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Abstract

Saltwater batteries can be made using brine from the desalination of seawater for low-cost
energy storage. This study investigates the performance characteristics of saltwater batter-
ies for potential off-grid energy applications. The systematic investigation of 15 electrode
pairings from six electrodes (copper, iron, zinc, graphite, aluminium, and tin) across eleven
concentration levels, combined with studies on electrode geometry, spacing, and volume,
provides comprehensive insights into galvanic cell behaviour for saltwater batteries. Re-
sults indicate that the open-circuit voltage (OCV) is primarily determined by electrode
potential differences rather than salt concentration, with zinc-carbon and aluminium-carbon
pairings producing the highest voltages (1.1-1.2 V). Short circuit current increases with
salt concentration up to approximately 30% (0.3 M), which is the saturation point, beyond
which ion mobility decreases. This study demonstrates that electrode geometry and surface
area significantly affect current density and internal resistance, while increased electrode
spacing raises internal resistance and reduces maximum current output. These findings
contribute to understanding the feasibility and performance characteristics of saltwater
batteries as accessible energy sources using recyclable materials.

Keywords: anode; cathode; cell internal resistance; electrode potential; electrolyte

1. Introduction

Sodium, a group 1 alkali metal positioned below lithium in the periodic table, has
attracted billions of dollars in research investment as a promising solution for short- to
medium-term energy storage [1-3]. Sodium is the sixth most abundant metal in the earth’s
crust and exists predominantly as salt (NaCl), making it far more accessible than lithium.
With the accelerating integration of renewable energy sources into global power grids,
research focus has shifted towards robust energy storage systems (ESS). Currently, 80% of
commercial batteries use rare and expensive and scarce elements, namely, lithium (Li),
nickel (Ni), cobalt (Co) and manganese (Mn) [1]. The compact ionic radius of 72 pm in
lithium ions gives them high mobility, achieving a high energy density of 250 Wh/kg,
which has made lithium the dominant choice in today’s energy storage systems [2,3].
However, lithium-ion batteries (LIBs) present several critical challenges; LIBs pose safety
concerns, with high heat release rates of 10 K/s during thermal runaway [3], and suffer
from severely degraded performance in cold environments, experiencing up to 70% energy
capacity reduction at temperatures between 0 and —10 °C, particularly in high-altitude
regions [3].
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In contrast, sodium-ion batteries (SIBs) demonstrate superior thermal and temperature
stability, with a significantly lower heat release rate of 2 K/s and reliable operation across
a wide temperature range of —50 to 100 °C [3]. While sodium’s larger ionic radius of
102 pm [2] results in a moderate energy density of 150 Wh/kg, this trade-off makes both
SIBs and saltwater batteries (SWBs) economically viable and cost-effective solutions for
off-grid, short- to medium-term energy storage applications.

Historically, saltwater batteries have been primarily explored as power sources for
deep-sea operations, such as seafloor geophysical studies [4] and autonomous control
systems [4,5]. Wilcock and Kauffman [6] demonstrated that magnesium anodes outperform
aluminium alternatives and identified dissolved oxygen concentration in seawater as a key
factor influencing battery power output. More recently, Park et al. [7] investigated the use
of saltwater as a catholyte in rechargeable aqueous salt-air batteries, opening new avenues
for further research.

This research study focuses on the use of brine, a by-product of seawater desalination,
as a source of sodium for possible energy storage in low-power devices using water as the
anolyte, to systematically investigate the full salt concentration spectrum from 0% to 100%.
This investigation also examines the effects of surface area, electrode geometry, dissolved
impurities in the water, the spacing between the electrodes, and the long-term performance
of cells. The materials used are limited to six recyclable electrode materials [8], namely,
copper (Cu), zinc (Zn), aluminium (Al), tin (Sn), iron (Fe), and graphite (C).

2. Methodology

When salt dissolves in water, the salt separates into aqueous Na* ions and C1~ ions [9].
Placing metal electrodes in the electrolyte (a solution of ions) provides a path for the
movement of ions in the electrolyte, which generates a current [10]. The standard cell
potential is the voltage of an electrochemical cell under standard conditions, calculated by
subtracting the standard reduction potential of the anode half-cell from that of the cathode
half-cell, as seen below [10].

