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Abstract

This experiment investigated the production and performance of zinc-copper galvanic cells using
accessible materials, with a focus on optimizing voltage output and understanding factors
influencing cell efficiency. By varying the factors such as electrolyte concentration, electrode
materials, and cell configuration (single cells vs. series connection), we analysed their impact on
voltage, current, and ability to power LEDs of varying voltage thresholds. Three electrolyte
concentrations (0.1M, 0.5M, 1M, 2M) were tested in different combinations for both zinc sulfate
and copper(ll) sulfate solutions. Results showed minimal variation in voltage with changing
concentration alone, with values ranging from approximately 0.9996 V to 1.0293 V. However,
connecting multiple cells in series significantly increased voltage, with three cells in series
reaching a voltage of 3.0656 V, which was sufficient to power all tested LED colors. These
findings combined with theoretical predictions of Zn-Cu cells, demonstrated fundamental
electrochemical principles such as redox reactions and ion migration via salt bridges. The
experiment highlights the scalability and practical relevance of galvanic cells for real-world energy
applications, reinforcing their role in the ongoing pursuit of efficient, low-cost, and sustainable
battery technologies.

1. Introduction

The escalating demand for portable and sustainable
energy solutions has catalysed advancements in
electrochemical ~ systems, notably galvanic
(voltaic) cells, which facilitate the conversion of
chemical energy into electrical energy through
spontaneous redox reactions.! In galvanic cells,
oxidation and reduction processes occur at separate
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electrodes, generating a flow of electrons through
an external circuit which produces an electrical
current. This fundamental principle underpins the
operation of various battery types, including
primary cells such as zinc-carbon batteries and
secondary cells like lithium-ion batteries.?

A galvanic cell comprises two half-cells, each
containing an electrode immersed in an electrolyte
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solution, which are connected by a salt bridge or
porous membrane. In this electrochemical system,
oxidation occurs at the anode - where metal atoms
lose electrons to form cations - which then enter
the electrolyte solution. The free electrons flow
through an external circuit to the cathode, where
reduction takes place - cations in the electrolyte
gain electrons and are reduced to neutral atoms.!
The salt bridge preserves the electrical neutrality
of the galvanic cell by facilitating the migration of
ions between the half-cells, thereby completing the
circuit and sustaining the continuous flow of
electrons necessary to generate an electrical
current.®
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Image 1: Diagram of Zn/Cu half cells with indicated species flows shown

A comprehensive understanding of such principles
is fundamental in the field of electrochemical
engineering, particularly in the design and
optimisation of battery technologies.* For instance,
the performance characteristics of a battery -
voltage, capacity, and efficiency - are influenced
by various factors, including the selection of
electrode materials, the composition of the
electrolyte, and the internal resistance of the cell.®
By systematically applying this foundational
knowledge, engineers can produce energy storage
systems that are optimized for safety, longevity,
and environmental sustainability, further aligning
with the specific demands of the diverse
applications of such batteries, including electric
vehicles and future developments of sustainable
energy solutions.®
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2. Materials and Methods

2.1: Materials

Copper foil
(electrode)

Zinc foil (electrode)

Cotton rope and
plastic salt-bridge
spacer

Centrifuge tubes

2M Copper(Il) sulfate | Centrifuge tube
(CuSO0.) solution holder

2M Zinc sulfate Multimeter

(ZnS0.) solution

2M Potassium
chloride (KCI)

5 LED lights (green,
blue, white, yellow,

solution red)
Wires Alligator Clips
Scissors 3 AA Batteries

2.2: Experimental Method

2.2.1: Preparation of materials and solutions

Copper and zinc foils were prepared by cutting out
four 3 cm x 6 cm strips of each electrode species.
10mL of the 2M potassium chloride (KCI) solution
was added to a 500mL beaker, along with 190mL
of water, to produce a 0.1M KCL solution. The
other electrolyte solutions (copper (1) sulfate
(CuSO0s4) and zinc sulfate (ZnS0.)) were prepared
in separate 500mL beakers at four different
concentrations: 0.1M, 0.5M, 1M and 2M:

0.1M solution: 10mL of 2M base solution and
190mL of water added to a 500mL beaker
0.5M solution: 50mL of 2M base solution and 150
mL of water added to a 500mL beaker
1M solution: 100mL of 2M base solution and
100mL of water added to a 500mL beaker
2M solution: 200mL of 2M base solution added to
a 500mL beaker.

