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ABSTRACT

Rechargeable sodium-based seawater batteries (SWBs) that store energy in the form of metallic Na at the anode require cathodes
laden with bifunctional electrocatalysts that can efficiently perform the otherwise kinetically sluggish oxygen evolution (OER)
and reduction reactions (ORR). Here, we report the systematic evaluation of NiFe layered double hydroxides (NiFe-LDHs) as
suitable bifunctional electrocatalysts for use in rechargeable SWBs. NiFe-LDHs with various Ni/Fe ratios were synthesized using a
hydrothermal approach to ensure spherical particle morphologies comprising of flowerlike nanosheets pattern on the surface with
high surface area of ~63 m”/g. The electrocatalytic activities and operational stabilities of these synthesized catalysts were evaluated
using linear sweep voltammetry and chronopotentiometry in both simulated seawater and natural seawater. The LDH catalysts
evaluated in our study showed comparable catalytic behavior in simulated seawater, whereas in natural seawater, performances
drastically varied. Additionally, the best performing catalyst was tested in a dual compartment Na seawater cell, demonstrating
successful sequential OER and ORR operation in natural seawater. Overall, this study highlights the potential of NiFe-LDH
bifunctional electrocatalysts for rechargeable Na-based seawater batteries and elucidates the feasibility and design parameters of

such catalysts for effective OER and ORR activity in conditions employing natural seawater in SWBs.

1 | Introduction

Battery energy storage systems (BESS) are essential to store and
deliver electrical energy on demand as well as offset the energy
fluctuations caused by integration of renewables to the power
grid, which are, generally, intermittent and weather dependant [ 1,
2]. Li-ion batteries are ideal BESS candidates as they deliver high
energy density and long cycle life [3-5]; however, the supply chain
constraints and limited availability of critical materials (Li, Ni, Co)
in combination with the rapidly increasing demand for electric
vehicles and portable devices [5-7] have thrust upon us the need
to explore other low-cost and earth abundant alternatives to Li-ion
systems [8, 9].

In this quest, dual compartment rechargeable seawater batteries
(SWBs) that utilize Na* ions from seawater [10, 11] to store and

deliver energy on demand has been gaining traction in the R&D
space as a viable alternative. A schematic representation of such
a system is shown in Figure 1a. The rechargeable SWB consist of
an anode and a cathode compartment separated by a membrane/
plate/separator which forms the linchpin of this device. The
anode compartment comprises of an organic electrolyte, while
the cathode compartment enables the use of aqueous electrolytes
including natural seawater. The membrane/plate/separator that
separates these two compartments needs to conduct only Na* ions
through while being inert to both organic and aqueous electro-
lytes on either side. Over the past decade, ceramic sodium superi-
onic conductors (NASICON) solid electrolytes have been actively
explored in the field of solid state batteries owing to their high
Na* conductivities (~107to 10™*Scm ™" at room temperature) and
excellent structural stabilities [12, 13]. NASICON solid electrolyte
ceramics are ideal for use in these rechargeable seawater batteries,
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and they have been widely reported to show excellent stabilities
in both organic and aqueous electrolytes [14-16]. Energy in these
SWB devices is usually stored in the form of Na metal plated at the
anode [17, 18]. While the Na* ions shuttle to and fro between the
anode and cathode compartments through the NASICON solid
electrolyte, oxygen evolution (charging) and oxygen reduction
(discharging) reactions occur at the cathode. The half-cell and
overall reactions are as follows:

Anode:Na* +e” < Na  E°=-2.25V versus RHE (1)

E° =1.23V versus RHE
©)]

Cathode: 0, + 2H,0 + 4e~ < 40H"

Overall reaction: 4Na + 2H,0 + O, <> 4NaOH

0 + 3)
E° =3.48V versus Na/Na
These OER and ORR reactions have sluggish rates, and therefore,
it is imperative that a bifunctional catalyst that is active for both
oxygen evolution and reduction reactions is required to obtain
improved performance of the SWB battery.