Ecell = Ecathode - Eanode (1)

Anode Reaction

The anode is the more reactive metal of the electrode pairs. The anode (any Metal M) is
consumed over time through oxidation and galvanic corrosion by the formation of positive
aqueous ions which react with hydroxide ions to form coloured solid on the surface of the
anode metal [9].

Half-Reaction: M) — M2+ ) +2e” (2)

(aq
Half-Reaction: M2+(aq) + ZOH_(aq) — M(OH)y 3)

Cathode Reaction

At the cathode, oxygen from the air dissolves in water to form hydroxide ions, see
Equation (4). This occurs at the inert cathodes for example, graphite or carbon rods. The less
reactive metals of the electrode pairs (for example copper and tin) act as an electron path.
The hydrogen ions are reduced to form Hydrogen gas, as in Equation (5). The presence of
the gas can be tested with a burning splint which produces a pop sound. Therefore, only
the anode is consumed in the galvanic cell. The sodium ions released from the dissolved
salt in water also react with the hydroxide ions to form an alkaline solution as a by-product
as in Equation (6).

Half-Reaction: Oyg) + HaOq) — OH ™ (5q) + 2H" (5) (4)

Half-Reaction: 2H"(aq) + 2~ — H; (g) ()
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Half-Reaction: Na*(aq) + OH™ — NaOH,q) (6)

2.1. Experiment Methodology

Table 1 summarises the experiments carried out, the target knowledge area and the
measurements taken for analysis. Each experiment aims to determine certain characteristics
of salt-water batteries, primarily focusing on the cell internal resistance. The electrode tests
explore the parameters that contribute to internal resistance due to the electrode pairing,
electrode spacing and electrode geometry. The electrolyte tests aim to determine parameters
of internal cell resistance due to electrolyte salt concentration, electrolyte volume, and
electrolyte flow. The cell behaviour tests investigate the by-products of the cell and the long-
term behaviour of the cell. The following sections detail each experiment in more detail.

Table 1. Experiments carried out to determine key Salt-Water Battery Characteristics.

Experiment Target Knowledge Area Measurements Characteristic to Determine
E{iﬁgj:i‘ﬁgii p:g;ir;% OCV, sCC Cell Internal Resistance
Electrode Tests osition Electrodez acin OCV, ScC Pairing with the highest OCV and SCC
p Electrode eomeI:r & OCV, sCC Internal Resistance and Power
& y OCy, sCC Internal Resistance due to geometry
and structure
Salt concentration OCV, sCC Internal Resistance due to salinity
Electrolyte Tests Electrolyte volume and OcCy, sCC Energy capacity and Energy density
electrolyte flow OCV, sCC Effect of stirring on SCC and OCV
. Long-term cell OCV, sCcC Energy density and capacity
Cell Behaviour 2-h tests OoCv Galvanic cell voltage regulations

2.1.1. Effect of Electrode Pairing

The hypothesis for this experiment was that the electrode combination with the
largest cell potential difference (E°) would create cells with the largest OCV and SCC. The
controlled variables for this experiment were: effective surface area, the concentration of
salt in the electrolyte, the volume of the electrolyte in each cell and the spacing between
electrodes. The depth of the electrodes was fixed to 50 mm to standardise the electrode
contact surface area. Table A1 in the Appendix A describes in detail how the electrodes cut
into different sizes. The experimental set-up is shown in Figure 1 below.

MULTIMETER OR
LOAD

Electrode length
=15cm

Container height
=Tcm |

Na+ ions—»

Cl- ions—

salt electrolyte
(0%-100%
salt concentration)

across five metals Cu, Sn, Fe, Al and Zn:
(1emx5cm, 2emx 5cm, 3emx5cm, 4cm x 5cm,

Target electrode surface area under investigation
SemxScm)

Figure 1. Galvanic cell experiment set-up. The experiment set up was the same for each experiment.
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2.1.2. Effect of Electrode Area

Surface area tests were used to determine the relationship between the area of the
electrode in contact with the electrolyte (effective surface area) and battery performance. It
was hypothesised that with an increasing effective surface area, cell performance will also
increase. The salt concentration, electrolyte volume and electrode spacing were fixed.