A strip of cotton rope was placed in the 0.1M KClI
solution, allowing the material to soak up the
solution. The strip of cotton rope was then placed
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into the plastic salt-bridge spacer. Five LEDs of
varying colours (and thus varying voltages
required) were collected and tested in increasing
voltage requirements (red — green) using one or
more AA batteries to determine which terminal
was negative and positive.

2.2.2: Testing varying electrolyte concentrations in
galvanic half-cells

Four galvanic half-cells were made using varying
electrolyte concentrations (0.1M, 0.5M, 1M, and
2M). For each galvanic half-cell, one centrifuge
tube filled approximately two thirds full with
CuSQO., and second approximately two thirds full
with ZnSO.. Both electrolyte solutions would be
of the same concentration. A strip of copper foil
was placed in the copper (1) sulfate centrifuge
tube, and a strip of zinc foil was placed in the zinc
sulfate centrifuge tube. The salt bridge (cotton rope
in plastic spacer) was placed in the two centrifuge
tubes to connect the solutions. See Figure 1 below
for an image of a prepared galvanic half-cell. Wires
were then attached to the electrode foils using
crocodile clips.

Salt bridge

Zinc strip
(anode)

_ . . Zinc
. . electrolvte
Figure 1: Annotated image of a zinc-copper

galvanic half-cell

The wire from the copper electrode was connected
to the positive terminal of the multimeter, and the
wire from the zinc electrode was connected to the
negative terminal of the multimeter. Voltage
readings were taken for each of the electrolyte
concentrations. The wires from each galvanic
half-cell were then disconnected from the
multimeter and connected to the appropriate
terminals on the green LED to determine whether
the voltage was high enough to power it or not.
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2.2.3: Testing several galvanic half-cells in Series

Following the voltage and current readings using
individual galvanic half-cells, the galvanic half-
cells were connected in series. This was achieved
using wires with alligator clips connecting the
anode (zinc foil) to the cathode (copper foil). First,
only two galvanic half-cells (0.1M and 1M
concentrations) were connected in series, and
voltage readings were taken using the multimeter.
Then, three galvanic half-cells (0.1M, 1M and 2M
concentrations) were connected in series, and
voltage readings were taken using the multimeter.
The wires were then disconnected from the
multimeter and connected to the appropriate
terminals on the LEDs to determine whether each
colour could be turned on or not, starting with
green (highest voltage requirement), and then blue,
white, yellow and finally red (lowest voltage
requirement.

2.2.4: Analysis Techniques

Several forms of raw data were collected and
analysed during this process. A multimeter was
used to measure voltage and current of the various
individual galvanic half-cells, as well as that of
several galvanic half-cells in series. Additionally,
LEDs of different colours were used to test the
performance of multiple galvanic half-cells in
series by their ability to power the LED. The
voltage, current and LED data was then analysed
using a range of appropriate equations to derive
properties of the galvanic half-cells, such as power
output, specific power, energy output, specific
energy, and cell voltage, which can be compared
to a theoretical value (Zn-Cu ~1.10 V). These
equations include:

e Power output (watts): P = V X[
(P = power, V = voltage, | = current)
e Energy output (joules): E = P Xt
(E = energy, P = power, t = time)
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3. Results & Discussion

3.1: Effect of electrolyte concentration on
voltage and current

In a half-cell, oxidation at the anode releases
electrons that flow through an external wire to the
cathode, where reduction occurs; ions migrate
through the electrolyte to maintain charge balance.’

Anode (oxidation):
Zn(s) - Zn**(aq) + 2e”

Cathode (reduction):
Cu?**(aq) + 2e” - Cu(s)
The net cell reaction is:
Zn(s) + Cu®**(aq) - Zn**(aq) + Cu(s)

The reaction has a theoretical standard cell
potential of approximately 1.10 V, based on
standard reduction potentials (E°) (Cu?*/Cu =
+0.34 V and Zn*/Zn = -0.76 V), under standard
conditions: 1M concentrations, 25°C temperature,
and 1 atm pressure. The initial experiment was to
test how electrolyte concentrations of half cells
would affect the voltage. Changing concentrations
of both electrolytes didn't seem to largely affect the
voltage. This minimal change is shown in Table 1.