In the field of electrocatalysis, Pt/C and RuO,/IrO, are the state of
art for ORR and OER, respectively. However, their high cost and
low activity for the simultaneous forward and reverse reactions
restrict their application towards such large-scale energy storage
systems like the SWBs [19]. Alternatively, transition metal-based
layered double hydroxides are considered a comparable low-cost
alternative to noble metal based electrocatalysts for ORR and OER
activities [20-23]. In this regard, NiFe layered double hydroxides
(NiFe-LDH) is a widely explored bifunctional transition metal
based electrocatalyst that boast comparable lower cost, tunable
chemical compositions and good catalytic activity in alkaline
environments [24-27] and also seawater [28, 29].

Here, in this study, the potential of NiFe layered double hydrox-
ides (NiFe-LDHs) as electrocatalyst for rechargeable Na-based
seawater battery has been systematically investigated. NiFe-LDHs
with various Ni/Fe ratio were synthesized using hydrothermal
process to achieve compact spherical morphologies with flower-
like surface LDH [24, 30]. The electrocatalytic activity toward
sequential OER and ORR were investigated in alkaline simu-
lated seawater [28, 31, 32] (which is what is usually reported in
literature) as well as natural unmodified seawater to elucidate
the performance in practical on-field conditions. Additionally,
the long duration stabilities of the prepared NiFe-LDHs were
evaluated, following which a rechargeable Na seawater battery
was assembled and tested using the best performing catalyst
composition. Broadly, through this study we highlight the poten-
tial of NiFe-LDHs as a cost-effective and stable electrocatalyst
for sequential ORR and OER activities in rechargeable Na based
seawater batteries.

2 | Results and Discussion

The crystal structure of the NiFe-LDHs synthesized using
the hydrothermal process was characterized using X-ray
diffraction technique (XRD). Figure 1b shows the diffraction
pattern of the prepared LDHs with various Ni/Fe ratios.

The diffractograms revealed that Ni(OH), and FeOOH crys-
tallized in R-3m and I 4/m space groups. The prepared
NiFe-LDHs has diffraction pattern similar to that of
Nig 75Feg 25(CO3)g.125(0H),.0.38H,0 [24]. The major diffraction
peaks of the NiFe-LDHs at 11.7°, 23.5° 34.6°, 39.0°, and
59.9° correspond to the (003), (006), (012), (015) and (110)
planes. With increase in Fe content, new peaks emerge in the
diffraction pattern due to the presence of f-FeOOH phase.
The peaks at 17.0° 27.1° 35.5° and 56.5° correspond to the
(200), (130), (211), and (251) crystal planes of p-FeOOH phase.
f-FeOOH phase in NiFe-LDH has been reported previously
to increase the electrocatalytic activity, through the formation
of B-Ni(Fe)OOH phase [33]. The observed XRD patterns are
comparable to standard patterns thus confirming the formation
of crystalline NiFe-LDHs through our hydrothermal process.
As surface area is an important parameter for catalysts, BET
surface area analysis was performed, and Figure 1c shows the
comparison of BET isotherms of hydrothermal synthesized
NiFe-1:2 and commercially procured 20% Pt/C as a control.
The figure inset shows the comparison of BET surface area
of the same. N, adsorption/desorption curve of the NiFe-1:2
shows characteristics of type IV isotherm with H3 hysteresis
loop [34] indicating that NiFe-1:2 is mesoporous and the BET
surface area of the NiFe-1:2 was calculated to be ~63m*/g
which is twice as high as that of commercially procured 20%
Pt/C (38 m*/g).

