FULL PAPER

www.afm-journal.d| updates

Sodium Biphenyl as Anolyte for Sodium-Seawater Batteries

Yongil Kim, Jaeho Jung, Hyein Yu, Guk-Tae Kim, Dasong Jeong, Dominic Bresser,

Seok Ju Kang,* Youngsik Kim,* and Stefano Passerini*

Sodium-based battery systems have recently attracted increasing research
interest due to the abundant resources employed. Among various material
candidates for the negative electrode, sodium metal provides the highest
capacity of theoretically 1165 mAh g~' and a very low redox potential of
—2.71 versus the standard hydrogen electrode. However, the high reactivity
of sodium metal toward the commonly used electrolytes results in severe
side reactions, including the evolution of gaseous decomposition products,
and, in addition, the risk of dendritic sodium growth, potentially causing

a disastrous short circuit of the cell. Herein, the use of sodium biphenyl
(Na-BP) as anolyte for the Na—-seawater batteries (Na—SWB) is investigated.
The catholyte for the open-structured positive electrode is natural seawater
with sodium cations dissolved therein. Remarkably, the significant electronic
and ionic conductivities of the Na-BP anolyte enable a low overpotential for
the sodium deposition upon charge, allowing for high capacity and excel-
lent capacity retention for 80 cycles in full Na—SWB. Additionally, the Na-BP
anolyte suppresses gas evolution and dendrite growth by forming a homoge-

sources like solar and wind.!l Due to the
highly intermittent nature of these latter,
however, efficient energy storage tech-
nologies are essential for the successful
transition toward a sustainable future.?
Among these, electrical and electrochem-
ical energy storage systems are the most
efficient ones, while the latter, i.e., bat-
teries, are simultaneously providing
suitable energy densities and negligible
self-discharge.Bl In this regard, sodium-
based battery technologies are very
attractive alternatives, especially when
employing highly abundant sodium-
containing cathode materials as, for
instance, seawater—also referred to as
seawater batteries (SWBs).’l Unlike
seawater batteries researched in the
past,’4fl the system introduced in this

neous surface layer on the metallic negative electrode.

1. Introduction

The increasing energy demand and the consequently
increasing utilization of fossil fuels comes with continuously
rising concerns about environmental pollution and cata-
strophic climate change. Hence, it is indispensable to sub-
stantially reduce, ideally avoid, the energy supply by these
nonsustainable resources and make use of renewable energy
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research is a secondary battery, i.e., it
can be recharged, showing long life and
high operating voltage. In such configu-
ration, the positive electrode provides an
essentially unlimited amount of sodium, if a continuous flow
of seawater is ensured in an “open system.” ¢!

The electrochemical processes occurring in these cells are

Negative electrode Positive electrode

Charge:  Na*+ (H) + e~ — Na(H) NaCl (aq) — Na*+1/2Cl, (g) + e~
Nacl (aq) + 20H™ (aq) — Na* + ClO~
+H,0 + 26
20H" (aq) = H,0 +1/20, (g) + 2e~
Discharge: Na(H) - Na*+e  2Na"+H,0 +1/20, (g) + 2" — 2NaOH (aq)

The capacity of each battery cell is limited by the (reversible)
sodium storage capability of the negative electrode—at least if
common host structures (H) for sodium cations are employed,
such as hard carbons. Differently, the plating of metallic sodium
would be limited only by the available volume at the negative
electrode and, in addition, provide the highest possible cell
voltage, i.e., energy density, thanks to its low redox potential
(=2.71 V vs the standard hydrogen electrode) and high theoret-
ical capacity (1165 mAh g™).l Nevertheless, the high reactivity
and the extensive volume changes upon plating and stripping
(i-e., charge and discharge) of the Na metal electrode result in a
rather unstable solid electrolyte interphase (SEI). This is accom-
panied by an ongoing electrolyte consumption and evolution of
gaseous decomposition products. Additionally, according to a
recent research, the higher electronic conductivity of solid elec-
trolytes with respect to liquid electrolytes causes a lower over-
potential and a severe potential fluctuation near heterogeneities
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Scheme 1. lllustrative overview of the general concept when employing Na-BP as anolyte in SWBs. a) The general cell setup with two photographs
showing the Na-BP anolyte solution in comparison with a conventional liquid electrolyte. b) The energy diagram of the multilayer electrolyte SWB
system. c) The anticipated beneficial impact on the stability of the sodium metal anode when using the Na-BP anolyte.