Concentration of Voltage (V)
Zn*/Cu*
0.1M/0.1M 1.0293
0.5M/0.5M 1.0408
1.0M/1.0M 1.0209
2.0M/2.0M 0.9996

Table 1: Voltage readings under same
concentrations of Zn?*/Cu?*

This trend suggests that the Nernst equation’s
concentration effect was relatively weak under
our experimental setup, possibly due to factors
such as electrode surface condition or limitations
in our measurement precision.®
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Further tests examined the effect of unequal
concentrations between half-cells. Again, changes
were minor, shown in Table 2.

Zn* Cu? Voltage (V)
0.1 2.0 1.0020
2.0 0.1 1.0212

Table 2: Voltage readings under same
concentrations of Zn?*/Cu?*

The slightly higher voltage in the second case
(more Zn?tand less Cu?*) could be due to the
direction of the Nernst shift, which favors higher
potential when the oxidized form (Zn2?*) is more
concentrated and the reduced form (Cu?*) is more
dilute, therefore shifting the equilibrium potential
of the reaction. However, these differences are
minor and the observed voltages were consistently
slightly lower than the theoretical 1.10 V, likely
due to internal resistance like ohmic resistance,
imperfect electrodes, or non-ideal conditions. °

While voltage remained fairly stable across
concentrations, current output showed a small peak
at 0.5 M, suggesting a subtle influence of ion
availability on current flow.°

Concentration of Current (mA)
Zn*/Cu**
0.1M/0.1M 0.270
0.5M/0.5M 0.283
1.0M/1.0M 0.265

Table 4: Voltage readings in different number
series

These values suggest that there may be an optimal
concentration (~0.5 M) where ion mobility and
conductivity are most favorable. At lower
concentrations (0.1 M), limited ions may restrict
current flow, while at higher concentrations (1.0
M), increased ionic interactions or electrode
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fouling may reduce efficiency slightly.

3.2: Effect of cell configuration on voltage

When multiple galvanic half cells were connected
in series, their voltages added up approximately
linearly.!t This demonstrates the fundamental
principle of series circuits in electrochemistry: total
voltage is the sum of the individual cell voltages.?
Shown in Table 4.

Configuration Voltage (V)

One cell (0.1M) 1.0293

Two cells (0.1M and | 2.0290
1M)

Three cells (0.1, 1M, | 3.0656
and 2M)

Table 4: Voltage readings in different series

When all three cells were placed in series, the
cumulative voltage was enough to light up all the
different colours of LEDs, each requiring a specific
forward voltage with green being the highest at
3.0-3.2V and red being the lowest at 2.0-2.2V. This
highlights the usefulness of series configurations
for applications requiring higher voltages.™

Voltage as Number of Cells increase
3.5

3 -
25
_ . y=1.0182x+0.005
2 2 " S R?=0.9999
£1s
= N
1 e

0.5

0 0.5 1 1.5 2 25 3 3.5

Number of cells in series

Figure 2: Graph of voltage against number of cells
in series

There would be another way to increase the voltage
generated with the same cell arrangement. This can
be done through the use of an alkaline electrolyte
for each half cell instead of a neutral electrolyte.!*
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By increasing the alkalinity of the electrolyte,
another path is formed for a more efficient flow cell
battery system as there is an increase in the redox
potential of the metals in electrolytes of higher pH
values.’> With this increased efficiency, comes
various possible downsides which could affect the
cell potential. There is a greater chance of
precipitation of the metal and effervescence of
hydrogen in higher pH conditions which would
reduce the surface area of the electrodes and lead
to drastic reductions in the rate of the redox
reactions.16

3.2 Reducing low-grade energy waste

When operating with half-cells, large amounts of
heat dissipation should be taken into account for
various reasons. The heat that’s released is a low-
grade energy waste which plays a big role in the
ongoing climate crisis.1” Furthermore, efficiency is
increased when heat loss is reduced which shows
that there are environmental and economical
benefits.'8

