading of active material, which could be achieved in a straight-
forward manner by filling the anode space with a thick electrode
structure. However, this proved challenging due to the limita-
tions of present electrode manufacturing technology, specifically
the slurry coating process on metal foil collectors. This process
led to low mechanical stability, including issues such as delami-
nation and cracking.!"! In order to address the difficulties asso-
ciated with thick electrodes, comprehensive investigations were
conducted into vertical electrode configurations.!'”] The vertical
arrangement facilitated fast ion transport, even with a thick elec-
trode, due to its low tortuosity.['®) This arrangement greatly en-
hanced the electrochemical efficiency of the thick electrode. Pre-
vious work(!®! demonstrated that vertically oriented conventional
anode-coated electrodes resulted in advantages for SWBs with-
out any mechanical issues. Nevertheless, a significantissue when
using alloying-type materials with high theoretical capacity re-
mained the aforementioned electrical isolation between pulver-
ized particles during cycling. This issue proved particularly prob-
lematic when vertical electrodes were employed, as such arrange-
ments lacked the mechanical stability necessary to hold the sep-
arated particles and maintain the electrode structure.

The present study successfully improved the reversibility of
a vertically aligned alloy-type anode, tin electrode, by utilizing
a sodium-pyrene (Na-Pyr) redox mediator. The redox-mediated
Na-Pyr enables a charge transfer reaction even on electrically iso-
lated tin particles during desodiation, allowing capacity reten-
tion even in the presence of pulverized tin particles.?’! Our find-
ings demonstrate that combining redox-mediated pyrene-based
electrolytes with vertically arranged tin electrodes can enable
high areal capacity anodes for sodium-based batteries, particu-
larly SWBs.

2. Results and Discussion

2.1. Characterization of Pyrene Redox-Mediated Electrolyte

Figure 1a illustrates the charge transfer reaction between tin par-
ticles as a result of the redox reaction of the Na-Pyr. The pyrene-
based redox-mediated electrolyte facilitates the oxidation of so-
diated tin particles during the desodiation process, even when
the tin particles are electrically isolated. During the desodiation
process, significant polarization occurs as Na-Pyr undergoes des-
odiation to form Pyr, which then reacts with sodiated tin and fa-
cilitates its desodiation through a chemically driven mechanism.
The desodiation of tin leads to significant polarization, caused
by the volume expansion and pulverization that occurred dur-
ing the prior sodiation process. At this point, Na-Pyr undergoes
desodiation to produce Pyr, which then interacts with sodiated
tin, enabling its desodiation through a chemically driven mecha-
nism (Figure S1, Supporting Information).[?!} Previous report!??]
have demonstrated that sodium-polycyclic aromatic compounds
form sodium cation-radical anion complexes with intrinsic elec-
tronic and ionic conductivity, and that there is a relationship
between the reaction voltages depending on the polycyclic aro-
matic compound. The redox potential peaks for biphenyl (Bp),
naphthalene (Nap), phenanthrene (Phe), and pyrene (Pyr) have
been identified at 0.095 V (Bp/Bp*~), 0.154 V (Nap/Nap°~),
0.224 V (Phe/Phe*"), and 0.621 V (Pyr/Pyr*~), respectively. These
materials have a tendency to bind free radicals, thereby fa-
cilitating the transfer of an electrical charge.l?’] The presence
of unpaired electrons can be identified through the Dysonian
peak observed in electron paramagnetic resonance spectroscopy
(Figure 1b).

Prior to evaluating the electron transfer ability of Na-Pyr, its
composition was validated by conducting a solubility assess-
ment in diethylene glycol dimethyl ether (DEGDME) (Figure
S2a, Supporting Information). The concentration of Pyr was
gradually increased from 0.1 M to 0.8 M, and after 24 h,
Pyr precipitates were observed. The solution remained trans-
parent at concentrations ranging from 0.1 M to 0.5 M; how-
ever, at concentrations above 0.6 M, the formation of Pyr pre-
cipitates was evident. Subsequently, an excess of Na metal
was added to produce unpaired electrons, resulting in the
formation of Na-Pyr (as seen in Figure S2b, Supporting
Information).