during cycling, resulting in a greater driving force for dendritic
metal formation.®! The formation of gaseous products and
the severe risk of dendrite growth pose substantial challenges
toward the commercialization of SWBs employing metallic
sodium.* In this work, it is shown as the use of biphenyl as
anolyte solve the problem of sodium metal anodes by spontane-
ously forming Na-biphenyl (Na-BP). This compound has been
already studied as presodiation agent’”! and liquid anode mate-
rial for sodium-based Dbatteries,'¥ providing simultaneously
suitable electronic and ionic conductivity.'? Na-BP is indeed
expected to reduce overpotential at the anolyte—Na interface and,
maintaining a high homogeneity within the anolyte, potential
fluctuations at the Na metal surface, unlike the solid electrolyte.

Herein, we take benefit of these advantageous properties and
the multilayer electrolyte design of SWBs with a NASICON
(Na3Zr,Si,POy,) solid electrolyte layer, physically separating the
negative and positive cell compartments, by employing Na-BP as
anolyte for sodium metal anodes (see Scheme 1a). Because of its
high reversible and low redox potential (vs Na/Na*), Na-BP can
act as redox mediator, suppressing the electrolyte decomposi-
tion at the sodium metal anode (Scheme 1b). As such, the Na-BP
anolyte simultaneously contributes to the reversible sodium
cation storage and enables the homogeneous, low-overpotential
sodium metal deposition. As a result, the introduction of low-
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cost biphenyl (compared to common salts for liquid electrolytes)
allows for suppressing the continuous electrolyte decomposition
and mitigates sodium dendrite growth (Scheme 1c).

2. Results and Discussion

The electrochemical performance of the Nag,-1 m BP-diethylene
glycol dimethyl ether (DEGDME) solution (later on defined
as Na-BP) have been investigated in two-electrode half-cells,
hosted in coin-cell cases. In these cells, a NASICON solid elec-
trolyte layer was employed to physically separate Na-BP, acting
as active material at the positive electrode, and the sodium
metal acting as the negative electrode (see Figure 1a for the
cell setup). A photograph of Na-BP in comparison with a more
conventional, sodium(-ion) battery electrolyte, i.e., 1 M NaOTF
in tetraethylene glycol dimethyl ether (TEGDME), is presented
in Figure Sla of the Supporting Information, revealing a trans-
parent colorless liquid for the latter and a dark blue liquid for
Na-BP. As apparent from Figure 1b and Figure S1b (Supporting
Information), no capacity is observed upon the first discharge,
i.e., formation of Na-BP, at 0.25 mA cm™ due to the already
complete chemical transformation of biphenyl into Na-BP (see
the corresponding description in the Experimental Section). For
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Figure 1. a) Schematic illustration of the cell setup for the electrochemical characterization of Na-BP as liquid active material in half-cell configuration
with a sodium metal counter electrode and a layer of NASICON as solid electrolyte to physically separate the two electrodes. b) Plot of the differential

capacity (dQ/dV) as a function of the cell voltage when applying a current density of 0.25 mA cm~2.

c) Dis-/charge profiles for the 1st and 2nd cycle

when subjecting such half-cells to a current density of 0.5 mA cm~2 (cut-off potentials: 0.0 and 1.0 V vs Na/Na*) and d) the plot of the specific capacity

versus cycle number for 80 cycles.