A viable solution to reduce heat emitted from the
cells would be to recycle the heat back into the
system to further drive the redox reactions
happening based on the thermally regenerative
electrochemical cycle (TREC).?® By installing a
heat exchanger?® between the 2 half-cells, the heat
exchanger could be used to recover the heat
dissipated throughout the process?! that is brought
about from factors such as the electrolyte flow
across the cell and ohmic effect present at the
electrodes of the cell. However, this would only be
reasonable to apply if the galvanic cell is being
utilised on a large scale. At a large scale,
temperature of the electrolytes are raised to high
levels hence causing there to be sufficient heat
dissipation.?? This allows for the addition of a heat
exchanger as a significant amount of heat to be
recycled back into the system and generate a much
greater voltage so that the cost of the heat
exchanger would be offset by the increased
efficiency of the system on top of the positive
environmental impact it will have.
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3.3 Thermogalvanic cells

Building on what was previously mentioned and by
adding an external natural heat source to the
system, thermogalvanic single cells can be brought
by the combined utilisation of both low-grade
waste heat and the external heat source to generate
larger voltage outputs and hence greater energy and
power outputs t00,2% augmenting the sustainability
factor of energy generation.?* The primary driving
power for electrolyte flow would be the natural
heat source, which could be solar energy or
geothermal energy, instead of the redox reactions.
The heat source would heat the anode and hence
cause a temperature gradient between the anode
and cathode to be formed. The temperature
gradient is maintained by the heat exchanger which
would also act as a membrane between the half-
cells to accommodate for ions to flow between the
two half-cells. This gradient would generate a
voltage which would supplement the voltage
produced by the redox reactions occurring in the
half cells to produce a larger combined voltage.

Utilising the capabilities thermogalvanic cells have
to continuously generate electrical output?® and the
trends shown in Figure 2, voltage and electrical
energy output can be further improved which is
vital for developing countries which are in need of
a large constant supply of electricity at minimal
cost.?

4. Conclusion

This experiment shows how basic zinc-copper
galvanic cells can generate electrical power and
what factors affect their performance. It was found
that varying the concentration of the electrolyte
solutions had minimal impact on the voltage
output. The result of the experiment was close to
the initial value, with the voltage values being next
to 1.0V, a bit less than the theoretical value of
1.10V. This small difference is thought to be due
to internal resistance or other practical limitations
within the system.
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On the other hand, attaching a few more cells in
series produced a considerable change in the total
voltage. A total voltage of 3.07 V was produced
with 3 interconnected cells, which was used to light
LEDs of different colours. This experiment shows
that basic electrochemical systems can be used to
transform energy to produce larger requirements,
which proves the real-world applicability.
Additionally, there are ways to enhance the
system’s efficiency, like using alkaline electrolytes
or applying thermally regenerative systems to
recover heat. Thus, the ideas serve as an example
that galvanic cells are not only instruments but also
permit the use of renewable and affordable energy
storage solutions.

In conclusion, all our theoretical topics were
brought into the realm of real life, which has given
birth to future developments leading to an
improved design and innovation of battery
technology.

Appendix

Zinc Copper Volts
Concentration | Concentration Direct

(M) (M) Current

V)
2 0.1 1.0212
0.1 2 1.0020
2 2 0.9996
0.1 0.1 1.0293
1 1 1.0209
Two in series (0.1M, and 1M) 2.0290
Three in series (0.1M, 1M, 2M) 3.0656
© 2025 SJIE
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Abstract

This study investigates the construction, performance, and optimisation of galvanic cells using
copper-copper ion and zinc-zinc ion half-cells. The experiment aimed to explore
electrochemical energy generation through redox reactions and to evaluate how design factors
affect cell efficiency. Galvanic half-cells were assembled using 0.1 M and 0.05 M copper (I1)
sulfate and zinc sulfate solutions as standard electrolytes. Voltage and current outputs were
measured with a multimeter, and the ability of each cell to power LEDs of different colours
was assessed. Key variables, namely concentration, were systematically varied to determine
their influence on electrical performance. The half-cell configuration demonstrated high output
due to effective separation of half-reactions and minimal internal resistance. Increasing copper
(1) sulfate concentration and decreasing zinc sulfate concentration generally improved
performance, while series connections significantly boosted voltage, enabling the illumination
of higher-threshold LEDs. The experiment highlighted the principles of electrochemical
potential, circuit design, and redox chemistry. Results demonstrated the feasibility of using
simple, low-cost materials to generate sufficient electrical energy for practical tasks such as
lighting LEDs. This experiment emphasizes the relevance of electrochemical systems in
sustainable energy applications and enhances understanding of real-world battery operation and
optimisation.