Morphological characterization of the prepared NiFe-LDH
was performed using Scanning Electron Microscopy (SEM).
The electron micrographs shown in Figure 1d,e reveal that
the hydrothermal synthesized NiFe-LDH exhibit spherical
morphologies and the spheres are observed to comprise inter-
connected nanosheets of NiFe-LDH. The presence of these
interconnected nanosheets is expected to increase the number
of electrocatalytically active sites resulting from the exposed
large surface area as evidenced through the BET surface area
analysis. Further, to analyze the distribution of metal ions, EDS
mapping was performed. The elemental mapping of the NiFe-
LDH sphere shown in Figure 1f reveals uniform distribution
of the Ni, Fe, and O atoms across the sphere, thus confirming
no segregation of the metal atoms. Further investigation of
the surface of NiFe-LDH was carried out using transmission
electron microscopy (TEM). Figure 1g shows the TEM image
which highlights the well-defined spherical particles of the
hydrothermal synthesized NiFe-LDH made of clusters of nano-
sheets. Further, the selected area electron diffraction pattern
shown in Figure 1h depicts 3 well defined concentric rings,
corresponding to the (012), (015), and (110) planes, confirming
high crystallinity of the synthesized NiFe-LDH.

Following the material and morphological characterizations, the
NiFe-LDH catalysts were subjected to electrochemical perform-
ance assessment in controlled 3-electrode setups similar to those
reported widely in literature. The electrocatalytic performance
of the NiFe-LDHs were investigated by coating the catalysts on
carbon cloth and subjecting them to linear sweep voltammetry
(LSV) tests in alkaline simulated seawater (3.5% NaCl in 1M
KOH, widely reported in literature) in a three-electrode system
as shown in Figure 2a. The electrocatalytic performance of bare
carbon cloth and commercial prevalent catalysts; for example,
20% Pt/C, and IrO, were also measured as controls. LSV tests were
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FIGURE 1 | (a) Schematic representation of a rechargeable Na-based seawater battery with the NiFe-LDH electrocatalyst. (b) X-ray diffraction
pattern of the synthesized LDHs. (c) comparison of BET isotherms of NiFe 1:2 and 20%Pt/C (inset comparison of surface area calculated). SEM
images illustrating (d) spherical morphology. (e) Nanosheets of LDH. (f) EDS elemental mapping of NiFe-LDH. (g) TEM images. (h) SAED pattern
of the synthesized NiFe-LDH.

conducted to analyze the electrocatalytic activity of the prepared catalytic activity (Figure 2b). Comparison of the overpotential (1)
LDHs toward both oxygen evolution and oxygen reduction reac- at 5mA/cm’ (Figure 2c) revealed that OER overpotentials for the
tion in sequential manner to explore the bifunctional nature of the prepared LDHs NiFe 2:1 (1ogg - 280 mV), NiFe 1:1 (1ogg - 297 mV),
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FIGURE 2 | (a) Schematic representation of a three-electrode setup. (b) Comparison of LSVs of different electrodes. Tafel slopes of (c) OER
and (d) ORR. (e) Comparison of overpotential at 5mA/cm? in 1M KOH + 3.5% NaCl solution. (f) Schematic representation of three-electrode setup.
(g) Comparison of LSVs of different electrodes. Tafel slopes of (h) OER and (i) ORR. (j) Comparison of overpotential at 5mA/cm? in seawater from
the Bay of Bengal.