In order to determine the suitability of Na-Pyr as a redox medi-
ator for tin anodes, a comparison was conducted between the re-
action voltages of tin using galvanostatic charge—discharge tests
(Figure 1c). A half-cell utilizing Na metal as the counter elec-
trode was employed to compare the voltage profiles of the sec-
ond sodiation—desodiation cycle. Tin exhibited a discharging re-
action at voltages below 0.7 V, whereas Na-Pyr exhibited a reac-
tion within a voltage of 0.7 V. This was further confirmed by the
differential capacity plot shown in Figure 1c. During the tin des-
odiation process, two major reactions were observed at 0.14 and
0.27 V, with additional reactions at 0.53 and 0.62 V. In compari-
son, the Na-Pyr desodiation potential was observed at 0.68 V, in-
dicating that the redox reaction potential of Pyr is significantly
higher than that of tin desodiation. Therefore, Na-Pyr can be
considered a suitable redox mediator for the tin anode. During
the desodiation of sodiated tin, the pulverized and electrically
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Figure 1. a) The illustration shows the role of redox-mediated Na-Pyr to electrically isolated tin particles. b) EPR spectra of Na-Pyr. c) The voltage profile
during charging—discharging of tin and Na-Pyr in a half-cell with a counter electrode made of Na metal foil. The corresponding differential capacity plot
is also included. d) A diagram of the energy levels in the desodiation process of sodiated tin and the redox reaction of the Na-Pyr. e) The ITIC curves and
their fitting lines for a solution of 1 M NaPF¢ in DEGDME with either 0.1 M Na-Pyr or 0.5 M Na-Pyr redox mediator. f) The galvanostatic charge—discharge
voltage curve for an electrolyte containing either 0.1 M Na-Pyr or 0.5 M Na-Pyr redox mediator, and g) their cyclabilities.

isolated tin undergoes significant polarization due to volume ex-
pansion and reduced contact area. In the presence of Na-Pyr,
the Na-Pyr is first desodiated (oxidized), and the oxidized Pyr
then chemically oxidizes the sodiated isolated tin, enabling re-
versible capacities. In this process, the electron transfer limita-
tions caused by the limited contact area between the tin particles
and electrically isolated tin particles are mitigated by the liquid
state of Na-Pyr (Figure 1d).

The Na-Pyr redox-mediator electrolyte was prepared by com-
bining the produced Na-Pyr with a 1 M sodium hexafluorophos-
phate (NaPF) ina DEGDME solution, which is a commonly used
conventional electrolyte (CE).[2*] The isothermal transient ionic
current (ITIC) method!®) was employed to independently ver-
ify the ionic and electronic conductivity of the 0.1 M and 0.5 M
concentrations of Na-Pyr redox-mediator electrolyte (Figure 1e).
A voltage was applied across two stainless steel electrodes



Q
o

(@]

g Tin | CE | Na
g I 2
_ K 10
3 E
] -
> g
£ s
] X
H £ /
3 0 [
> |
&—-/’ -
\
ICOD PDF#. 00-004-0673 (Sn) e S~
- . WA —
20 40 60 ) 0 200 400 600 800 1000
2-theta (degree) Specific capacity (mAh gy,.")
15 15 1000
Tin | CE | NASICON | CE | Na Tin | Pyr| NASICON | CE | Na —@—Tin | CE | NASICON | CE | Na
— — ] = y
~ 2 - 2 "E 800 —&—Tin | Pyr | NASICON | CE | Na
s 10 ) 10 2
=z =z =
3 10 s 10 E
2 2 E | 9—o—000—0—0—0—0—s
H Ed z i
2 > g
g % = § ol
£ 45 % 05 T
S S B
‘ ’ § 200
|l > ~ 3 o
. p .
00l N " " 00l o | 9--0—0—0—0—0—0- 0
0 200 400 600 800 1000 0 200 400 600 800 1000 o 3 n s s m
Specific capacity (mAh gr,,"") Specific capacity (mAh gy,.") Cycle number

Figure 2. a) SEM image and b) XRD pattern of the tin powder. c) Voltage profile during galvanostatic charging—discharging of the tin anode in the
half cell using Na metal foil as the counter electrode. Voltage profile during galvanostatic charging—discharging of the tin anode in the NASICON solid
electrolyte-inserted half-cell with the d) conventional electrolyte and e) Na-Pyr redox-mediator electrolyte, and f) their respective cyclabilities.

(Figure S3, Supporting Information) containing 0.1 M or 0.5 M
Na-Pyr redox-mediator electrolytes, and the resulting current was
measured over time.