Keywords: galvanic cell, zinc-copper cells, copper electrode, zinc electrode, redox reaction,
electrolyte concentration, series and parallel connection

1. Introduction

Batteries are electrochemical devices, where electrical
energy is generated from chemical energy by redox reactions
at the anode and cathode, spontaneously®. Reactions at the
anode, the negative electrode, generally take place at lower
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electrode potentials than at the cathode, the positive electrode.
Batteries are closed systems, where the anode and cathode are
the charge-transfer medium and are active reactants in the
redox reaction. Thus, energy storage and conversion occur in
the same compartment?.

Galvanic cells, or voltaic cells, are the foundational models
for electrochemical batteries. These cells generate electricity
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spontaneously as electrons flow from the anode to the
cathode®. This principle underpins the design of modern
batteries used in portable electronics, electric vehicles, and
renewable energy storage systems.

In galvanic cells the process is driven by a reduction in the
change in Gibbs free energy, A/G < 0, as concentrations
equilibrated. In a typical galvanic cell, such as a zinc-copper
system, zinc undergoes oxidation at the anode, releasing
electrons and forming Zn2- ions®. These electrons travel
through an external wire to the cathode, where Cuz* ions in
solution are reduced to solid copper; this provides the electron
flow of the system. A salt bridge connects the two half-cells,
allowing ion transfer to maintain electrical neutrality and
complete the internal circuit.

The schematic below illustrates how galvanic cells work,
measuring the voltage of the cell using a voltmeter. The zinc
anode and copper cathode are immersed in their electrolytes
(Cuin Cuzt ions and Zn in Zn2+ions) and connected externally
by a conductor and internally by a salt bridge soaked with
potassium chloride (KCI) solution. Electron flow from the
anode to the cathode generates usable electrical energy
measured through the voltmeter, while ion movement through

the salt bridge sustains the reaction.
Electron Flow
- / .
© ®
Anode: (Zn ) Cathode: (Cu)
~— i-//
.
-
- znz Cu"/
2+ /
\‘\z“zv Cu
_—ei__/ T .
Electroyte: (zn" ) “w__/ FEiectrolyte: (Cu o)

Salt Bridge:

(KCl,.))

Figure 1: Schematic diagram of a zinc-copper galvanic cell

From an engineering standpoint, battery design involves
optimising materials, reaction Kkinetics, and system
integration, minimizing costs whilst maximizing efficiency
and safety. Applications of electrochemistry are widespread
in society, ranging from consumer electronics to automobiles,
medical electronics and space travel. Electrode and electrolyte
materials must be chosen by engineers for their conductivity,
stability, cost, and environmental impact. Through
thermodynamic properties such as cell potential and Gibbs
free energy, energy output is determined, while kinetic factors
influence charge and discharge®. Engineers must also address
thermal management, mechanical durability, and safety,
especially in large-scale or high-performance applications.
Innovations such as lithium-ion, solid-state, and flow batteries

XXXX-XXXX/ XX/ XXXXXX 2

have emerged and been optimised by the work of chemical
engineers in combination with other engineering disciplines.
Through this study we aim to explore how galvanic cells can
be optimised to improve performance and efficiency,
emulating how batteries are optimised industrially by
chemical engineers.

2. Methods

2.1 Materials and Reagents

Copper (Cu) and Zinc (Zn) foils (cut to 3cm x 6 cm) were
used as electrodes. Initially, 0.1 M aqueous electrolyte
solutions were prepared using distilled water, copper (II)
sulfate (CuSOQ.), zinc sulfate (ZnSO.) solutions. Cotton rope
strips were used to prepare salt bridges and spacers. Centrifuge
tubes served as individual half-cell containers. Electrical
measurements were taken using a digital multimeter. Alligator
clips and insulated wires facilitated connections. Light-
emitting diodes (LEDs) of different colours (green, blue,
white, yellow, red) were used for output tests.

