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Saltwater as the energy source for low-cost, safe
rechargeable batteriesy

Sangmin Park,{ Baskar Senthilkumar,i Kyoungho Kim, Soo Min Hwang*
and Youngsik Kim*

The effective use of electricity from renewable sources requires large-scale stationary electrical energy
storage (EES) systems with rechargeable high-energy-density, low-cost batteries. We report
a rechargeable saltwater battery using NaCl (aq.) as the energy source (catholyte). The battery is
operated by evolution/reduction reactions of gases (mostly O,, with possible Cl,) in saltwater at the
cathode, along with reduction/oxidation reactions of Na/Na* at the anode. The use of saltwater and the

Na-metal-free anode enables high safety and low cost, as well as control of cell voltage and energy
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Accepted 29th March 2016 density by changing the salt concentration. The battery with a hard carbon anode and 5 M saltwater

demonstrated excellent cycling stability with a high discharge capacity of 296 mA h Gnara carbon+ and

DOI: 10.1039/c6ta01274d a coulombic efficiency of 98% over 50 cycles. Compared with other battery types, it offers greatly
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Introduction

The harvest and storage of electrical energy from renewable
sources have become increasingly important due to many
reasons: the growing demand for electricity, a steady increase in
oil price, fossil fuel depletion, and environmental consider-
ations such as global warming from CO, emission.* Most green
energy is harvested from natural sources such as wind, thermal,
and solar power. Supplying electrical energy directly from these
sources is difficult as the energy is still costly and not always
available where and when it is needed.> The development of
large-scale, efficient electrical energy storage (EES) systems is
highly desirable as it can help mitigate fossil-fuel related envi-
ronmental issues and provide a solution to peak load in power
supply by saving the energy during off-peak times and releasing
it during on-peak times.*"

Lithium-ion batteries (LIBs) combine high energy density
(250-300 W h kg™ '), reasonable cost (250-400 $ kW h™"), and
long service lifetimes (2-10 years).** However their wide appli-
cation in portable electronic devices and electric vehicles may
strain lithium production capability and increase their market
price in the long term.

Na-based batteries have gained much interest as candidates
for post-LIBs. Not only is sodium abundant and low-cost, it also
has a suitable electrochemical potential (E° = —2.71 V vs. the
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reduced energy cost and relatively low power cost when used in EES systems.

standard hydrogen electrode, SHE).”® Na-air batteries have
been studied intensively because their theoretical energy
density (1100-2080 W h kg™ ') is high compared with that of
existing LIBs.'*** Aqueous Na-air batteries possess especially
good reversibility owing to their soluble discharge product
NaOH, compared to aprotic Na-air batteries whose discharge
products are insoluble Na,O, and/or NaO,.'****¢ Nevertheless,
the repeated plating and stripping of the Na metal anode during
cycling would reduce this reversibility, impeding further
development of aqueous Na-air batteries. It can also cause
safety issues, due to its high reactivity with the electrolyte and
resultant dendritic growth.*>'”'®

Our group has recently developed a new ‘seawater
battery’**** as a hybrid between a battery and a fuel cell. The
seawater battery uses natural seawater containing Na' as the
catholyte, making its application in large-scale, stationary EES
systems environmentally friendly and price-competitive. Anode
materials such as hard carbon or other Na-insertion materials
are also safer as they are free of Na metal." However, the use of
seawater limits the EES plants to coastal locations. The amount
of Na' in seawater (approximately 0.46 M) also limits the battery
energy density.*

In this work, we demonstrate an alternative ‘saltwater
battery’, using the more available NaCl aqueous solution as the
catholyte. This is distinct from existing saltwater batteries,
where the saltwater only serves as an electrolyte between two
galvanically coupled electrodes. Our saltwater battery could
offer significantly reduced production cost, which is one
prerequisite for large-scale EES systems, together with the
removal of the geographical limitation. The battery consisting
of a hard carbon anode and 5 M saltwater catholyte showed

J. Mater. Chem. A, 2016, 4, 7207-7213 | 7207
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a high discharge capacity of 296 mA h g ' and good cycling
performance, with a coulombic efficiency of 98% over 50 cycles.
Our results suggest that this saltwater battery should be
a promising candidate for low-cost, grid-scale stationary EES
systems.