the subsequent charge, i.e., desodiation, a capacity of 18 mAh g™
is obtained based on total weight of the liquid. For the 2nd
cycle, the Na-BP anolyte shows a capacity of 174 mAh g~l\, gp
for both the sodiation and desodiation, revealing an excellent
charge reversibility. This is also accompanied by a good voltage
reversibility with average discharge and charge voltages of about
0.13 and 0.25 V, respectively (Figure 1b; Figure S1b, Supporting
Information). In fact, the achieved capacity values are slightly
lower than the theoretical capacity of 30 mAh g '\, gp (With a
density of 0.98 g mL™}, which means that the volumetric theo-
retical capacity is about 29.4 Ah LY, pp), indicating that the uti-
lization of Na-BP is limited, at least at such C rate, presumably
due to the limited electronic conductivity and required contact
to the current collector for the electron transfer. Nonetheless,
the sodium utilization of around 58% is, indeed, remarkable.
When doubling the current density to 0.5 mA cm™2, the average
sodiation and desodiation potential increase to about 0.1 and
0.3V, respectively, while the utilization decreases to about 48%
of the theoretical value (Figure 1c). Upon continuous cycling
(Figure 1d) the capacity shows a slight fading, but the average
coulombic efficiency is rather high with around 99.8% consid-
ering that a sodium metal counter electrode is used.

Following this promising performance in half-cells, we
employed Na-BP as anolyte in seawater full-cells (see Figure 2a
for the cell setup). Nickel foam and carbon felt were used as cur-
rent collectors for the anode and the cathode, respectively. The
dis-/charge profiles upon the 1st and 2nd cycles for the galva-
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nostatically cycled cell with a current density of 0.5 mA cm™
are presented in Figure 2b. Upon the initial discharge, ie.,
desodiation of the anolyte (Na-BP), the cell provides a specific
capacity of 20.8 mAh gy, gp along a very flat voltage plateau
at around 2.61 V. A rather similarly flat voltage plateau at about
2.6 V is observed also during the 2nd discharge. On the other
hand, the charge step during the 1st and 2nd cycle shows an
average charge voltage of 3.61 V. For the charge steps, the capacity
was fixed to the initially obtained value (i.e., 20.8 mAh g™\, .5p)
and kept constant throughout the following galvanostatic cycling
(see also Figure 2c). After 80 cycles, the seawater-battery full-cell
provides a capacity retention of 94.2% with an average coulombic
efficiency of 93.1%. Interestingly, it is higher for the initial
30 cycles, before it slightly drops due to a lower discharge
capacity, though remaining rather constant afterward.

To comprehensively understand the underlying reaction
mechanism(s) in this rather complex system, we designed a set
of complementary experiments using different analysis tech-
niques. In a first step, we determined the ionic and electronic
conductivity of Na-BP using a conductivity meter, revealing a
value of about 5.7 X 103 S cm™ at room temperature for the
sum of the two contributions. To separate the two contribu-
tions, we utilized the isothermal transient ionic current (ITIC)
method.™ For this, we assembled suitable electrochemical
cells with two stainless steel blocking electrodes, sandwiching
the Na-BP anolyte as schematized in Figure S2a of the Sup-
porting Information. A constant voltage of 0.1 V was applied

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Schematic illustration of the cell setup for seawater-battery
full-cells employing the Na-BP solution as anolyte and seawater as catho-
lyte. The electrodes are physically separated by a NASICON solid electro-
lyte layer and nickel foam and carbon felt are serving as current collector
for the anode and cathode, respectively. b) Dis-/charge profiles of the
initial discharge (in black) as well as the 1st (in red) and 2nd (in green)
galvanostatic cycle, applying a current density of 0.5 mA cm™2. c) Plot of
the specific capacity for the anode based on the total weight of the Na-BP
solution versus the cycle number for the continuous galvanostatic cycling.

and the evolving current was recorded for 1 h (Figure 3a). The
ionic and electronic conductivity are then calculated by using
Equation (1), where J(t) is the current density as a function of
time, Oy is the electronic conductivity, oy n, is the ionic
conductivity, U is the applied voltage, iy, is the sodium-ion
mobility, and t is the time

O-dc e’U O-dc Na*U :uN U
f)=—do0 T g TINT T eyp| TN g 1
J)=—= T 7 M)
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Figure 3. a) Plot of the electronic and ionic conductivity of Nag,-1 m BP-
DEGDME and 1 m NaOTF in TEGDME by employing the ITIC method.
b) Dis-/charge profiles for the galvanostatic “over(de)sodiation” of Na-BP
half-cells employing Ni foam as anode current collector (current density:
0.25 mA cm?). ¢) Schematic illustration of the charge and discharge
process employing Na-BP in DEGDME as anolyte.