Olce- U O'dc,Na+ U HNa+ U
] + Texp <— 7 t (1)

J ()=

The current density is determined as a function of time in
the equation, J(t), where the electrolyte’s electronic and ionic
conductivities are denoted by o4 . and o, y,,, respectively.
The abbreviation U represents the applied voltage in the sys-
tem, whereas uN,, denotes the mobility of Na* ions. Equa-
tion (1) showed that the electrolyte with 0.1 M Na-Pyr redox-
mediator electrolyte exhibited electronic and ionic conductivities
of 0.26 and 2.29 mS cm™?, respectively, whereas the electrolyte
with 0.5 M Na-Pyr redox-mediator electrolyte demonstrated con-
ductivities of 2.46 and 1.88 mS cm™! (Table S1, Supporting In-
formation). When considering only the ionic conductivities, the
electrolyte containing 0.1 M Na-Pyr redox mediator demonstrated
slightly higher conductivity compared to that with 0.5 m Na-
Pyr redox mediator. However, the 0.5 M Na-Pyr electrolyte ex-
hibited higher electronic conductivity, which is more advanta-
geous for charge transfer according to the Na-Pyr redox-mediator
concept.

The reversibility of the sodiation and desodiation processes in
the Na-Pyr redox-mediator electrolyte was investigated to deter-
mine whether Na-Pyr can conduct a charge transfer reaction to
tin particles without itself degrading (Figure 1f,g). In this exper-

iment, Na-Pyr was employed not as a redox mediator but as an
anode material. Through this experiment, we confirmed the re-
versibility of the Na-Pyr material during the redox reaction pro-
cess, thereby demonstrating the potential of Na-Pyr to facilitate
charge transfer through redox reactions in a reversible manner
as a redox mediator. The seawater coin-cell system utilized a
catholyte comprised of a sodium ferrocyanide aqueous solution
(Figure S4, Supporting Information).!?’! The discharge capaci-
ties were measured as ~1 and 5 mAh ml~! for electrolytes with
0.1 m and 0.5 M Na-Pyr, respectively. These measurements were
taken at a current of 0.3 mA cm~2, as indicated by the dotted line
in Figure 1f. The subsequent analysis of the voltage profiles of
the charging and discharging operations is indicated by the solid
line in Figure 1f and Figure S5 (Supporting Information). Follow-
ing several charge—discharge cycles, both electrolytes (0.1 m and
0.5 M Na-Pyr redox mediator) demonstrated stable discharged ca-
pacities for >100 cycles (Figure 1g; Figure S5, Supporting Infor-
mation). The capacity retention of hundredth discharged capac-
ities was 98.3% and 97.3%, respectively. This demonstrates that
Na-Pyr serves as an effective redox mediator with excellent cycle
stability.

2.2. Verification of Enhanced Cyclability in the Tin Electrode with
Na-Pyr Redox-Mediator Electrolyte

Figure 2a,b presents scanning electron microscopy (SEM) and
X-ray diffraction (XRD) investigations of tin particles utilized as



the anode active material. In previous studies, nano-sized tin or
composite materials such as carbon were used to preserve the
alloying anode particles’ structure in order to compensate for
the particles’ volume expansion and pulverization.[?’] In contrast
to the methodology employed in previous studies, this investi-
gation utilized micro-sized bare tin powder as the anode mate-
rial. The use of micro-sized tin is advantageous due to its re-
duced synthesis costs, which render it highly suitable for indus-
trial applications.!?!) Additionally, the lower specific surface area
of micro-sized materials minimizes their contact area with the
electrolyte, which can help reduce electrolyte decomposition and
improve overall cell stability.?”) The SEM images (see Figure 2a;
Figure S6, Supporting Information) revealed significant varia-
tion in the sizes of tin particles, ranging from a few microme-
ters to tens of micrometers. After fabricating the electrodes us-
ing micro-sized tin particles and assembling them into half-cell
using Na metal foil as the counter electrode, sodiation and des-
odiation were performed at a current density of 0.13 mA cm™
(Figure 2c). The desodiation capacity of the second cycle was 667
mAh g, !, and that of the tenth cycle was 689 mAh g, ~!. These
results are, respectively, ~21.3% and 18.7% lower than the theo-
retical capacity of tin, which is 847 mAh g=.3% To investigate
the potential of the Na-Pyr redox reaction in enhancing the cy-
clability of the tin electrode through electron transfer between
particles, we constructed a coin cell consisting of a NASICON
solid electrolyte integrated into the conventional Na metal half-
cell structure. Subsequently, the cyclability of the conventional
electrolyte and the Na-Pyr redox-mediator electrolyte was com-
pared. To operate the cell with the NASICON inserted, we used
2464 coin cells instead of the standard 2032 coin cells to accom-
modate the space required for the NASICON layer. However, the
increased height of the 2464 coin cell made it challenging to ap-
ply sufficient internal pressure using the spring. This issue re-
sulted in the initial desodiation capacity!3!! of the cell employing
the conventional electrolyte and NASICON being only 143 mAh
grin ', further decreasing to 88 mAh g, ~! in the second cycle
and 45 mAh g, 7! in the tenth cycle. In contrast, the combination
of tin and the Na-Pyr redox-mediator electrolyte together with
NASICON (Figure 2e) demonstrated more stable performance,
maintaining a consistent desodiation capacity of 643 mAh g, 7,
612 mAh gy, 7!, and 639 mAh gy, 7', respectively, throughout
the 10 cycles. A comparison of the average desodiation capacity
up to the tenth cycle revealed a notable difference between the
two electrolytes. The conventional electrolyte exhibited an aver-
age desodiation capacity of #67 mAh g, ~!, whereas that of the
Na-Pyr electrolyte was almost ten-fold higher at 643 mAh g,
(Figure 2f). This indicates that the expansion of the tin structure
during the charging process impeded charge transfer in the con-
ventional electrolyte, leading to limited and extremely low capac-
ity during desodiation. However, this issue was not observed in
the Na-Pyr redox-mediator electrolytes, which demonstrated sta-
ble and reversible performance throughout the cycles.