and NiFe 1:2 (5opr — 300mV) were lesser than that of Ni(OH), art oxygen evolution catalyst IrO, (17ogr — 270 mV). However, the
(noer — 325mV), and FeOOH (7opg — 318 mV). The OER activity ORR overpotential of the LDHs NiFe 2:1 (1ogg — 533 mV), NiFe 1:1
of the prepared NiFe-LDHs were comparable to that of state of  (7ogg — 534 mV), and NiFe 1:2 (org — 582 mV) were significantly
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higher than that of state of art oxygen reduction electrocata-
lyst 20% Pt/C (450mV). The control test using carbon cloth
showed very high overpotential for OER (nogr - 616 mV) and
no activity for ORR. Further, the reaction kinetics of the
prepared electrodes were analyzed using Tafel plots obtained
from the LSV tests. Figure 2d,e shows the comparison of
Tafel slopes for OER and ORR reactions in alkaline simu-
lated seawater. The prepared NiFe-LDHs NiFe 2:1 (29 mV/dec),
NiFe 1:1 (37 mV/dec), and NiFe 1:2 (52 mV/dec) exhibited lower
Tafel slopes than Ni(OH), (110 mV/dec), IrO2 (89 mV/dec) indi-
cating that the NiFe-LDHs have faster charge transfer and kinetic
reaction rate for oxygen evolution reaction. Similarly, for the
oxygen reduction reaction the prepared NiFe-LDHs, NiFe 2:1
(61 mV/dec), NiFe 1:1 (77 mV/dec), and NiFe 1:2 (80 mV/dec)
exhibit comparable Tafel slopes to that of 20% Pt/C (60 mV/dec).
The electrocatalytic activity is comparable to other OER/ORR
bifunctional electrocatalyst (Table S1) [26, 35-39]. These results
confirmed that the prepared NiFe-LDHs showed good electroca-
talytic activity toward both OER and ORR highlighting their
excellent bifunctional catalytic activity.

Though the testing of the LDHs in simulated solutions with known
concentration of ions provides us information on the catalytic
behavior, the end goal of the synthesized bifunctional catalysts
(NiFe-LDH in this case) is to be used as electrocatalysts in recharge-
able Na based seawater batteries utilizing natural unmodified
seawater akin to on field conditions. Therefore, the electrocatalytic
activity of the NiFe-LDHs were investigated in natural unmodi-
fied seawater collected from the Bay of Bengal (GPS Coordinates,
13.047509, 80.283310; closest city, Chennai, India near Indian
Ocean). The linear sweep voltammetry (Figure 2g) were performed
in a three-electrode system similar to that used previously for alka-
line simulated seawater as shown in Figure 2f. The collected natural
seawater was used directly without any pretreatment (pH~7).
Comparison of the overpotential at 5mA/cm” (Figure 2h) revealed
that, out of the various compositions of NiFe-LDHs prepared, NiFe
1:2 had lower overpotential for OER (#ogg — 380 mv) which is similar
to that of IrO, (170gx — 360mV). For the oxygen reduction reactions,
Ni(OH), showed very high overpotentials, FFOOH, NiFe 2:1 and
NiFe 1:1 showed no activity. However, NiFe 1:2 (5ogz — 990mV)
showed measurable catalytic activity which is comparable to that
of 20% Pt/C (norr — 725mV). Further the Tafel slopes for NiFe 1:2
(nogr - 111 mV/dec and 5ogg — 193 mV/dec) was comparable to that
of IrO, (7org — 132mV) and 20% Pt/C (org — 123 mV/dec). The
exact reason for this trend requires further investigations and could
be a result of interference from other ions/salts present in natural
unmodified seawater. Nevertheless, in light of the trends obtained,
the NiFe layered double hydroxide with Ni/Fe ratio 1:2 was selected
for further evaluations.

The stabilities of the synthesized NiFe-LDH catalysts were
evaluated using chronopotentiometric tests in a two electrode
symmetric cell set up in which oxygen evolution reaction takes
place at the anode and oxygen reduction reaction takes place
at the cathode, thus simultaneously ORR and OER activity of
the bifunctional catalyst were tested. The long-term stability
of NiFe 1:2 electrocatalyst was tested in alkaline simulated
seawater as shown in Figure 3a ata current density of 0.1 mA/ cm’.
Comparatively, commercially procured control: 20% Pt/C showed
higher potential till 50h of operation following which the poten-
tial dropped significantly, possibly due to the activation of the