Results and discussion
Design and key components of the saltwater battery

The saltwater battery stores electrical energy based on the
electrochemical reactions of the NaCl aqueous solution, which
is easily available at low cost. The battery structure and its
charge/discharge processes are illustrated in Fig. 1a and b. The
anode and cathode compartments are separated by a ceramic
solid electrolyte. The cathode part contains only a current
collector and saltwater, which is used as the Na* source as well
as the catholyte. For the positive current collector, a hydrophilic
network-structured carbon paper consisting of numerous
microfibers is employed (Fig. 1d). It provides a large surface
area with many reaction sites, together with good wettability
(Fig. 1d, inset). The hydrophilic carbon paper significantly
reduced the overpotentials arising from the charge/discharge
processes, compared to a hydrophobic one (Fig. S1, ESIt). The
anode part consists of Na metal or sodium-insertion materials
(e.g. hard carbon) as the negative electrode*®** and 1 M
NaCF;S0; in tetra ethylene glycol dimethyl ether (TEGDME) as
the liquid organic electrolyte.

For the solid electrolyte, a Na super ionic conductor, Nas-
Zr,Si,PO,, (NASICON) ceramic, is used to separate the cathode
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paper Electrolyte Electrolyte  carbon
A
4
!
»
A

Carbon

Paper

and anode parts and allows the selective transport of Na'. The
crystal structure of the synthesised NASICON pellet was iden-
tified by X-ray diffraction (XRD) (Fig. S2, ESIT), which showed
a typical NASICON phase of the monoclinic structure with the
C2/c space group (JCPDS #35-0412).>* Fig. 1e exhibits the plan-
view scanning electron microscopy (SEM) image, in which the
grain boundaries are clearly visible.>® The appearance and size
of the pellet can be seen in the inset digital image. The density
of the NASICON pellet was measured to be 3.14 g cm ™ *, which is
96% of its theoretical density of 3.27 g cm ™.’ The Nyquist plot
of the NASICON pellet at 25 °C (Fig. 1f) showed a depressed
semicircle in the high frequency region and a linear spike in the
low frequency region, which indicates a typical ionic conductor
characteristic. From the measured impedance data, the ionic
conductivity was evaluated to be approximately 1.0 mS cm ™"
(the bulk and grain boundary terms were 2.9 and 1.0 mS cm ™,
respectively), which is similar to ionic conductivities reported in
the literature.”*”*® The prototype saltwater battery cell was
assembled with the aforementioned components and then
immersed in saltwater before electrochemical testing (Fig. 1c).

Reaction mechanism and the effect of salt concentration

Using saltwater (containing Na' and CI~ ions and H,0) as the
catholyte, the saltwater battery experiences evolution/reduction
reactions of gaseous phases, specifically the oxygen evolution
reaction (OER)/oxygen reduction reaction (ORR) and chlorine
evolution reaction (CER)/chlorine reduction reaction (CRR) at
the cathode during charge/discharge processes (Fig. 1a)."* On
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Fig.1 Cell structure and key components of the rechargeable saltwater battery. Schematics showing the (a) charge and (b) discharge processes
of the saltwater battery. (c) Photograph of the saltwater battery lighting an LED bulb. (d) SEM image of the hydrophilic carbon paper (HCP) used as
the current collector, showing its wettability (inset). (e) Plan-view SEM image of the NASICON pellet, and a photograph showing its actual size

(inset). (f) Nyquist plot of the NASICON pellet.
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the anode side, sodium ions are transported from the catholyte
through NASICON and reduced to Na metal during charging,
whereas discharging oxidises Na metal and returns Na' to the
catholyte. Since saltwater (1 M) has a neutral pH (~7), the
following two types of overall reactions can be expected, during
charging

4NaCl (aq) + 2H,0 (1) —

4Na (s) + O, (g) + 4HCl (aq); E° =353V (pH=7) (1)
2NaCl (aq) — Cl, (g) + 2Na (s); E° =4.07V (2)
and during discharging
4Na (s) + 2H,O () + O, (g) —
4NaOH (aq); E° =353V (pH=17) (3)

According to the reaction potentials, the OER route (reaction
(1), 3.53 V) is thermodynamically favourable than the CER route
(reaction (2), 4.07 V) during charging. However, the CER has
been reported to occur together with the OER in NaCl (aq) due
to the latter's high overpotential.>*° This implies the possibility
of the CER during the charging process in our saltwater
batteries.