2.3. Vertically Arranged Tin Electrode and Na-Pyr Redox-Mediator
Electrolyte in SWBs

We investigated the effectiveness of a Na-Pyr redox-mediated
electrolyte in enhancing the cyclability of vertically arranged tin

electrodes, with the objective of improving energy density in
SWBs. The tin electrodes were cut to dimensions of 3 mm
X 14 mm and placed in either a horizontal orientation (left
illustration in Figure 3a; Figure S7a, Supporting Information),
a vertical orientation with conventional electrolyte (center illus-
tration in Figure 3a; Figure S7b,c, Supporting Information), or a
vertical orientation with Na-Pyr redox-mediator electrolyte (right
illustration in Figure 3a). The horizontally oriented tin electrode
showed an improvement in Coulombic efficiency from 40.6% in
the first cycle to 91.2% in the third cycle (Figure 3b). On the other
hand, the tin electrode placed vertically had a significantly lower
Coulombic efficiency of 8.7% in the first cycle, which only im-
proved to 14.6% in the third cycle (Figure 3c). The lack of charge
transfer between electrically isolated tin particles, caused by the
significant volume changes and pulverization of alloy-type anode
materials such as tin during charging and discharging, results in
detachment of the tin active material from the current collector.
Upon investigation of the subsequent cycles (Figure S8, Support-
ing Information), it is evident that the desodiation of tin does not
occur as expected. Instead, the plating and stripping reactions
of sodium metal are dominant. This behavior is in clear contrast
with the charge/discharge profiles of tin depicted in Figure 3b. As
shown in Figure S9 (Supporting Information), tin that becomes
disconnected from the current collector and electrically inactive
cannot contribute to the overall capacity. This was additionally
substantiated through SEM coupled with energy-dispersive X-ray
spectroscopy (EDS) measurements of the electrode following the
cycling process (Figure S9c—e, Supporting Information). These
measurements revealed the presence of regions where tin par-
ticles had falling off, resulting in the exposure of the underlying
copper foil. The vertical electrode structure exacerbates this issue,
as it fails to physically maintain the structure and compress the
pulverized tin particles. Figure 3d demonstrates the ability of the
Na-Pyr redox mediator electrolyte to facilitate electron transfer
between electrically isolated pulverized tin particles through the
redox reaction of Na-Pyr. This resulted in Coulombic efficiency
of 39.2% in the first cycle and 93.6% in the third cycle, which is
comparable to that of a horizontal tin electrode. To evaluate the
surface of the tin electrode when using the Na-Pyr redox mediator
electrolyte, the electrode surface was examined through an SEM-
EDS analysis conducted after the cycling (Figure S9f~h, Support-
ing Information). In contrast with the observations made with
the conventional electrolyte, the SEM images revealed a uniform
surface, which was further corroborated by the EDS analysis. In
addition, when comparing the voltage profiles up to the third cy-
cle, the vertically oriented tin electrode with the Na-Pyr redox-
mediator electrolyte exhibited almost identical electrochemical
behavior to the horizontally oriented tin electrode (Figure S10,
Supporting Information). The vertically arranged tin electrode ex-
hibited reversible charging and discharging capabilities for up to
400 cycles when combined with the Na-Pyr redox-mediator elec-
trolyte (Figure 3e).