2.1.3. Effect of Electrode Spacing

The distance between electrodes was expected to have an inverse relationship with cell
performance, with increasing distance resulting in poorer cell performance. For this test,
the concentration of salt and the effective electrode surface area were controlled. Figure 2
illustrates the experiment set-up.

ELECTRODE SPACING TEST

== =1 zinoaumn
Copper > | | Zinc/Aluminium

(cathode) | | | (anode)
i ¥ H
T

30% NaCI-0.9M
(salt concentration)

Figure 2. Electrode spacing experiment set-up in a salt-water tub. The anode was moved in 2 cm
intervals from the stationary cathode. OCV and SCC measurements were taken.

2.1.4. Effect of Electrode Geometry

Electrode geometry affects the effective surface area and the electrode spacing. Com-
pact electrode geometry may allow for space-saving and reducing the cell size to improve
energy density. The electrode structure shown in Figure 3 was tested using a fixed elec-
trolyte concentration and fixed volume. The effect of electrode geometry on cell internal
resistance was investigated using hollow and rod electrodes. The hypothesis was that
after accounting for changes in effective surface area and electrode spacing in previous
experiments, the electrode geometry has no effect on OCV but causes an increase in surface
area resistance, resulting in lower SCC. The results are compared against those of the E2
size zinc anode-graphite pairing.

_|

Copper Graphite
wire ——— > Rod
(2mm)

Parallel Plate (2cm x 2cm) 'I
4_\_Electrolyte
salt

concentration

Figure 3. Electrode geometry experiment set up: On the left, four parallel 2 cm zinc plates separated
by 2 cm gaps were soldered on a 2 mm copper wire. On the right is the graphite cathode.
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2.2. Electrolyte Tests
2.2.1. Concentration Tests

The purpose of the concentration tests was to determine whether the amount of salinity
increases OCV and SCC or alters cell internal resistance and energy density. The hypothesis
was that the short-circuit current would increase with increasing salt concentration. The
effective electrode surface area, the electrode spacing, and the cell volume were controlled
in these tests, and OCV and SCC readings were taken for all 15 electrode combinations.

2.2.2. Water Purity Tests

Tap water contains calcium ions, magnesium ions, and fluoride ions, which naturally
occur in fresh water [5,11]. Distilled water is free from these ions. Aluminium—Carbon and
Zinc-Carbon pairings were used to establish the effect of water type on the OCV and SCC.
The different water types have different internal resistance and conductivity, and these
were investigated using an electrolyte salt concentration of 10%.

2.2.3. Effect of Electrolyte Flow

It was hypothesised that stirring the electrolyte would increase the SCC by the acceler-
ation of mobile aqueous cations and anions. For this experiment, the electrolyte volume
and concentration, along with the electrode surface area, were held constant to understand
the effect of flowing electrolyte versus stagnant electrolyte on cell performance.

2.3. Cell Behaviour Tests
2.3.1. Long-Term Tests

The experiment aimed to evaluate the cell energy capacity. The cells were set up as
illustrated in Figure 4. The cells were sealed to prevent evaporation and were kept at
room temperature. A 0.25 W 100 Q) resistor was connected across the terminals to slowly
discharge the cells over 3 weeks. The readings were taken at 9 am, 12 pm and 3 pm, to
monitor changes in the load voltage and the load current over time.

Cell 1: Graphite (left)-Tin (right)  Cell 2: Copper (left)-Tin (right)

Figure 4. Long term cell set up: Lids were used to limit evaporation using hot glue. The electrodes
were secured using hot-glue. A 0.25 W 100 Q) resistor was soldered across the terminals to slowly
discharge the cells over a period of 3 weeks.