Following this calculation, the ionic conductivity of
Na-BP is 1.39 x 10 S cm™ and the electronic conductivity is
4.26 x 1073 S cm™. These conductivities are sufficiently high to
ensure a suitable sodium cation transport and electron transfer
for its application in a battery. The sum of these two values (i.e.,
more than 5.65 x 107 S cm™) is in very good agreement with
the value determined by the conductivity meter, confirming the

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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general suitability of this approach.l'%! For comparison, the con-

ventional liquid electrolyte (1 M NaOTF in TEGDME) was also
studied.”l Obviously, its electronic conductivity was found to
be negligible, using the ITIC method (see Figure 3a). The ionic
conductivity determined with the conductivity meter was found
to be 0.965 X 1073 S cm7}, i.e., in good agreement with the value
determined by electrochemical impedance spectroscopy (EIS)
(0.904 x 10 S cm™! see Figure S2b, Supporting Information).
Interestingly, the ionic conductivity of the conventional liquid
electrolyte is slightly lower than that of Na-BP.

In a next step, the potential use of Na-BP to assemble cells
without employing Na metal (also called sodium metal-free
cells) was investigated. For the preliminary investigation,
cells were made according to the (half-)cell setup described in
Figure 1a. In these cells, only Ni foam was used to serve as cur-
rent collector on the Na-BP compartment (although Na-PB acts
as the positive electrode in these cells, it is still referred to as
the anolyte). Initially, Na-BP was desodiated at 0.25 mA cm™
up to 1.0 V in order to determine the capacity delivered from
the Na-BP in its initial state. This test revealed a total capacity
of 2.8 mAh (i.e., 1.4 mAh cm™%; Figure 3b). In the following
step, however, the sodiation was pushed to 3.5 mAh (ie,
175 mAh cm™?), corresponding to 25% more than the intrinsic
Na-BP capacity. The half-cell was then desodiated, sodiated, and
desodiated again with a 3.5 mAh fixed capacity in each step.
In agreement with the previous findings (Figure 1c), the sodia-
tion occurs largely along a rather flat discharge plateau with an
average voltage of about 0.13 V, corresponding to the formation
of Na-BP in the anolyte, followed by a very flat voltage plateau at
about —0.06 V, associated with the sodium metal plating on the
Ni foam current collector. Upon the subsequent desodiation,
the appearance of a flat voltage plateau at about 0.06 V indicates
the reversible sodium metal stripping, followed by a sloped
charge plateau with an average voltage of around 0.25 V asso-
ciated to the Na-BP consumption to form biphenyl. The high
reproducibility of the desodiation curves in Figure 3b, reveals
the high reversibility of the overall Na-storage process. The two
processes appear to be very well distinguishable with the voltage
profile signatures of the Na-BP anolyte and the sodium plating/
stripping being very well separated from each other. Remark-
ably, the “plating/stripping plateau” indicates that the Na-BP
molecules may act as Na* mediator/carrier for the plating/strip-
ping process, indicating that the Na-BP anolyte can play the car-
rier role for both the Na-ions and electrons (Figure 3c).

To further test the possibility of realizing Na-metal-free
anode cells (Ni foam|Na-BP|[NASICON|seawater|carbon felt),
the electrochemical processes occurring in the negative com-
partment during charge and discharge are

Charge: Na* + BP (sol) followed by Na*+e~ — Na (s)
+ e — Na-BP (sol)
Discharge: Na-BP (sol) = followed by Na (s) > Na*+e”

Na*+ BP + e~

while those occurring in the positive compartment are
described above.

As demonstrated in Figure 4a, such a full-cell shows
highly reversible cycling with a total capacity of 4.0 mAh
(=2.0 mAh cm™?).
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Figure 4. a) Galvanostatic dis-/charge profiles for a seawater battery-type
full-cell employing Na-BP in DEGDME as anolyte at a current density of
0.5 mA cm™2 (discharge cut-off: 1.0 V). b) Electrochemical performance
of the seawater battery-type full-cell, plotting the dis-/charge capacity
and coulombic efficiency versus the cycle number (current density:
0.5 mA cm™2; see also (a) for the corresponding dis-/charge profiles for
selected cycles).