First, we investigated the first galvanostatic charge and
discharge curves of the battery with 1 M saltwater at a current
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rate of 0.025 mA cm > (Fig. 2a, purple curve). The charge and
discharge voltage plateaus were found to be 3.84 and 2.72 V,
from which the overpotentials were estimated to be 0.31 and
0.81 V, respectively. The discharge overpotential was relatively
large compared to the charge overpotential. The pH of saltwater
was maintained ~7 throughout the charge/discharge processes.
Since the measured charge voltage was lower than the theoret-
ical potential of the CER (4.07 V), the main electrochemical
reaction during charging would be the OER rather than the
CER. Our previous studies on seawater batteries showed the
evidence of the CER during charging, as the concentration of
Cl™ decreased with the charging time.?® In this study we also
observed that the concentration of CI~ decreased monotonically
with increasing charging time for the battery with 0.4 M salt-
water, which is comparable to the NaCl concentration in
seawater (Fig. S3, ESIT).

To further investigate the occurrence of the CER and OER in
saltwater during charging, we measured the cyclic voltammo-
gram (CV) of 1 M NaCl (aq) using a three-electrode half-cell at
a scan rate of 10 mV s and compared it to that obtained using
1 M Na,SO, (aq). The latter has no Cl~ ions, therefore no CER
would occur.** As shown in Fig. 2b, within a potential window of
0-1.1 V vs. SHE (2.7-3.8 V vs. Na'/Na), 1 M NaCl displayed
a couple of redox current signals with a voltage difference,
which could be assigned to the OER and ORR in the anodic and

o

Scanrate: 10 mVs”

CER
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Fig.2 Reaction mechanism and salt concentration effect. (a) Galvanostatic charge and discharge voltage profiles of (Na|saltwater) half-cells with
1 M and 5 M saltwater at a current rate of 0.025 mA cm™2. Inset: the ion conductivities of saltwater at various concentrations. (b) Cyclic vol-
tammograms of 1 M saltwater and 1 M Na,SO, aqueous solution at a scan rate of 10 mV s~%. An enlarged portion (inset) shows no notable
difference between two sets of CV curves. (c) Photographs of the anode side before and after charging over 200 h at a current rate of 0.1 mA
cm™2, showing dark areas of Na metal deposition. (d) Polarisation plots of the half-cells with different salt concentrations as a function of the
current rate (0.01-0.5 mA cm™2). The inset indicates the theoretical redox potentials with respect to the salt concentration.
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cathodic directions, respectively. On the other hand, the CV
curve within a potential window of 0-1.4 Vvs. SHE (2.7-4.1 V vs.
Na'/Na, green curve in Fig. 2b) reveals significantly larger
anodic currents and an additional reduction peak (at approxi-
mately 1.15 V vs. SHE) in the cathodic scan. The increased
current appears to be a result of the CER* in addition to the
OER, and the reduction peak corresponds to the CRR.*"** Based
on the CV results and the galvanostatic charge-discharge
voltage profile, we consider the saltwater battery charges mainly
by the OER due to the electrolysis of the saltwater at the cathode
side, although the CER cannot be completely ruled out. The
dominance of the OER is also corroborated by the CV result of 1
M Na,SO0, (Fig. 2b, dashed line), which is very close to that of 1
M NaCl. Parallel to the oxidation of saltwater by the OER, Na*
ions dissolved in the catholyte are transferred to the anode side
through NASICON and then reduced to Na metal. After charging
for 200 h at a current rate of 0.1 mA cm™?, the anode showed
pure Na metal extracted from saltwater (dark areas in Fig. 2c, for
EDS results see Fig. S4, ESIt), demonstrating the usability of
saltwater as a Na' containing active material.

Next, we examined the effect of salt concentration on the
electrochemical properties of saltwater batteries. Fig. 2d
displays the polarisation graphs of saltwater batteries with 0.4,
1, 3, and 5 M NaCl. The voltage points were obtained by aver-
aging the voltage profile measured at various current densities
for 1 h. At all concentrations, the charge voltage increased while
the discharge voltage decreased with increasing current density,
thus widening the charge-discharge voltage gap. Increasing the
concentration of NaCl caused a larger decrease in the charge
voltage, whereas the discharge voltage was rather decreased
(refer to comparison between the 1 M and 5 M results in Fig. 2a).
We measured the ionic conductivity of the saltwater at the
corresponding concentrations (Fig. 2a, inset). Generally, the
high ionic conductivity of the electrolyte in batteries enhances
kinetics of the redox reaction and thereby enables a decrease in
the charge voltage, while an increase in the discharge voltage, as
a result of reduced ohmic resistance. The increase of ionic
conductivity by increasing the salt concentration (within the
range of 0.4-5 M), however, had a negligible effect on the charge
and discharge voltages. Instead, the theoretical redox potential
(Fig. 2d, inset) is the main factor in determining the charge/
discharge voltages of saltwater batteries.