2.3.2. Two-Hour Tests

During the concentration tests, it was observed that the OCV kept rising over time. To
investigate this behaviour further, cells were connected to an Arduino that logged the open-
circuit voltage of the cells for 2 h, with a sampling period of 500 ms. It was hypothesised
that the OCV in a more reactive electrode would pair cells with more reactive electrodes
(larger standard electrode potential) and stabilise faster to the highest OCV, while those cells
with less reactive electrodes would show increasing logarithmic behaviour with respect
to time. For these tests, the cell volume, electrolyte concentration, electrode spacing, and
effective surface area remained constant.
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2.3.3. Chemical Tests

The resulting by-products at the cell’s end of life affect the sustainability and safety
of the cell. Examining the resulting by-products can also indicate the kind of reactions
taking place within the cell. The cells used for the long-term tests were analysed using
pH indicator strips and an acid test with HCI (hydrochloric acid) to test for the presence
of NaOH.

3. Results

3.1. Electrode Test Results
3.1.1. Effect of Electrode Area

As shown in Figure 5, E1 (1 cm x 15 cm) had a lower OCV compared to the other
electrode areas. This suggests that a smaller anode area decreases OCV. However, the OCV
did not drastically increase from E2 (2 cm x 15 cm) to E5 (5 cm x 15 ecm), OCV remained
fairly constant across the electrode area at fixed concentrations in both water types, with
0.921 V average £ 0.115 V deviation. This suggests that E2 had an optimum electrode
area. The cathode area does not contribute to an increase in OCV as the cathode acts as the
current collector. Increasing the anode area increases the maximum OCV; however, once
the maximum OCV is reached, increasing the anode area does not increase OCV. Instead, it
increases the total internal resistance of the cell.

EFFECT OF WATER TYPE AND ELECTRODE AREA

1
.86 0.871 0.891
0-8 I 0.83 I 0.806 I
E3 E4 E5

I
i
=]

1.036

0.872 0.86
] I I
0.00 l
El 2

E

VOLTAGE (V)
© o o »
» [} (-4 o
o o o o

o
N
o

ELECTRODE SIZE:
El1=1cmx15cm E2=2cmx15cm E3=3cmx15cm E4= 4cmx15cm E5=5cmx15cm

® Zinc-Carbon at 10% Salt Concentration (0.3M) - DISTILLED WATER
® Zinc-Carbon at 10% Salt Concentration (0.3M) - TAP WATER

Figure 5. Open-Circuit Voltage for electrode surface areas and two electrolyte preparations. The
highest OCV 1.036 V was seen at E2 (2 cm x 5 cm).

A. Maximum OCV Readings

All pairings with carbon had a higher OCV. The pairing of metals with low electrode
potentials (Fe-Sn), which are metals that are lower in the reactivity series, had a lower OCV
of 0.08 V. The OCV range was in accordance with the reactivity series, suggesting that the
more reactive a metal is, the more likely it is to produce a higher OCV. Aluminium, the
most reactive metal of the six, had a maximum OCYV of 1.2 V with carbon and Zinc, the
second most reactive metal, had a maximum OCV voltage of 1.1 V with carbon. These
two metals gave the highest OCV readings for every salt concentration.

B. Current Collectors and Current Density

The more inert or less reactive the cathode is, the better it is as a current collector.
Carbon is inert and so outperformed copper as a current collector. Figure 6 illustrates
comparison of Zinc anode with five electrode current collectors. As expected, the Zn-
Graphite pair gave the highest OCV indicating excellent conduction of the aqueous ions.
Carbon performs best, followed by Copper. The Zn—Al pairing resulted in the least OCV

https:/ /doi.org/10.3390/engproc2026140067
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and SCC for all Zinc readings. This is because Aluminium is more reactive than Zinc,
making Zinc the cathode.

ZN-VS ELECTRODE CURRENT COLLECTORS

ZN-CAR m ZN-SN ZN-FE ZN-CU ZN-AL

VOLTAGE (V)
S o [
® o »r N N

O
'S

40 50 60
SALT CONCENTRATION

=)
N

(=]

Figure 6. Zinc Anode vs. Current Collectors.

Current density was calculated by dividing the SCC by the electrode area for the
different electrode sizes (E1-E5). The current density was used to determine which salt
concentration produced the highest current density per cm?. The results shown in Figure 7
illustrate that the 30% and 60% salt concentrations produced the highest current densities.
The 30% salt concentration represents the saturation point. At this concentration, there is an
equilibrium between the ions dissolving in the water and the ions remaining undissolved
over a longer period. In contrast, solutions with higher salt concentrations become over-
saturated, resulting in excess salt remaining undissolved in the solution. From Figure 7,
E1 electrode size has the highest current density. Followed by E2. Highest current density
readings were observed at 30% then 60% salt concentration.