2.4. Morphological and Crystallographic Structure Analysis
In order to investigate whether the Na-Pyr redox mediator in-

fluenced the reversibility of the tin electrode, further experi-
ments were conducted using SWB coin cells. These cells were
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Figure 3. a) SWB coin cell design to verify the cyclability of the vertical tin electrode with a Na-Pyr redox-mediator electrolyte. The left illustration
demonstrates a conventional electrolyte with a horizontal tin electrode, the center illustration demonstrates a conventional electrolyte with a vertical
tin electrode, and the right illustration demonstrates a Na-Pyr redox-mediator electrolyte with a vertical tin electrode. b—d) Respective voltage profiles
measured at a current density of 0.3 mA cm~2. e) Cycle stability of vertical tin electrode with Na-Pyr redox-mediator electrolyte at the current density of

0.3 mAcm™2.

assembled with conventional electrolyte or the Na-Pyr redox-
mediator electrolyte. To analyze the morphology of the electrode
surfaces, the cells were operated for 10 cycles at a current density
of 0.3 mA cm™ and then discharged at the same current den-
sity. A rough surface was observed on the tin electrode using con-
ventional electrolyte after 10 charge—discharge cycles (Figure 4a).
This is attributed to the electrically isolated tin, which becomes
pulverized and expands in volume due to sodiation during charg-
ing, being unable to undergo desodiation during discharge. Con-
sequently, the electrode structure becomes compromised during
subsequent charging cycles, as reflected in the charge-discharge
voltage profile and Coulombic efficiency shown in Figure 3c.
In contrast, the tin electrode with the Na-Pyr redox-mediator
electrolyte maintained a smooth surface even after 10 charge-
discharge cycles (Figure 4b). This indicates that the electrically

isolated tin particles, which become separated upon sodiation
during the charging process, are able to undergo desodiation
through the redox reaction of Na-Pyr during the discharging pro-
cess, thereby reversibly maintaining the electrode structure. This
is also consistent with the voltage profile and Coulombic effi-
ciency presented in Figure 3d,e.

The XRD analysis confirmed the sodiation and desodiation
characteristics of the conventional or Na-Pyr redox-mediator elec-
trolytes with vertical tin electrodes. During the sodiation pro-
cess to 0 V and the subsequent desodiation to 1 V, changes in
the XRD peaks on the electrode surface were monitored in situ
using a half-cell with a conventional electrolyte (Figure 4c). As
the sodiation capacity increased, additional peaks were observed
at 32.1- and 35.0-degrees, indicating the formation of Na,sSn,
crystals during the sodiation process of the tin electrode.l*?]
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During the subsequent desodiation process, these two peaks dis-
appeared. Additionally, the weak peaks that appear and disappear
at 33.2- and 34.0-degrees during the sodiation and desodiation
processes correspond to intermediate intermetallic phases of Na—
Sn, which is consistent with previous studies.*”) Figure 4d shows
ex situ XRD observations of the vertical electrode following ten
cycles of sodiation and desodiation. These measurements were
conducted on a vertical tin electrode using an electrolyte contain-
ing the Na-Pyr redox mediator. In the sodiated state, the XRD
peaks in the 30-40-degree range exhibited both tin (Sn) 30.6-
and 32.0-degrees peaks and sodiated tin 32.0- and 35.4-degrees
peaks (Na;sSn,). However, following desodiation, only the tin
peaks at 30.6- and 32.0-degrees remained, while the sodiated tin
peak at 35.4-degrees disappeared. This suggests that during the
discharge process, the vertical tin electrode can be fully desodi-
ated through the redox reaction of the Na-Pyr redox mediator. To
further evaluate whether desodiation of the tin electrode could
be achieved solely through the potential difference induced by
the Pyr redox mediator, we investigated the spontaneous chem-
ical desodiation of a tin electrode sodiated to 0 V at a current
density of 0.19 mA cm™2. The electrode was immersed in Pyr
electrolyte, which contained no sodium source, for 24 h to ob-
serve whether spontaneous chemical desodiation would occur.
Figure 4e displays the XRD peaks of the sodiated tin electrode
and the tin electrode immersed in Pyr electrolyte for 24 h. The
XRD peaks of the sodiated tin electrode clearly showed a Na;sSn,
peak at 35.4-degrees. This peak was absent after immersion in
the Pyr electrolyte supporting for the complete chemical desodi-
ation. The findings are depicted in the scheme in Figure 4f. In
the presence of a conventional electrolyte, desodiation of the so-
diated tin electrode was hindered due to electrically isolated tin
particles by pulverization. However, with the use of a Na-Pyr re-
dox mediator electrolyte, Na-Pyr itself facilitated the desodiation
of the electrically isolated sodiated tin, thereby enabling the com-
plete desodiation.