2.2 Preparation of Electrodes and Electrolytes

Copper and zinc foils were abraded with fine sandpaper to
ensure a clean, reactive surface for the half-cell. Electrolyte
solutions were prepared at 0.1 M and 0.05 M concentrations.
Salt bridges were created by soaking cotton rope strips in
0.1 M potassium chloride (KCI) solution.

2.3 Construction of Galvanic Cells

Two centrifuge tubes were used as the basis of the half-
cells. One was filled to two-thirds capacity with 0.1 M CuSQOa
and the other with 0.1 M ZnSO.. A sanded copper electrode
was placed in the CuSO. solution (cathode), and a sanded zinc
electrode in the ZnSO. solution (anode). The half-cells were
connected using the salt bridge prepared by cotton rope strips
soaked in 0.1M KCI. Electrodes were connected to a

multimeter using alligator clips to measure electrical output.
This process was repeated with different combinations of
concentrations of CuSO.4 and ZnSO.4 to make four galvanic
cells.

Figure 2: Zinc-Copper Galvanic Cell Experimental Setup
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2.4 Series and Parallel Configurations

The galvanic cells were connected in series to find the
optimal configuration to illuminate different LEDs. Voltage
across the terminal ends and current in the circuit were
measured for each successful configuration using a digital
multimeter. The galvanic cells were not connected in parallel
as it would not yield enough electromotive force (E.M.F.) to
illuminate the LEDs.

2.5 Data Collection

Two forms of data collection were carried out. The first was
electrical measurements, where voltage was measured under
open-circuit conditions and the short-circuit current was
measured by switching the multimeter to current mode. The
second data collection was qualitative, LED lighting. Each cell
configuration (series, parallel) was connected to a circuit
containing one LED at a time, in the sequence: green — blue
— white — yellow — red. LEDs were observed for
illumination, and the results were recorded

2.6 Investigation of Variable Parameters: Electrolyte
Concentration

Electrolyte concentrations of CuSO. or ZnSOs solutions
varied as both the electrolytes were prepared with 0.1 M and
0.05 M concentrations. Multiple galvanic cells were
constructed using the modified parameter while keeping other
conditions constant. Voltage and current outputs were
measured for each variation.

2.7 Data Analysis

Voltage and current data were analysed to determine trends
related to cell configuration (single, series, parallel),
parameter variation (electrolyte concentration), and LED
illumination threshold. Trends were graphed to show
relationships between variables. Observations on LED
illumination were linked to measured output values to
determine minimum requirements for successful operation.

2.8 Equations and Standard Potentials

The net reaction of a copper-zinc galvanic cell is,
Zne) + CU(aq) = Zn**(aq) + Clgg)
Oxidation at anode (Zn?*/Zn half-cell):
ZNG) & Zn**(aq) + 26—
Reduction at cathode (Cu?*/Cu half-cell):
Cu?*(ag) + 26— 2 Cuys)
The theoretical cell potential, E°, is calculated as,
E°cell = E°athode — Eanode
Where, E°athode, Standard reduction potential of cathode
(Cu?*/Cu), is +0.34V and E°node, Standard reduction potential
of anode (Zn*'/Zn), is —0.76V 8.
Thus, E%en =+0.34V - (-0.76 V) = +1.10 V7.
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2.9 Safety and Waste Disposal

All chemical handling was performed with gloves and
safety goggles. Toxic solutions such as CuSO. were disposed
of in heavy metal waste containers. Direct skin contact with
ZnSO. was avoided. Electrical testing was conducted using

insulated wires and connectors.
3. Results and Discussion

3.1 Results

Table 1: Cell potential with different combinations of

electrolyte concentrations

Cell
Battery [C(u'\%h] [Z(nl\?l?“] Potential,
Ecen, (V)
A 0.10 0.10 1.0652
B 0.10 0.05 1.0707
C 0.05 0.05 1.0545
D 0.05 0.10 1.0480
1.070} [CuSO:] = 0.1 M
—@— [CuS04] =0.05M
< 1.065
=
€ 1.060
§ 1.055 g
1.050} I — —
0.05 0.06 0.07 0.08 0.09 0.10
[ZnS0a] (M)

Figure 3: Graph of how the cell potential varies with
different combinations of electrolyte concentrations
(Generated by Al using the raw data from the experiment)

Table 2: Electromotive Forces across the circuit for

Different LEDs

Colour of  Wavelength Coienrelstsion E.M.F.