catalyst, whereas NiFe 1:2 showed stable voltage for 100h of
continuous operation and the potential throughout was similar
to the potential of 20% Pt/C after 50 h. The electron micrographs
Figure 3a inset (i), (ii), and (iii) show that the catalysts in
both anode and cathode showed no significant degradation or
cracking, highlighting the excellent structural and morphological
stabilities of the NiFe-LDH electrocatalysts for long duration
applications. Further, chemical stability of the catalyst after 100h
of operation was analyzed using XPS. The XPS spectrum of Ni 2p
of both the cathode Figure 3c and anode Figure 3d after 100h of
continuous operation showed intense peaks around 855eV and
873 eV which correspond to the Ni 2p;,, and Ni 2p,, j—j coupling
of Ni** oxidation state, respectively, and the peaks at 861 and
879V are satellite peaks. The Fe 2p spectrum of the cathode was
deconvoluted into four peaks as shown in Figure 3c, of which
the peaks at 711 and 724eV correspond to the Fe 2p;/, and Fe
2p1,»j—j coupling of the Fe** oxidation state, and the peaks at 719
and 730eV are satellite peaks. The Fe 2p spectrum of the anode
(Figure 3d) after 100 h of continuous operation was deconvoluted
into three peaks, Fe 2p;/, peak at 711¢eV, satellite peak at 717¢€V,
and a broad peak at 725eV. The O 1s spectra of both the anode
and cathode were deconvoluted into three peaks around 530.6,
532, and 535eV as shown in Figure 3c,d. The intense peak at
530.6eV corresponds to the M-OH oxygen present in the sample
confirming that the material has not undergone any significant
structural change at the surface where the catalytic reactions
occur. The peak around 532eV corresponds to adsorbed water
molecules present in the sample, and the broad peak at 535eV
correspond to Na KLL auger electrons.

The chronopotentiometric stability test confirmed that the mate-
rial was stable for both oxygen evolution reaction (anode) and
oxygen reduction reaction (cathode) for 100 h of continuous oper-
ation, however, when used in rechargeable batteries the material
would undergo repeated charging and discharging reactions in a
cyclic manner. Therefore, to understand the cycling stability, 50
cycles of chronopotentiometry with 1h of positive current and
1h of negative current was performed mimicking a galvanostatic
charge discharge test done on a rechargeable battery. Figure 3e
shows that NiFe 1:2 initially gets activated showing comparatively
lower potential than 20% Pt/C between 10 and 40h; however,
the activity gradually stabilizes after 20 cycles, whereas 20% Pt/C
progressively gets activated and exhibits lower overpotential on
subsequent cycles. The XPS spectra were collected on the cycled
electrodes as well and are as shown in Figure 3f. The Ni 2p
spectra was same as previous and was deconvoluted with four
peaks around 855, 861, 873, and 878eV. The Fe 2p spectra was
deconvoluted to four peaks as well with peaks at 711, 716, 724.8,
and 729.6eV. The XPS pattern confirmed that Nickel and Iron
have the same 2+ and 3+ oxidation states after cycling stability test
aswell. The O 1s spectra showed three distinct peaks at 530.7, 532,
and 535eV corresponding to M-OH, adsorbed water molecules,
and Na KLL auger peak. Thus, confirming that the material is
stable under cycling conditions as well.

Next, the same electrochemical stability tests were performed
with natural unmodified seawater to understand the robustness of
our NiFe-LDH catalysts for potential use in Na seawater battery.
The chronopotentiometric stability tests were performed in a
2-electrode setup as shown in Figure 4b. Figure 4a depicts that
NiFe 1:2 had a constant overpotential throughout the 100h of
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FIGURE 3 | (a) Comparison of chronopotentiometric stability of NiFe 1:2 and 20% Pt/C in alkaline simulated seawater. (b) Experimental setup;
post-chronopotentiometry XPS of NiFe 1:2. (c) Cathode. (d) Anode. (e) Galvanostatic charge discharge profile of NiFe 1:2 and 20% Pt/C in alkaline
simulated seawater. (f) Post-GCD XPS of NiFe 1:2 electrode.