ZINC- CARBON CURRENT DENSITY
ELECTRODE SIZES E1 (1cm x 5¢cm), E2(2cm x 5¢m), E3(3cm x 5¢m), E4(4cm x 5¢m), E5 (5m x 5em)

E5 y=-0.0344x+0.969
R*=0.0482

)
b
O
Qs
d
-9
b
<
2
£
>
E
1%
4
w,
.
-
z
w
[
[
=)
o

SALT CONCENTRATIONS

Figure 7. Electrode Current Density for five electrode surface areas (E1-E5) (1 cm x 5cm to 5 cm X 5 cm).

C. Effect of Electrode Area on Internal Resistance

For battery making, the shorter the electrode, the lower the electrode resistance, and
the smaller area the electrode, the lower its contribution to the total cell resistance. A lower
electrode area increases current density. Metals like iron and tin, which are lower in the
reactivity series, corrode quickly. This corrosion leads to the formation of an oxide layer
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that inhibits ion mobility, resulting in an increase in the internal resistance of the cell. In
Figure 8, for Zn—Carbon, cell resistance is on average +0.227 mOhms.

ZINC - CARBON
ELECTROLYTEINTERNAL RESISTANCE VS SALT CONCENTRATION
FOR ALL ELECTRODE SIZES (E1 'E5) e El-lcmx15cm e E2-2cmx15cm

» e E3-3cmx15cm ¢ E4-4cmx15cm

e E5-5cmx 15cm Linear (E1-1cmx 15cm)
Linear (E2-2cm x 15¢cm) Linear (E3-3cm x 15¢cm)

Linear (E4-4cm x 15¢cm) Linear (E5-5cm x 15¢cm)

y=-0.0008x+0.1814
R*=0.0111

i y=-0.0027x+0.2646
R*=0.1088
60

SALT CONCENTRATION (%)

Figure 8. Zinc-Carbon Cell Internal resistance across all concentrations with increasing electrode area.

D. Effect of Electrode Area on Short Circuit Current

Short Circuit Current increased with increase in electrode area. An increase in electrode
area results in a decrease in internal resistance, as in Rjoctr04e < 1/A. This resulted in a higher
SCC with the increase in area. However, due to the increase in electrolyte internal resistance,
Relectrolytes With increase in concentration, SCC values dropped as shown in Figure 9. For
maximum SCC output, large surface area and electrolyte at saturation equilibrium are
required. The maximum area can be achieved by use of powdered or paste anode (anolytes)
as seen in common household batteries. Figure 9 shows decrease in Short Circuit Current
across all Electrode sizes with increasing salt concentration. This is due to an increase in
electrolyte internal resistance with an increase in salt concentration. Zinc—Carbon average
SCCis 22.4 mA =+ 4.623 mA deviation.

ZINC-CARBON ® El-lcmx15cm SCC
SHORT CIRCUIT CURRENT VS SALT CONCENTRATION
ACROSS ALL ELECTRODE SIZES (E1-E5) E2:26m X 150m 30C

® E3-3cmx15cmSCC
® E4-4cmx15cm SCC

® E5-5cmx15cmSCC
y=-0.1664x +17.917
<<<<<<<<< Linear (E1-1cm x 15¢cm SCC) R*=0.2298

y=-0.1179x +24.381
Linear (E2-2cm x 15¢cm SCC) R?=0.0931

««e« Linear (E3-3cm x 15cmSCC) y:-0.1613x+27.163
R*=0.1458

.................................. Linear (E4-dcmx 15cm §¢e) ¥ ="0-0512¢+21.131

25
-, ‘ R*=0.0183
o e =-0.0859x +23.366
° ear (E5-5cm x 15 ) Y
. = . . vvvvvvvvv Linear (E5-5cm x 15cmSCC) R?=0.0482
o & 80 100 120

SALT CONCENTRATION %

Figure 9. Effect of Electrode sizes and electrolyte concentration on short circuit current readings.
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3.1.2. Effect of Electrode Distance

The results from the experiment show that OCV is independent of the electrode
spacing. This is because OCV is determined by the electrode pairing as mentioned in
Section 3.1.1. However, electrode distance affects the settling time of the OCV where
shorter distances give a shorter settling time to maximum OCV.