In more detail, from the first discharge step, the capacity
contributed by the Na-BP anolyte is determined to be 2.4 mAh
(= 1.2 mAh cm™). Upon the first charge the sodiation of the
negative electrode is pushed to a total capacity of 4.0 mAh,
with the extra capacity being achieved via the sodium metal
plating on the Ni foam current collector of =1.6 mAh (ie.,
0.8 mAh cm™). The slope of the voltage profiles upon charge
of the cells appears more pronounced—presumably due to the
concomitant overvoltage at the nonoptimized cathode current
collector (the carbon felt). This is also indicated by the increase
in polarization and the average coulombic efficiency of 96.5%,
revealing the occurrence of some irreversible processes in
the full-cell (Figure 4b). Nonetheless, the Na-BP anolyte has
a highly advantageous impact on the full-cell cycling as com-
pared to standard electrolytes such as 1 M NaOTF in TEGDME
(Figure S2c, Supporting Information). Additionally, two rate
performance tests were conducted to compare the Na-BP
anolyte and the NaOTF-based reference anolyte. The first con-
sisted in executing the polarization curve on two cells, each

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Comparative in situ DEMS analysis of Na|Na-BP|seawater and Na|NaOTF|seawater cells, applying a current density of 0.25 mA cm™2 for the
charge and discharge (each 10 h). a) Schematic illustration of the cell setup for the DEMS analysis. b,c) The corresponding voltage profiles for the
Na-BP and NaOTF comprising cells, respectively. d,e) The gas evolution occurring for the Na-BP and NaOTF containing cells, respectively.

containing one of the two anolytes, and sodium metal anode at
a scan rate of 0.05 mA s As shown in Figure S3a of the Sup-
porting Information, the Na-BP anolyte yields to a maximum
output power of =54 mW cm™2, which is higher than that of
the NaOTF-based reference anolyte (=5 mW cm™2). Also, the
rate capability test of an anode-free, seawater cell employing
the Na-BP anolyte was performed. As shown in Figure S3b of
the Supporting Information, the Na-BP anolyte exhibits revers-
ible and stable voltage profiles even under higher currents
(from 1 to 3 mA). In fact, the Na-BP anolyte enables lower
voltage hysteresis and higher capacities with higher reversibility
(over 80 cycles in Figure 4b, and over 1000 h in Figure S4a,
Supporting Information, and over 360 cycles in Figures S4b,c,
Supporting Information, respectively) thanks to the sodium
storage capability of the anolyte and its “mediating” function
for the sodium metal plating and stripping (Figure 3c).

To further highlight the beneficial effects of Na-BP, a com-
parative differential electrochemical mass spectrometry
(DEMS) analysis of the Na-BP anolyte and the NaOTF-based
reference electrolyte was executed. The tests were performed
in cells with a very similar design as the seawater full-cells

Adv. Funct. Mater. 2020, 2001249 2001249 (6 of 9)

(Figure 5a). These cells were charged and discharged repeatedly
(see Figure 5b,c) while detecting the gas formation in the nega-
tive compartment (see Figure 5d,e, respectively). As apparent
from Figure 5d, the cell comprising the Na-BP anolyte does not
show any significant gas evolution, while the cell containing
the NaOTF-based electrolyte reveals a substantial hydrogen
evolution—especially during the second charge (Figure 5e),
which also explains the rather noisy voltage profile (Figure 5c).
The formation of hydrogen is commonly assigned to the reac-
tion of trace water with the sodium metal anode or, potentially,
some decomposition of the electrolyte.3] The fact that the
Na-BP containing cell does not show such a hydrogen evolu-
tion, thus, indicates a superior stability of the electrolyte and
a potential H,0-scavenging effect of the Na-BP molecules.!%
This effect was further confirmed by assembling flexible pouch-
type cells for which the volume expansion due to gas forma-
tion can be easily followed by visual observation (although in a
qualitative manner). Cycling these cells under the same experi-
mental conditions used for the DEMS experiments, a substan-
tially improved lifetime was observed for the cell comprising
the Na-BP anolyte, while the cell containing the NaOTF-based

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

o
N

Voltage / V vs. Na/Na*
o °
N o

—— NaOTF
0.4 4 . . . . |
0 50 100 150 200 250 300
Testtime/h

(d) .. (e) ..