continuous operation. However, 20% Pt/C initially showed low  was higher than that of 20% Pt/C as expected. Figure 4c shows
overpotential, but after 60 h the overpotential increased and stabi- the optical image of the tested cathode and anode which revealed
lized around 1.5V. The overpotential of the system with NiFe 1:2 deposits of thick layer of white powder on the cathode, while that
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FIGURE4 | (a)Comparison of chronopotentiometric stability of NiFe 1:2 and 20% Pt/C in natural unmodified seawater collected from the Bay of
Bengal. (b) Experimental set up; postchronopotentiometry EDS mapping. (c) Cathode. (d) Anode. (e) Galvanostatic charge discharge profile of NiFe
1:2 and 20% Pt/C in actual seawater from the Bay of Bengal. (f) Post-GCD SEM/EDS of NiFe 1:2 electrode.

of anode did not show any deposits. Electron micrographs and
EDS mapping (Figure 4d) were performed on the tested cathode
and anode to analyze the structural stability of the electrocatalyst
and composition of the deposits. The SEM image of the anode
shows that the catalyst is intact; however, it is covered by deposits
and the SEM image of the cathode shows thick continuous deposit

completely covering the cathode material. The EDS mapping
of the cathode revealed that the deposit is mostly made up of
Mg and O. The surface of the anode revealed presence of Na
and Cl expected on the surface of the catalyst particles. Further,
cycling stability of the electrocatalysts in natural seawater was
analyzed in a similar manner to that tested for alkaline simulated
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FIGURE 5 | (a) Schematic representation of assembled seawater cell; (b) galvanostatic charge discharge of the assembled seawater cell with
inhouse developed NiFe 1:2 electrocatalyst in actual seawater collected from the Bay of Bengal; and (c) cycling stability of NiFe 1:2 in 3.5% NaCl

solution.

seawater. As shown in Figure 4e, both NiFe-LDH and 20% Pt/C
exhibited similar profiles during charging and discharging with
20% Pt/C exhibiting slightly lower overpotential. This suggests
that NiFe-LDH and 20% Pt/C have comparable activity on long
time cycling at 0.1 mA/cm® and hence NiFe-LDH can be used
as a viable alternative. The EDS mapping of the cycled electrode
(Figure 4f) revealed deposits of chlorides and oxides of Na and
Mg, which are the predominant cations present in the seawater
(Table S2), on the surface of the NiFe-LDH catalyst. Similar
deposits were found on the 20% Pt/C as well. These salt deposits
can grow on continuous operation and eventually block the
OER/ORR sites. However, the growth of such deposits can be
prevented by employing a continuous flow system, where the
flowing solution would remove the salt deposits over the catalysts
or feeding demineralized water or low concentration solutions
to dissolve the deposits [40]. Techniques similar to descaling of
membranes can also be used to remove deposits over catalyst.
Ultrasound creating acoustic cavitation can be used to remove the
thick salt deposits [41, 42].

To demonstrate the potential of NiFe LDH as an electrocatalyst
in an Na-based rechargeable seawater battery, as shown in
Figure 5a, a seawater cell with anode compartment (procured
from 4toONE) consisting of Al current collector, separator
soaked with organic electrolyte and NASICON solid electrolyte
ceramic disc was assembled with the in house developed NiFe
1:2 electrocatalyst immersed in natural seawater. The assem-
bled cell had an OCV of 1.5V, and Figure 5b shows the charge
discharge profile of the assembled seawater cell. The cell was
charged continuously with a current density of 0.1 mA/cm?
for 8 h, mimicking the solar cycling with sunlight availability
between 8am and 4 pm in India (assuming conditions where
solar charging is employed for potential Behind the meter
storage applications). The charging voltage was close to 4.2V
and was stable throughout the charging. However, during
discharging, the voltage dropped from 3V in the 1st hour and
was stable at 2V for 3.5h before dropping to lower cut-off
voltage. The energy delivered by the SWB in this specific config-
uration was determined to be 29.5 mWh (prototype cell which
requires further optimization). Nevertheless, the NiFe catalyst
was successfully employed in a rechargeable SWB battery with
a prototype lab scale configuration where successful ORR
and OER activity was observed highlighting the potential of
these bifunctional catalysts. In addition, the cycling stability

of NiFe catalyst in seawater battery was tested in simulated
seawater (3.5% NacCl), at current density 0.1 mA/cm?, with
1h of charging and discharging duration. The assembled cell
showed stable cycling for 20 cycles and delivered a constant
discharge voltage of 2.6 V (Figure 5c).