2.5. Estimation of Charge Transfer Resistance via Impedance
Spectroscopy

Electrochemical impedance spectroscopy (EIS) was utilized to
evaluate the charge transfer resistance between the tin electrode
and the conventional electrolyte, as well as between the tin elec-
trode and the Na-Pyr redox-mediator electrolyte. To characterize
the charge transfer resistance between the tin electrode and the
electrolytes, a symmetric cell was fabricated, and the frequency
and capacitance of the Nyquist plot for each element and inter-
face of the complete cell were determined (Figure S11 and Table
S2, Supporting Information). Looking at the EIS measurements
of the NASICON solid electrolyte (Figure S11a, Supporting In-
formation) and the Na-Pyr electrolyte (Figure S11b, Supporting
Information) cells, which consist of coated Pt and SUS as both
electrodes, the frequency at the maximum was determined to be
1.04 MHz and 7700 Hz, respectively. To ascertain the frequency
and capacitance associated with charge transfer between the Na
metal electrode and the conventional electrolyte in a half-cell with
Na metal as the counter electrode, a cell was constructed with
structure Na | CE | Na, yielding a frequency at the maximum
of 10 kHz (Figure S11d, Supporting Information). Furthermore,

to ascertain the frequency and capacitance of the SEI layer on
the Na metal electrode during the cycle, a SEI layer was formed
on the Na metal electrode by charging and discharging for 10 h
at a current density of 100 pA cm™ (denoted as A. Na). Subse-
quently, cells with the structures A. Na | CE | A. Na and A. Na
| CE | NASICON | CE | A. Na were assembled. EIS measure-
ments indicated that the maximum frequency of interfacial re-
sistance between the Na metal electrode and the conventional
electrolyte was 19 kHz, while the frequency of charge transfer
resistance between the conventional electrolyte and NASICON
was 480 Hz (Figure S1le,f, Supporting Information). Similarly,
EIS was employed to assess the maximum frequency of interfa-
cial and charge transfer resistance of a tin electrode in cells with
the structure A. Tin | CE | A. Tin and A. Tin | CE | NASICON |
CE | A. Tin, after 15 h of charging and discharging at a current of
100 pA cm™ (equivalent to 50% of the state of charge). The max-
imum frequency of the interfacial and charge transfer features
between the tin electrode and the conventional electrolyte were
determined to be 130 kHz and 810 Hz, respectively. Addition-
ally, the maximum frequency of the charge transfer resistance
between the conventional electrolyte and NASICON was ascer-
tained to be 1100 Hz (Figure S11gh, Supporting Information).
Finally, to ascertain the capacitance associated with the Pyr elec-
trolyte, cells with the following structures were constructed: SUS
| Pyr | NASICON | Pyr | SUS and A. Tin | Pyr | NASICON | Pyr
| A. Tin. The maximum frequency of the charge transfer resis-
tance between the Na-Pyr redox-mediator electrolyte and NASI-
CON was determined to be 2500 Hz, whereas that between the
tin electrode and the Na-Pyr redox-mediator electrolyte was de-
termined to be 1500 Hz (Figure S11i,j, Supporting Information).