Electrochemical performances of the saltwater battery

The electrochemical performance of the Na-metal-free saltwater
battery is first examined through half-cells: an anode half-cell
with a hard carbon electrode and a cathode half-cell with salt-
water. As a representative sodium-intercalation material, hard
carbon exhibits a high reversible capacity (250-300 mA h g™*)
and a low sodium-ion-insertion potential (<1.0 V vs. Na‘/Na).>#35
Hard carbon as the negative electrode can thus avoid poor
reversibility (cyclability) stemming from the dendritic growth of
Na metal during cell operation. Theoretically, the energy density
of saltwater batteries is dependent on the concentration of NaCl
(catholyte) and the capacity of the anode. Considering the
maximum solubility of NaCl in water (6 M at 25 °C) and the

7210 | J. Mater. Chem. A, 2016, 4, 7207-7213
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stability of the NaCl solution at room temperature, we assembled
a half-cell saltwater battery with a 5 M saltwater catholyte (Na|5 M
saltwater), whose theoretical energy density was calculated to be
368 W h kg™ " (for details see the ESIT). For the anode, we eval-
uated the electrochemical properties of a hard carbon electrode
using a 2032 coin-type half-cell (Na|hard carbon). The galvano-
static charge-discharge profiles at a current rate of 0.025 mA
cm~? (approximately 26 MA Zpard carbon ) are shown in Fig. S5
(ESIt). The hard carbon electrode delivered initial discharge
(sodiation) and charge (desodiation) capacities of 557 and
370 mA h g, respectively, with an irreversible capacity decay of
187 mA h ¢! during the first cycle. The low initial coulombic
efficiency (66%) could be ascribed to the formation of the solid-
electrolyte interphase (SEI) on the hard carbon surface and the
trapping of a small amount of Na' in the hard carbon.* After five
cycles, the hard carbon electrode displayed a reversible capacity
of 350 mAh g ..

Fig. 3a exhibits the galvanostatic charge and discharge
curves of the cathode and anode half-cells. The cathode half-cell
(Na]5 M saltwater) showed charge and discharge voltage
plateaus at 3.76 V and 2.56 V, respectively. In the case of the
anode half-cell, the charge-discharge profiles were based on the
5th charge-discharge profiles of the coin-type half-cell (Na|hard
carbon). Next, we constructed the full-cell saltwater battery
(hard carbon|5 M saltwater) and investigated its performance.
The full-cell saltwater battery was tested at a current rate of
0.025 mA cm ™2 with a capacity cut-off condition of 300 mA h
Zhard carbon - UpON charging, and a voltage cut-off condition of
0.5 V upon discharging (Fig. S6, ESIt). At the first cycle, the
saltwater battery displayed a considerably low discharge
capacity of 46 mA h g™' (initial coulombic efficiency 15%),
which was attributed mainly to the formation of the SEI layer
during charging (sodiation). It was assumed that during the
first charging, most of the input charge (300 mA h gpard carbon )
was consumed to form the SEI on the surface of the hard carbon
anode. Indeed, the first charge voltage profile of the full-cell
corresponded to the sloping region (1.2-0.1 V) of the initial
discharge voltage profile of the anode half-cell (Na|hard carbon)
(Fig. S5, ESIY). Such a sloping region has been recognised as
caused by SEI formation, as well as Na'-insertion within the
graphene layers of hard carbon.*® As the cycling continued, the
discharge capacity steadily increased and the charge-discharge
voltage profiles became saturated at the 7th cycle. Fig. 3b
exhibits the 7th charge-discharge voltage profile, which was
close to the voltage profiles predicted from the two half-cell
voltage profiles in Fig. 3a (orange curves). The average charge
and discharge voltages of the full-cell were 2.78 V and 2.45 V,
respectively.