3 | Conclusion

To realize practical, field deployable rechargeable Na-based
seawater battery systems, bifunctional electrocatalysts that are
stable in natural seawater are vital. Here, we have systematically
evaluated NiFe-LDHs as a stable electrocatalysts for recharge-
able seawater batteries using natural unmodified seawater. Using
hydrothermal synthesis NiFe-LDHs of various Ni/Fe ratios were
successfully synthesized and characterized of compositional homo-
geneity and crystallographic phase purity. The synthesized LDHs
exhibited spherical morphologies comprising of flower-like surface
nanosheets of Ni/Fe boasting a BET surface area of ~63m?/g.
Electrochemical performance evaluation of these materials were
performed in alkaline simulated seawater and in natural seawater
to investigate the bifunctional electrocatalytic activity in controlled
conditions and in the presence of other ions in natural seawater
(mimicking on field conditions). The synthesized LDHs showed
comparable electrocatalytic activity in alkaline simulated seawater,
however from our evaluations, only the NiFe 1:2 composition
showed appreciable activity in natural unmodified seawater. The
Tafel slopes and overpotential @ 5mA/cm® of NiFe 1:2 for OER
and ORR in seawater were comparable to that of state-of-the-art
electrocatalysts, 20% Pt/C and IrO, which were used as controls in
our study. Further, stability studies in alkaline simulated seawater
revealed that the NiFe-LDH was stable and morphologically intact
even after 100h of continuous operation and cyclic operation.
However, in actual seawater, though NiFe-LDH had a constant
potential (~1.7V), it was significantly higher than that of 20% Pt/C
(~1.3V). Moreover, the electrodes were covered with thick salt
deposits which could completely shield the active sites. The EDS
mapping of the tested electrodes revealed that the deposits were salts
of Na and Mg ions predominantly. Further studies are required in
order to develop solutions to mitigate salt deposition at the cathode
side during operation of the seawater battery in on field conditions.
Furthermore, we assembled a rechargeable seawater battery (2V)
performed charge discharge tests to demonstrate the application
of the prepared NiFe-LDH as a viable electrocatalyst to perform
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sequential ORR and OER reactions. Broadly, our work highlights
the potential of NiFe-LDH as a low-cost alternative to noble metal
based electrocatalysts for rechargeable seawater battery, owing to its
sequential ORR and OER electrocatalytic activities.

4 | Experimental Section

4.1 | Synthesis of NiFe Layered Double Hydroxide
Particles

NiFe LDHs of various stoichiometric ratios (1:0, 2:1, 1:1, 1:2,
and 0:1) were synthesized using a one-pot hydrothermal method.
Stoichiometric amounts of Ni(NO;),-6H,0 (99%, Sisco Research
Laboratories. Pvt. Ltd), and Fe(NO;);-9H,0 (98%, Sisco Research
Laboratories. Pvt. Ltd) were dissolved in 50mL of DI water.
130mmol of urea (99%, Thermo Fisher Scientific India Pvt. Ltd)
and 27mmol of NH,F (99%, Spectrochem Pvt. Ltd) were added
to the mixture at room temperature to obtain a uniform solution.
The solution was made to 100 mL, then transferred to a 200 mL
Teflon-lined autoclave reactor which was then kept at 105 °C for
12h and naturally cooled. The solution was then centrifuged to
obtain NiFe LDH powders, which were then washed with DI
water and with ethanol, sequentially. The powders were then
dried under vacuum at 60 °C.