For SCC, the electrode spacing increases the internal resistance of the electrolyte
Rojectrode < D, where D is the distance between the electrodes. The increase in internal
resistance due to electrode spacing reduces the short-circuit current, the maximum current
of the cell. This results in a decrease in cell output power at a rate of —0.75 mW/cm as
shown in Figure 10.

EFFECT OF ELECTRODE DISTANCE

Figure 10. Effect of electrode spacing on cell power (Cu-Zn) pairing.

3.1.3. Effect of Electrode Geometry

The readings show that the OCV is determined by the electrode potential between
the paired electrodes and not by the salt concentrations. Electrode pairings of 22-32 mm
(larger-diameter tubes) have lower OCV and SCC compared with 15 mm diameter tubes.
The geometry affects the current density. Hollow tubes have lower OCV and SCC and have
an increased surface area, lowering the current density. Rod anode electrodes produce a
lower OCV compared to plate electrodes. Rod electrodes have a lower SCC and lower
specific cell capacity due to the increase in weight, resulting in heavier cells, which are
not ideal.

A. Electrode Structure

Figure 11 above illustrates the results from the experiment described in Section 2.1.4 in
comparison to the single flat zinc electrode. The results show that a single flat zinc electrode
has a higher OCV compared with that of the parallel plate structure. A possible explanation
for this finding is that the parallel plates create capacitive spaces in between, reducing the
number of ions released for a higher potential difference. The parallel structure, however,
will result in a higher SCC due to the stored charge.

3.1.4. Effect of Concentration

Figures 12 and 13 show the changes in OCV and SCC, respectively, with increasing
concentration, both graphs are data-fitted using four-term fourier series. The results show
that the OCV is independent of the salt concentration and is determined by the electrode
potential difference between the electrode pairings. As shown in Figure 12, the best-
performing pairs are clearly Al-C and Zn-C, followed by Cu-Zn. The poorest-performing

https://doi.org/10.3390/engproc2026140067
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Open Circuit Voltage
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=3
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-0.2
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pair is Fe-Sn. These findings confirm the results obtained in the electrode tests and also
show that the OCV of the cell is unrelated to the increasing salt concentration; the highest
value for Al-C is 1.161 V and the lowest is 0.328 V. The highest readings occur at 30% and
60% salt concentrations. This varying pattern may be partially explained by the increase
in dissociated NaCl ions, thereby reducing the internal cell resistance until saturation
point. In Figure 13, the results show a non-linear relationship between SCC and increasing
salt concentration. The SCC is limited by the internal resistance of the cell. The internal
resistance increases non-linearly with an increase in salt concentration. Increasing the
salt concentration increases the SCC, suggesting an increase in the number of ions. The
increase in ion mobility decreases after 30% concentration, as seen in the slower settling
time and lower SCC values. The conductivity of the electrolyte increases from 0%, with an
internal resistance of 0.709 (), to its highest conductivity at 30%, with an internal resistance
of 0.0026 Q).

Zinc Plate vs Zinc Parallel Plates (4 x 2cm x 2cm)

® 7N Plate
[ ] ZN Parallel Plate

/ ......... Linear (ZN Plate)
e Linear (ZN Parallel Plate)

=
o0
= 0.6
g . y=1E-08x+ 1.1212
R*=0.9198
0.4 Zn Plate
0.2 y = 5E-08x + 0.863
R® = 0.9462
o] Zn Parallel Plate
0 500000 1000000 1500000 2000000 2500000

TIME (milliseconds)

Figure 11. Voltage comparison of parallel plates with flat zinc plates.