A half-cell with Na metal as the counter electrode and a SWB
half-cell with sodium ferrocyanide as the counter electrode were
prepared based on the measured frequency and capacitance. The
charge transfer to the tin electrode and electrolytes was estimated
on a cycle-by-cycle basis. Charging and discharging were con-
ducted at a current density of 0.19 mA cm~2, and EIS measure-
ments were taken before cycling and after each cycle up to the
fifth cycle. In the half-cell with Na metal as the counter elec-
trode, the combination of conventional electrolyte and tin elec-
trode (Figure 5a; Figure S12a, Supporting Information) demon-
strated initial activation of the electrode, with the charge trans-
fer resistance decreasing from 198 Q before cycling to 15.6 Q af-
ter the first cycle. However, the charge transfer resistance sub-
sequently increased to 20.4 Q after the fifth cycle (Figure 5c).
In contrast, the combination of the Na-Pyr redox-mediator elec-
trolyte and tin electrode (Figure 5b; Figure S12b, Supporting In-
formation) demonstrated a charge transfer resistance of 3.43 Q
after the first cycle, representing a decrease from 18.8 Q prior
to cycling. This resistance further decreased to 2.75 Q follow-
ing the fifth cycle (Figure 5c). Furthermore, in the SWB half-cell
with sodium ferrocyanide as the counter electrode, the combina-
tion of the conventional electrolyte and tin electrode (Figure 5d;
Figure S12c, Supporting Information) demonstrated a reduc-
tion in charge transfer resistance from 260 Q before cycling to
24.4 Q after the first cycle, followed by an increase to 29.2 Q af-
ter the fifth cycle (Figure 5f). On the other hand, the combination
with the Na-Pyr redox-mediator (Figure Se; Figure S12d, Support-
ing Information) exhibited a decrease in resistance from 10.7 Q
before cycling to 8.0 Q after the first cycle, which further reduced
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Figure 5. EIS measurement results during charging and discharging cycles at a current density of 0.19 mA cm~2. For the half-cell with Na metal foil
as the counter electrode and tin electrode: a) combination with conventional electrolyte and b) with Na-Pyr redox-mediator electrolyte. The frequency
corresponding to the charge transfer resistance is indicated by a red dot line, as well as c) the estimated charge transfer resistance between the tin
electrode and electrolytes. For the SWB half-cell with sodium ferrocyanide as the counter electrode and tin electrode: d) combination with conventional
electrolyte and e) with Na-Pyr redox-mediator electrolyte. The frequency corresponding to the charge transfer resistance is indicated by a red dot line, as
well as f) the estimated charge transfer resistance between the tin electrode and electrolytes.

to 7.70 Q after the fifth cycle (Figure 5f). By the fifth cycle of the
seawater battery, the utilization of the Na-Pyr redox mediator elec-
trolyte has been observed to reduce the charge transfer resistance
between the electrolyte and the tin electrode by 73.6%. In previ-
ous density functional theory study,?! it was observed that incor-
porating a redox mediator alongside the conventional electrolyte
salt facilitated electron accommodation due to the  system of the
redox mediator. This resulted in a reduction in charge transfer re-
sistance and an increase in Na* ion conductivity. These findings
are consistent with the results of this study, where the use of the
Na-Pyr redox mediator effectively reduced the charge transfer re-
sistance between the tin electrode and the electrolyte.

2.6. Maximizing Areal Capacity by Combining a Vertically
Arranged Tin Electrode with Na-Pyr Redox-Mediator Electrolyte

The previous studies confirmed that the combination of Na-
Pyr redox-mediator electrolyte and vertically arranged tin elec-
trodes can achieve high reversibility. In order to push the cell
optimization further, the potential for achieving high areal ca-
pacity by arranging the vertical tin electrodes within a specific
area in a seawater coin cell is also investigated (Figure S14a,
Supporting Information). The tin electrode was slit to dimen-
sions of 3 mm X 360 mm and wounded in a spiral arrangement

as shown in Figure S14b (Supporting Information). The seawa-
ter half-cell system, using sodium ferrocyanide as the catholyte,
achieved a capacity of 6 mAh cm= (equivalent to 12 mAh) when
operated at a current density of 0.3 mA cm~2. The charging
voltage was 3.0 V, while the discharging voltage was 2.4 V
(Figure 6a). During the cyclability test, the system demonstrated
reliable operation for >80 cycles, as shown in Figure 6b. By in-
creasing the electrode dimensions to 3 mm X 600 mm in the
seawater coin cell, the system was evaluated under the same cur-
rent density conditions and successfully achieved a capacity of
10 mAh cm~? (20 mAh) while maintaining stable performance
for over 40 cycles (Figure 6¢). In addition, by maximizing the
electrode array to a size of 3 mm X 2400 mm within the al-
lotted area and performing galvanostatic charging—discharging
at a current density of 0.3 mA cm™2, stable operation for
>20 cycles was demonstrated. Throughout the operation,
Coulombic efficiency averaged 94.6%, while energy efficiency av-
eraged 79.5% (Figure 6d). This study demonstrates that areal ca-
pacity can be optimized by vertically arranging tin electrodes with
inherent high energy density, and that high reversibility can be
achieved by utilizing a Na-Pyr redox-mediator electrolyte. These
results highlight the potential to significantly enhance the en-
ergy storage capacity of seawater battery systems, representing
a pivotal step toward their practical application as energy storage
devices.
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Figure 6. a) Voltage profile and b) cyclability of a vertical tin electrode and Na-Pyr redox-mediator electrolyte applied to a seawater battery with an areal
capacity of 6 mAh cm™2. c) Cyclability with an areal capacity of 10 mAh cm~2. d) Cyclability with an areal capacity of 40 mAh cm~2. All charging and

discharging cycles were conducted at a current density of 0.3 mA cm™2.