LED of LED (nm) of Batteries V)
Red 622.5 A+B 2.1296
Yellow 592.5 A+B 2.1323
White 550.0 A+B+C 3.1689
Blue 462.5 A+B+C 3.1857
Green 522.5 A+B+C 3.1887
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Figure 4: Graph of how the E.M.F.varies across different
wavelengths

Table 3: Current in the circuit for Different LEDs

Colour of  Wavelength Coiiggfion Current
LED of LED (nm) of Batteries (mA)
Red 622.5 A+B 19.831
Yellow 592.5 A+B 19.350
White 550.0 A+B+C 19.953
Blue 462.5 A+B+C 19.880
Green 522.5 A+B+C 19.802
20
[ ]
19.9 °
19.8 e
z
E 197
é 19.6
3
19.5
19.4
[ ]
19.3
450 500 550 600 650

Wavelength (nm)
Figure 5: Graph of how the current varies across different
wavelengths

Table 4: Power output by the series connection of batteries
for illuminating different LEDs

Colour of  Wavelength Co?]irelstsion Opa\tl\ylael:t
LED of LED (NM) ¢ boteries (MmW)
Red 622.5 A+B 42.232
Yellow 592.5 A+B 41.260
White 550.0 A+B+C 63.229

Blue 462.5 A+B+C 63.332
Green 522.5 A+B+C 63.142
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Power Output (mW)
w Lo
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Figure 6: Graph of how the power output varies across
different wavelengths

Table 5: Energy output in 5 seconds and specific power for
illuminating different LEDs

. Energy
Colour Wavelength _ S€"8S  output  Specific
of of Conne}ctlon in5 Power
LED LED(nm) Bat'?eries seconds (Wm-2)
(mJ)

Red 622.5 A+B 21116  23.462
Yellow 592.5 A+B 206.30 22.922
White 550.0 A+B+C 316.15 35.127

Blue 462.5 A+B+C 316.66 35.184
Green 522.5 A+B+C 31571 35.079

3.2 Discussion

Electrical measurements of galvanic cells are a direct
method to evaluate their electrochemical performance by
quantifying voltage, current, and power output under varying
conditions, such as electrolyte concentration. At an electrolyte
concentration of 0.1 M CuSO;and 0.1 M ZnSO. produced a
cell potential of +1.0652 V which is in line with the theoretical
value of +1.10 V, thus confirming that the fundamental
electrochemical reaction being conducted is

Zne) + Cu2+(aq) — Zn2+(aq) + Cug)

In the galvanic cell, oxidation occurs at the zinc anode as
zinc is oxidised to Zn2* ions following the half-cell equation,
Zng) € Zn**(qq) + 2e—, and reduction at the copper cathode as
Cu2+ ions are reduced to copper following the half-cell
equation, Cu?*(ag) + 2e— 2 Cuyy).

3.2.1 Effect of Electrolyte Concentration

Systematic variation of electrolyte concentrations of 0.05
M and 0.1 M shows that changing CuSO; and ZnSO4
concentrations affected cell potential and current output. This
observation is consistent with the Nernst equation, where due
to Le Chatelier’s principle, a higher concentration of Cu?* ions
shifts the equilibrium to favour the reduction pathway
(https://link.springer.com/article/10.1007/bf02645347).
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Ecell = Eocell_ E In ([Zn2+] / [CU2+])
nF

The Nernst equation® shown above mathematically
describes the relationship between the cell potential,
temperature, and the concentrations of the involved ionic
species. Thus, it shows the nonlinear impact of concentration
changes on voltage output®.

The Nernst equation!® contains a natural logarithm. As a
result, small changes in the concentration of electrolytes have
a nonlinear but significant effect on the cell potential'®. Thus,
if the [Cu?*] decreases, the cell potential read by the
multimeter will be lower as the cathode has fewer available
ions to reduce, hence the reduction pathway becomes less
favourable and thus the cell potential drops. This is evidenced
by the data, as in both the galvanic cells with the [Cu?] being
0.05 M, the Eci values are lower than the Ec values of the
galvanic cells where [Cuz] was 0.1 M, with the latter being
1.0480V at its lowest, and the former at 1.0707V at its highest.
However, with reference to the Nernst equation, lower Zn2+
ion concentration makes the oxidation reaction more
thermodynamically stable, as this favours the oxidation
pathway, thus raising the cell potential.