. .

© ©

£ o2 £ o2

< ©

z z

] o

> >

S 00 S 00

@ Q

o o

S o2 £ o2

o o

> — Na-BP > —— NaBP

~—— NaOTF ——— NaOTF
-0.4 0.4 +
[ 2 4 6 8 10 15 20 25 30

Testtime/h

Testtime/h

Figure 6. SEM images of Cu electrodes with plated Na metal, employing a) the Na-BP-based anolyte or b) T M NaOTF in TEGDME as electrolyte (cur-
rent density: 0.25 mA cm™2; plating time: 6 h) with photographs of the corresponding electrodes as inset. c) Sodium stripping/plating experiments for
symmetric Na|anolyte/electrolyte|] NASICON|anolyte/electrolyte|Na cells employing either Na-BP in DEGDME (in black) or 1 M NaOTF in TEGDME (in
red) at a current density of 1 mA cm=2 with a stripped/plated capacity of 0.5 mAh cm™ for each step. d,e) Magnification of the (d) initial and (e) fol-

lowing stripping/plating cycles upon the first 30 h of the experiment.

electrolyte faded after less than 17 cycles (Figure S5a, Sup-
porting Information) due to the severe gas evolution and,
hence, volume expansion of the cell (Figure S5b). The same did
not occur for the cell employing the Na-BP anolyte.

An additional advantageous effect of the Na-BP anolyte is
observed when studying the sodium metal deposition on Cu
foil by means of ex situ scanning electron microscopy (SEM).
In the case of Na-BP, the plated sodium metal grains are much
larger in size (Figure 6a; Figure S6a, Supporting Informa-
tion) compared to the Na metal grains obtained when using
1 M NaOTF in TEGDME (Figure 6b; Figure S6b, Supporting
Information), suggesting that the nucleation barrier is lower
in case of the NaOTF-based electrolyte which favors the deposi-
tion of rather small Na metal grains.' The overpotential for
the sodium metal deposition, however, is higher in case of
the NaOTF-based electrolyte, as revealed by plating/stripping
tests in symmetric Nalanolyte/electrolyte] NASICON|anolyte/
electrolyte|Na cells (Figure 6¢; this setup has been used to avoid
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any potential short circuit in case of the electronically con-
ductive Na-BP anolyte). For the NaOTF-based cell, it is about
270 mV compared to 220 mV for the Na-BP comprising cell for
the initial 10 stripping/plating cycles (Figure 6d). While it sub-
sequently remains essentially constant for the latter for several
hundred hours, the cell with the NaOTF-based electrolyte is
fading rapidly soon after (Figure 6¢,e) and the voltage response
becomes very unstable and noisy, indicating an unstable SEI
and massive Na dendrite growth.®! As a matter of the fact, the
Na dendrite growth with the NaOTF-based electrolyte is clearly
observed using an in-house developed, transparent quartz cell
incorporating a sodium metal counter and working electrode
(Figure S7a, Supporting Information). Upon the application of a
constant current of 1.6 mA cm™2, needle-like sodium dendrites
have reached the opposite electrode are observed after only
60 min, which resulted in the cell short circuit (see Figure S7b,
Supporting Information, for a series of photographs to track
the evolution of the needle-like dendrite growth).

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Finally, one may add that the Na-BP anolyte, different from
other highly concentrated anolyte/electrolyte systems, also pro-
vides a substantial cost advantage compared to, e.g., 1 M NaOTF
in TEGDME, with a six times lower price when considering the
cost of the given components (Figure S8, Supporting Informa-
tion), thus, rendering this system highly promising for com-
mercial applications.

3. Conclusion

Na-BP in DEGDME is a very powerful and cost-efficient anolyte
system for sodium metal batteries like the seawater battery,
given that an additional electronically insulating electrolyte
layer is employed. Such an anolyte prevents hydrogen evolu-
tion, shows rather low sodium storage overpotentials, sup-
presses needle-like sodium dendrite growth, and allows for
stable cycling of symmetric Na/Na cells and sodium-seawater
battery full-cells. Remarkably, Na-BP does not only add to the
capacity obtained by sodium metal deposition, but alters the
dis-/charge mechanism by acting as a “mediator/carrier” for
the sodium transport in the negative electrode compartment
thanks to its simultaneous ionic and electronic conductivity.
These results make it an ideal candidate for the realization of
cost-efficient and long-term stable large-scale electrochemical
energy storage devices.