3. Conclusion

The aim of this study was to enhance the energy density of the
anode in a seawater battery, by employing vertically arranged
micro-sized tin electrodes and a Na-pyrene redox-mediator elec-
trolyte. In this study, the introduction of pyrene as a redox medi-
ator, which matches the redox potential of tin, enabled effective
charge transfer to electrically isolated tin particles via the redox
reaction of Na-Pyr, thereby improving reversibility by avoiding
issues related to the pulverization and electrical isolation of tin
particles during cycling. The charge transfer reaction between
tin and the Na-Pyr redox-mediator electrolyte, investigated using
EIS, is demonstrated to maintain lower values than with the con-
ventional electrolyte. The Na-Pyr redox mediator enables high ca-
pacity and reversibility in vertically arranged tin electrodes, which
achieve a capacity of 6 mAh cm™2 for, at least, 80 cycles. As a
proof of scale-ability, reversible operation at 40 mAh cm~2 was

also demonstrated with the vertically arranged tin electrode de-
sign. This approach shows significant promise for increasing
the energy density of electrodes in battery systems using solid
electrolytes and membranes, including not only seawater batter-
ies but also solid-state batteries, metal-air batteries, and similar
systems.

4. Experimental Section

Preparation of Materials:  The conventional electrolyte was made with a
composition of T M NaPFg in DEGDME. The 0.5 M Na-Pyr redox-mediator
electrolyte was prepared by the following process. First, 10.1 g of Pyr
(0.05 mol, Sigma-Aldrich) and 16.80 g of NaPFg (0.1 mol, Alfa Aesar) were
dissolved in DEGDME to a total volume of 100 ml. Then, 3.45 g of Na metal
was chopped and added to the solution. The electrolyte was prepared by
stirring for over 24 h. All the above processes were performed in a glove
box in an Ar atmosphere where moisture and oxygen were limited (H,O
<0.1ppm, O, < 0.1 ppm). To prepare the tin electrode, a slurry containing



85% tin (Alfa Aesar) as the active material, 5% carbon black (Super-P), 5%
polyacrylic acid (Meishan Indigo), and 5% carboxymethylcellulose sodium
(Sigma—Aldrich) was contained in distilled water. The slurry was coated
onto a copper foil current collector with a loading of ~5.5 mg cm~2. The
electrode was then dried in an oven at 80 °C under vacuum overnight.

Characterization: The electronic and ionic conductivity of the Na-Pyr
redox-mediator electrolyte was calculated using the isothermal transient
ionic current (ITIC) method. Stainless steel electrodes were placed on both
sides of the electrolyte, and the current curve was also measured while
applying 0.1 V voltage. The measured current values provided data on
the electronic and ionic conductivity of the Na-Pyr redox-mediator elec-
trolyte. Ex situ X-ray diffraction (XRD) analysis was conducted using a
D/MAX2500V/PC (Rigaku) equipped with an 18 kW Cu rotating anode
X-ray source to investigate the sodiation and desodiation states of the
tin electrode. The scan range was set from 20° to 50° at a scan rate of
0.5°/min. In situ XRD was conducted using an Empyrean diffractome-
ter (Malvern Panalytical) at the Korea Basic Science Institute (KBSI). The
customized cell was designed and assembled for characterization, and a
Be window was used for penetration of X-ray into the cell during charge—
discharge.

Electrochemical Measurements: The coin-cell used in the experiment
was produced by purchasing SWB 2464 coin-cell parts from 4toOne. As the
catholyte material for the SWB half-cell test, 0.4 m of sodium ferrocyanide
decahydrate (Thermo Fisher Scientific Inc., Republic of Korea) dissolved in
natural seawater (llsan beach, Ulsan, Republic of Korea (GPS: 35.497005,
129.430996)) without filtration. Carbon fiber (dimensions 4 cm x 4 cm)
was used as the current collector and held in position by a titanium mesh.
A WBCS3000 battery cycler (Wonatech) was used for galvanostatic charg-
ing and discharging. The current density was 0.3 mA cm™2, based on the
area of the NASICON in the seawater battery. Electrochemical impedance
spectroscopy was performed after allowing sufficient time for each cell to
reach stabilization. The measurements were conducted using a VSP-300
multichannel potentiostat/galvanostat (Biologic), with a frequency range
of 7 MHz to 1 Hz with an amplitude of 10 mV.
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