4.2 | Fabrication of Electrodes

NiFe-LDHs, Super P carbon (The Electrode Store (TES)), PVDF
(Solaf, TES), and carbon cloth (TES) were dried under vacuum at
60°C, overnight. Electrode ink was prepared using 8:1:1 ratio of
NiFe-LDHs (electrocatalyst):Super P (conducting carbon):PVDF
(binder), with n-methyl-2-pyrrolidone (Labkarts. Pvt. Ltd) as
solvent respectively. The ink was sonicated for 30 min to obtain
a uniform solution following which it was dropcast over carbon
cloth to obtain a final loading of 2mg/cm* 20% Pt/C (TES) and
IrO, (TES) were used as controls.

4.3 | Electrochemical Characterization

Electrochemical measurements were performed using Autolab
potentiostats/galvanostats (M204 and portable potentiostat),
in a three electrode setup, with the as prepared electrodes
as working electrode, Pt mesh (1cm X 1cm) as counter elec-
trode and Ag/AgCl in 3M KCl as reference electrode. The
electrodes were tested in 1M KOH+ 3.5% NaCl solution and
natural unmodified seawater collected from the Bay of Bengal.
Electrochemical Impedance Spectroscopy (EIS) measurements
were performed in the frequency range of 100kHz to 1Hz to
identify the solution resistance for IR drop correction. The
electrodes were activated using 10 cycles of cyclic voltammetry
(CV) at a scan rate of 50 mV/s in the respective electrolytes
before performing the electrochemical tests as shown in Figures
S2 and S3. Linear sweep voltammetry studies were performed
at a scan rate of 10mV/s and the obtained data were 80% IR
corrected. The potentials were converted to RHE using the
equation Exyp = Eag/agciin 3m ke +0.0591 X pH +0.210. The pH
for 1M KOH + 3.5% NaCl was 13.8 and for natural seawater was
6.9. Neware battery cyclers were used to perform the stability

tests and galvanostatic charge discharge cycle of seawater cell
and Autolab Potentiostat/Galvanostat was used to perform
the cycling stability tests in simulated seawater (3.5% NacCl).
The dual compartment Na Seawater battery was assembled
using 4ToONE seawater test jig. 2464 coin cells obtained from
4ToONE containing Al current collector, separator soaked with
non-aqueous electrolyte, and NASICON solid electrolyte, was
used as the anode compartment. Natural unmodified seawater
collected from the Bay of Bengal was used without any pre-
treatments in the cathode compartment.

4.4 | Material Characterization

The as synthesized NiFe-LDH and the fabricated electrodes (pris-
tine and tested) were characterized using techniques such as X-ray
diffraction (XRD), scanning electron microscopy (SEM), energy-
dispersive spectroscopy (EDS), transmission electron microscopy
(TEM), selected area electron diffraction (SAED), Brunauer—
Emmett-Teller (BET) surface area analysis, and X-ray photoelec-
tron spectroscopy (XPS). X-ray diffraction measurements were
performed using Thermo Scientific ARL EQUINOX 3000 at
40KV 30mA conditions. The XRD data was collected at under
simultaneous acquisition at room temperature using Cu-Ka
radiation. SEM and EDS measurements were performed using
Hitachi S-4800 employing Tungsten cold field emission gun. TEM
images and SAED pattern were collected using JEOL JEM 3010
transmission electron microscope. TEM sample was prepared by
dispersing the catalyst powder in ethanol and drop casting it over
carbon coated copper grid. BET measurements were performed
using Anton Paar Nova 600. XPS measurements were performed
using Thermo Scientific K-Alpha XPS system with Al-Ka radi-
ation. Inductively coupled plasma-mass spectroscopy measure-
ments on seawater and NiFe LDH powder were performed using
NexION 1000-Perkin Elemer with Ar Plasma. The seawater used
in ICP-MS measurements was filtered using a 0.45pum syringe
filter to ensure removal of any particulate matter.
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