4. Experimental Section

Preparation of Na-BP Solution: The Na-BP solution was prepared as
it follows: DEGDME (Sigma-Aldrich, 99%) was dried over a molecular
sieve (Samchun chemical, 4 A 8-12 mesh) to remove residual water
for three days. Subsequently, biphenyl (BP; Sigma-Aldrich, 99.5%)
was added into the dried DEGDME solvent to obtain a 1 m solution.
The 1 M BP-DEGDME solution was stirred over 10 h before adding the
corresponding molar amount of sodium metal (Acros Organics, 99.8%).
This step includes a charge transfer reaction,[™l resulting in the formation
of the targeted alkali metal-biphenyl-ether solution (1 M Na-BP-DEGDME
or Na-BP). To ensure the complete formation of Na-BP, additional Na
metal (=0.5 M) was added. The final Na concentration of the resulting
solution was determined to be 1.1 M by means of inductively coupled
plasma optical emission spectroscopy, herein referred to as saturated
Nag,-1 M BP-DEGDME. As the single components as well as the final
solution are sensitive to water, all preparation steps were performed in a
glove box with a H,0 and O, content of less than 1 ppm.

Physicochemical Characterization: The morphology of the Na metal
plated on Cu foil was studied by ex situ SEM (Hitachi S-4800) and
the elemental analysis was carried out by energy-dispersive X-ray
spectroscopy. Prior to the analysis, the Cu electrodes were rinsed with
1,2-dimethoxyethane to remove the remaining anolyte/electrolyte.

Electrochemical Characterization: The electronic and ionic conductivity
was determined using a portable conductivity meter (Eutech CON 150
Conductivity meter, EUTECH). For the half-cell tests, the Na-BP solution
was employed as working electrode with Na metal serving as counter
and reference electrode, separated by a NASICON (NasZr,Si,PO;;)
solid-state electrolyte (obtained from 4 TO ONE Energy). As
nonaqueous electrolyte for the sodium metal electrode, 1 M sodium
trifluoromethanesulfonate (NaOTF; Tokyo Chemical Industry, >98%)
in TEGDME (Sigma-Aldrich, >99%) was used. The latter was dried
over a molecular sieve for three days to remove residual water—just
like the DEGDME utilized for the preparation of the Na-BP solution.
Galvanostatic cycling was conducted on a WonATech WBCS 3000 battery
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tester within a potential range of 0.0-1.0 V. For the SWB full-cells, natural
seawater comprising about 0.47 m NaCl was employed as catholyte and
a carbon felt (4 x 4 cm) served as current collector. 2465-type seawater
coin cells and seawater flow cell testers were supplied by 4 TO ONE
Energy. For a comparative investigation, the Na-BP solution was used
either as “liquid anode” or as anolyte in combination with Na metal.
Galvanostatic cycling was performed by charging the cells to a certain
capacity cut-off and discharging it to a voltage cut-off of 2.0 V (in
case of the “liquid anode”) or 1.0 V (in case of the Na-BP anolyte in
combination with sodium metal). ITIC measurements were conducted
to differentiate between the ionic and electronic conductivity, applying
a constant voltage of 0.1 V. The resulting currents related to the ionic
and electronic conductivity were measured for 1 h using a Biologic
VSP-300 potentiostat. EIS was conducted using the same potentiostat.
Symmetric Nalelectrolyte|NASICONl|electrolyte|Na cells were subjected
to plating/stripping tests at a current density of 1 mA cm™2 with a total
capacity transfer of 0.5 mAh cm™. In situ DEMS cell analysis was used
to monitor gas evolution applying a current density of 0.25 mA cm=2 for
the charge and discharge (each 10 h). The gas evolution in the cell was
probed in 10 min intervals. All cells were assembled in an argon-filled
glove box with less than 1 ppm of both oxygen and moisture.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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