To examine the Na' insertion from the saltwater catholyte
into the hard carbon anode, the anode surface of the full-cell
disassembled after the 8th charge process was examined by
SEM with energy-dispersive X-ray spectroscopy (EDS). The EDS
mapping data (Fig. 3c) revealed an increased amount of Na
element with uniform distribution after cycling compared to
the pristine electrode, which only showed a weak Na signal from
the remnant NaCF;SO; salt. Fig. 3d shows the cycling perfor-
mance of the full-cell saltwater battery at a current density of

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Electrochemical performance of the rechargeable saltwater battery. (a) Galvanostatic charge and discharge voltage profiles of the
cathode and anode half-cells at a current rate of 0.025 mA cm™2; the cathode half-cell employs 5 M saltwater, while the anode is a hard carbon
electrode. (b) Purple: the 7th charge and discharge curves of the full-cell (hard carbon|5 M saltwater) at a current rate of 0.025 mA cm™2. The
orange curves depict the prediction from the two half-cell results in panel (a). (c) EDS mapping results of the hard carbon anode before cycling,
and after the 8th charge process. (d) Cycling performance of the full-cell over 50 cycles.

0.025 mA cm ™2 over 50 cycles. Although the discharge capacity
was initially quite low, it increased with the cycling number and
reached a saturation level of 294 mA h g™ by the 7th cycle,
reaching a high coulombic efficiency of 98.2%. This behaviour
is different from that observed in conventional rechargeable
batteries, where initially, the discharge capacity decreases with
increasing cycle number by testing with voltage cut-off condi-
tions at constant currents upon both charging and discharging.
In contrast, our full-cell saltwater batteries were examined with
a capacity cut-off condition of 300 mA h ghard carbon » Which is
lower than the estimated reversible capacity of the hard carbon
electrode upon charging. This controlled testing could avoid
unwanted Na plating (dendrite formation) on the anode surface
during the charging of the full-cell, and consequently allow
more stable cycling performance. The full-cell displayed excel-
lent cycling stability without significant capacity fading during
50 cycles. The discharge capacity after the 7th cycle was between
294 and 296 mA h g~ and the coulombic efficiency was main-
tained at 98% over 50 cycles. Even after 50 cycles, no noticeable
XRD peak shift was observed for the NASICON pellet (Fig. S7,
ESIY), indicating its stability.

We checked the power density of a saltwater battery with 5 M
saltwater (Na|5 M saltwater) by varying the current rate from
0.01 to 0.75 mA cm > (Fig. S8, ESI{). At 0.5 mA cm 2,
a maximum power density of 0.77 mW cm ™2 was reached, which
was significantly low for practical applications. The poor power
output could be limited by the ionic conductivity of the solid

This journal is © The Royal Society of Chemistry 2016

electrolyte (NASICON), which may benefit from further devel-
opment of solid electrolytes of high ionic conductivity.

Cost evaluation of the saltwater battery

Fig. 4 illustrates the energy cost versus power cost of various
types of batteries for EES systems (for details see Table S1, ESIT).
Sodium-sulphur batteries (NaS) and vanadium redox flow

2500 |
Lead acid
T 2000 - Li ion
=
4
& 1500 - =
- Zn-Br
3
O 4000 L i ZEBRA
> 2
2
g Fe-Cr
S 500 m e
Saltwater
0 1 1 1 1 1
1000 2000 3000 4000 5000 6000

Power cost ($ kW™)

Fig. 4 Comparison of cost for various battery systems. Energy cost ($
kW h™) versus power cost ($ kW™ using data from DOE/EPRI 2013
Electricity Storage Handbook.* The cost of saltwater battery (red star)
was evaluated using 5 M saltwater as the catholyte. For details see the
ESI¥
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batteries (VRB) have been considered as promising candidates
for EES systems in addition to LIBs.>* NaS has an energy cost of
438-477 $ kW h™' and the energy cost of VRB is higher. The
energy cost of the saltwater battery with 5 M NaCl is estimated
to be only 189 $ kW h™'; while zinc-air batteries, the next
cheapest candidate, is priced at 310 $ kW h™. The saltwater
batteries are remarkably low-cost in terms of both energy and
power production. In addition, the working potential and
energy density (up to 423 W h kg~ * with 6 M saltwater) of the
saltwater battery can be tuned by the salt concentration for
different applications.