Open Circuit Voltage Curve with Increasing Concentration at Fixed Surface Area

St e AlZn
3] . Curve Fit
Cu-Zn
Curve Fit
Al-Cu
Curve Fit
Cu-Sn
Curve Fit

Curve Fit
Al-Fe
Curve Fit
Cu-Fe
Curve Fit
Zn-Fe
Curve Fit
Zn-Sn
Curve Fit
Cu-C
Curve Fit
Fe-C
Curve Fit
Sn-C
Curve Fit

Al-C
Curve Fit

30 40 50 60 70 80 90 100
Percentage Concentration

Figure 12. Plot of OCV vs. Salt concentration for all 15 electrode pairs.
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Short Circuit Current Curve with Increasing Concentration at Fixed Surface Area
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e Cu-Sn
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* AlSn
Curve Fit
. e Fe-Sn
= == Curve Fit
e AlFe
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Curve Fit
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-------- Curve Fit

| | | 1 | | | | |
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Percentage Concentration

Figure 13. Plot of SCC vs. Salt concentration for all 15 electrode pairs.

3.1.5. Effect of Water Purity

The results of the water purity test show that cells prepared with tap water, compared
with identical cells prepared with distilled water, have a higher OCV across all five surface
areas and for both pairings. The SCC results, however, show that distilled water has higher
internal resistance. This is only true for salinity beneath a saturation point of 30%. After
saturation, distilled water outperforms tap water for both SCC and OCV. This is visible in
Figure 5.

3.1.6. Effect of Electrolyte Flow

From the experiment, it was observed that the voltage rises when the solution is stirred.
This implies that flow in the electrolyte solution improves ion mobility and removes the
thin layer of depleted electrolyte around the electrodes; however, the energy poured into
the system is greater than the small benefit from the increase in voltage and cell current.
The effect of laminar and turbulent flow on the OCV and SCC needs to be examined further.
It is anticipated that high speeds give turbulent flow, which would lower the OCV due to
irregularity in the flow direction of ions. Laminar flow is expected to result in temporal
higher OCV readings.

3.2. Cell Behaviour Results
3.2.1. Long-Term Cell Tests

The graph in Figure 14 shows a decreasing voltage over time (in blue), showing a
loss of power as the cell is discharged across the load. The area under the voltage and
current curves gives an estimate for the power rating of the C-Zn cell (20.832 mW). The
cells were monitored over 21 days, i.e., 504 h. The calculated energy capacity was 6.010 pW.
The weight of the cell was about 200 g, yielding an energy density of 0.03005 pW-g~!. The
readings show sudden increase at 12 pm confirming that increase in temperature increases
in kinetic energy, improving ionic mobility in the solution to give higher OCV and SCC
readings. However, increase in temperature decreases the energy capacity of the cell as the
ions are depleted faster.
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Figure 14. Long-term cell behaviour: The graph shows the OCV and SCC readings taken over three
weeks for the Zinc-Graphite cell.

3.2.2. Chemical Tests

Chemical litmus paper tests were performed on the by-products of the long term cells.
It was found that cells in which one of the electrodes is corroded were slightly acidic. The
alkaline cell products, when mixed with hydrochloric acid, produced a white salt that was
NaCl. Hydrogen burned with a pop sound in Al-Cu and Zn-Cu cells. All Zn-Sn, Al-Sn,
Al-Cu and Zn-Cu cells burst over the period 3 weeks due to gas pressure formed inside the
cell. This shows that combinations of electrolyte and anode-cathode pairs that result in gas
production must be avoided for batteries in closed casings, unless a gas outlet is included
in the battery design.

4. Discussion

The internal resistance of a cell increases with a larger electrode surface area, diameter,
and length. A greater distance between the electrodes also raises internal resistance, which
is further influenced by the reactivity of the electrode pairs. Measurements taken with
inserted rods showed lower internal resistance because they reduced the inter-electrode
distance. These give rise to the total resistance due to the electrodes as a parameter, Rejectrode-