Conclusions

We have developed a new type of rechargeable saltwater battery,
which is distinct in that saltwater acts as the energy source, not
just the electrolyte. It is operated by evolution/reduction reac-
tions of gaseous phases in saltwater at the cathode, along with
reduction/oxidation reactions of the dissolved Na' ions at the
anode. Galvanostatic charge-discharge and CV measurements
indicated that the OER mainly occurs during the charge
process; however, given the monotonic decrease of the CI™
concentration in saltwater with charging time, the possibility of
the CER cannot be excluded. We are currently investigating the
evolved O, and Cl, gases and their ratio during charging, using
advanced analytical tools such as customised cells equipped
with a differential electrochemical mass spectrometer. The full-
cell saltwater battery (hard carbon|5 M saltwater) exhibited
a high discharge capacity with a stable capacity retention and
a high coulombic efficiency of 98% over 50 cycles. As a concep-
tually simple energy storage device, this battery using the eco-
friendly, low-cost saltwater as the active material will be an
optimal building block for large-scale stationary EES
applications.

Experimental
Preparation of the saltwater battery

For the catholyte, 60 mL saltwater was prepared by dissolving
NaCl (Sigma Aldrich) in deionised water at various concentra-
tions of 0.4-5 M. For the cathode current collector, a Ti mesh
(Wooilmetal Corporation) and a sheet of hydrophilic carbon
paper (Fuel Cell store) were used. A 0.8 mm-thick NASICON-type
solid electrolyte (NasZr,Si,PO;,) with a diameter of 16 mm was
prepared according to previous studies.’®'*>' For the anode
compartment, the solid electrolyte was mounted on the open-
structured anode top holder and then sealed with the anode
bottom holder, which contained an organic electrolyte of 1 M
NaCF;S0; (Sigma Aldrich) in TEGDME (Sigma Aldrich) and a Ni
tap (anodic current collector, Solbrain LTK) attached to the Na
metal or hard carbon electrode. The assembly process was
carried out in a glovebox under a high-purity Ar atmosphere (O,
and H,O less than 1 ppm). The hard carbon electrode was
prepared from a slurry of hard carbon (MeadWestvaco Corpo-
ration), carbon black Super-P (TIMCAL), and polyvinylidene
fluoride (PVdF, Sigma Aldrich) at a weight ratio of 80 : 10 : 10.
The slurry was coated on Cu foil (14 um thick) with a doctor-
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blade, and dried in a convection oven. Finally, the electrode was
roll-pressed and dried in a vacuum oven. The loading level of
hard carbon was approximately 2.44 mg cm 2. The assembled
cells which consisted of the Ni tap|anode|organic electrolyte|
NASICON |saltwater|carbon paper|Ti mesh were immersed in
saltwater for electrochemical tests.

Characterisation and electrochemical measurements

The phase identification was carried out by using an XRD
(D/Max, Rigaku apparatus) equipped with a Cu Ko X-ray source
(A = 1.5406 A). X-ray photoelectron spectroscopy (XPS, Mg Ka,
Thermo Fisher) and contact angle measurements (Phoenix 300,
SEO) were performed to examine the surface chemistry and
wettability of carbon paper, respectively. The surface
morphology and microstructure were observed by using a SEM
(verios 460, FEI company) equipped with an EDS (Bruker). In
order to check Na" insertion in the anode side after charging,
the cells were carefully disassembled and the electrode was
rinsed with a TEGDME solvent and then dried in a vacuum
chamber. The Cl™ concentration in saltwater was determined by
using an ion chromatography system (Dionex ICS 3000). The
density of the solid electrolyte was measured by using a gas
displacement pycnometry system (AccuPyc 1340, Micromeritics
Instrument Corp.). The ionic conductivities of the solid elec-
trolyte and saltwater were evaluated by electrochemical
impedance spectroscopy (EIS, BioLogic) in the frequency range
of 100 mHz to 7 MHz and a voltage amplitude of 14.2 mV.

Cyclic voltammetry (CV, BioLogic) was performed using
a three-electrode cell and the CV curves were recorded at a scan
rate of 10 mV s~ *. A carbon paper electrode was used as the
working electrode, and an Ag/AgCl electrode (3 M NaCl, 0.197 V
vs. SHE) and a Pt wire were used as the reference and counter
electrodes, respectively. The electrochemical properties of salt-
water batteries were measured by using a battery cycler (WBCS
3000, Wonatech) at room temperature. The batteries were gal-
vanostatically charged and discharged at current rates of 0.01-
0.5 mA cm . The hard carbon anode was examined at a current
rate of 0.025 mA cm ™~ in the voltage window of 0-2 V vs. Na*/Na
over 5 cycles. The full-cell saltwater batteries were tested at
a current rate of 0.025 mA cm™ 2 with a capacity cut-off of 300
MA h @hard carbon * UpoN charging, and a voltage cut-off of 0.5 V
upon discharging.
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