Salt concentration improves current mobility up to a saturation point: in this case,
30%. Beyond this point, any further increase in salt concentration leads to higher internal
resistance. An increase in the total dissolved ions in the water generally decreases the
electrolyte’s internal resistance, Rejectrolyte; however, a very high concentration of dissolved
ions reduces the cell’s open-circuit voltage (OCV). Distilled water yields a lower OCV and,
therefore, a lower energy density/capacity. Increasing the electrolyte volume raises the
cell’s energy capacity but lowers its energy density. Furthermore, energy density is reduced
by an increase in electrode area and the distance between electrodes. The energy capacity of
the cell is increased by both the electrolyte volume and the salt concentration, but only up
to the saturation point. An analogous circuit diagram in Figure 15 summarizes the findings.
The total internal resistance is summarised as Reej = Reectryolyte + Relectrode-
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Figure 15. The diagram summarises the experimental conclusions. The overall cell electrode potential
is determined by the electrode pairing, however the cell internal resistance is a variable of (1) electrode
area, (2) electrode spacing/distance, (3) electrolyte concentration, (4) water purity, and (5) the volume
of the electrolyte.

Experiment Critical Analysis

A critical analysis of the experiment indicates several areas that could have improved
the investigation. Measurement of room, and cell temperature may have provided sig-
nificant information on temperature influence on ion mobility, reaction rates, and overall
cell efficiency. The absence of gas collection chambers also limited the ability to monitor
and quantify gases produced in the long term cells. In addition, the electrolyte was not
changed after each concentration experiment, which may have introduced contamination
or residual effects that influenced subsequent results. The salt concentration study also
relied on concentration by weight rather than concentration by volume, which may have
affected the consistency and accuracy of the electrolyte preparations. Long-term cell testing
using the same salt concentration should be investigated, to fairly evaluate the energy
capacity and energy density of cells.

5. Future Work

The use of saltwater batteries can be developed further for off-grid power solutions.
A compact system built from these results lit three 3 V 0.25 W white LEDS for 72 h. The
technology has the potential to provide lighting and charging solutions during power
outage periods. This technology can be further developed for adoption in low-energy
devices such as underwater Internet of Things routers and communication devices [6-8].
Further investigations can be made into powdered zinc-saltwater paste. Recent advances
have demonstrated that optimising electrode surface morphology and employing nanos-
tructured materials can significantly enhance charge transfer kinetics and overall battery
performance [12]. Contemporary research has also explored hybrid configurations combin-
ing saltwater electrolytes with air-breathing cathodes [13], which leverage ambient oxygen
to improve energy density and extend operational lifetimes, positioning these systems as
viable alternatives for grid-scale stationary storage and remote off-grid applications [14].

6. Conclusions

Through this investigation, it has been established that the main influence on OCV is
from the electrode materials themselves. The concentration of salt in the electrolyte, the
surface area, and the distance between electrodes does not have a material impact on the
cell’s OCV. It has also been shown that the concentration of the electrolyte has a relationship
with the SCC, but that there is a maximum point before the SCC tapers off. It has also been
shown that the electrode surface area has a small positive impact on the SCC by reducing
the cell’s internal resistance. Furthermore, the internal workings of the cells have been
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explored through cell behaviour tests, and the energy density of the C-Zn cells was found
to be 0.03005 uW-g 1.
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Appendix A

Table Al. Electrode sizes used to test the effect of electrode area on OCV.

Electrode Sizes Cu Zn Al Sn Fe
Electrode Size 1 (E1) [mm)] 11 10 10 11 11
Electrode Size 2 (E2) [mm] 21 20 20 21 12
Electrode Size 3 (E3) [mm)] 31 30 30 31 31
Electrode Size 4 (E4) [mm] 41 40 40 41 41
Electrode Size 5 (E5) [mm] 51 50 50 51 51

The diameter of the graphite rods was measured, and the surface area was found to
be 1138 mm?. Accounting for the electrode material thickness, the E1 electrodes were cut
so as to have the same surface area as the rods. The non-carbon electrodes were cut into
five different sizes, all measuring 15 cm long and with widths ranging from 1 cm to 5 cm in
1-centimetre increments.

The electrode materials were harvested from recyclable materials and laboratory cut-
offs. The materials were tested using sulfuric acid and referenced to known material
samples to avoid questions regarding the purity/composition of alloys. Iron (Fe), tin
(S5n), aluminium (Al), zinc (Zn), copper (Cu), and graphite rods (C) were used in all
possible unique combinations, comprising 15 in total, to understand the effect of electrode
combinations on cell performance.
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