3.2.2 Connecting Cells in Series and Parallel
Configurations

The effects of connecting multiple cells in series and
parallel were also examined. When cells are connected in
series, cell potentials add linearly to give the electromotive
force (E.M.F.) across the circuit!2, Three galvanic cells in a
series connection yielded an electromotive force (E.M.F.) of
approximately 3.19 V, which was sufficient to illuminate
LEDs with higher forward voltage thresholds such as white,
blue, and green. This is evidenced by higher threshold LEDs
such as white, blue, and green requiring three galvanic cells
for activation, whereas red and yellow LEDs were
illuminated by two cells connected in series. This is in line
with their known forward voltages ranging from 2.0 V to 2.2
V for red and yellow LEDs and 3.0 V to 3.2 V for white, blue
and green LEDs.

While not tested in this experiment, cells may also be
connected in parallel. This, in essence, will result in the
electromotive force (E.M.F.) of the circuit to be the same as
the cell with the highest cell potential'. However, it will
increase the current capacity greatly, thus improving runtime.
However, parallelly connecting three cells with E.M.F. values
of approximately 1.10 V will not be sufficient to power
the LEDs due to their forward voltages ranging from 2.0 V to
3.2V.

It is important to mention that current measurements were
consistently conducted at the conclusion of each trial, as
initiating current flow earlier would result in the immediate
depletion of the cell, thereby preventing further
experimentation. This rapid discharge is characteristic of
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series circuits, where the same current flows through each cell,
leading to increased total energy consumption. In such
configurations, there exists only a single path for the electric
current, which imposes a uniform and continuous load across
all cells. By contrast, in parallel circuits, the total current is
distributed among the individual branches!4, thereby reducing
the load experienced by each cell and extending the overall
runtime of the battery system. This distinction arises from
fundamental circuit behaviour, wherein parallel arrangements
reduce effective resistance and distribute current more
efficiently as current is divided amongst cells!®, reducing the
load on the battery, resulting in slower depletion rates.

3.2.3 Trends Observed in the Recorded and Calculated
Data and Battery Performance Analysis

While both the electromotive force (E.M.F.) across the
circuit and current in the circuit are observed to have a
nonlinear decreasing trend, the shape of the best-fit curve for
both their trends are very different. However, the trends are
difficult to observe as the red and yellow LEDs had the same
forward voltage ranges, the white, blue and green LEDs had
the same forward voltage ranges, and all the LEDs had the
same maximum current.

However, the power output by the series connection of the
batteries shows a linear decreasing trend across the
wavelengths.

To evaluate the performance of the constructed battery
systems, specific power and energy output in 5 seconds were
calculated and analysed. Specific power refers to the rate at
which energy is delivered per unit area of the electrode. In the
highest-performing configuration (white LED, three cells in
series), a specific power of approximately 35.13 W/m? was
recorded, along with an energy output of 316.15 mJ over 5
seconds. These values, while shy in performance to
commercial batteries, demonstrate the cell’s capability to
deliver targeted power outputs for low-energy applications.

3.2.4 Zinc-Copper Galvanic Cells in Engineering Context

Design and testing of copper-zinc galvanic cells presents
implications for broad real-world applications, such as
developing cost-effective yet sustainable energy storage
solutions. Such simple cells exemplify the challenges
encountered in scaling up electrochemical systems. For
example, low energy density, relatively short lifespan due to
reactant depletion, and limitations in voltage output from
single cells to name a few. However, the results also highlight
the advantages of reconfigurability, where stacking and
arranging cells in series or parallel configurations improves
performance.

In resource-limited or remote settings, such as off-grid
locations, galvanic cells offer a compelling option due to the
accessibility of the materials as well as its ease of
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assemblance. In industrial settings, however, cost-
performance trade-offs are a crucial consideration. Whilst
zinc-copper galvanic cells may not outperform lithium-ion
electrochemical technologies on energy density or life cycle,
they are however low cost, environmentally friendly!6, and
have safer operation conditions which make them more ideal
for temporary applications, such as low-power environmental
sensors or single-use diagnostic devices. The combination of
safety, environmental sustainability and abundant reserve
make these energy storage systems highly advantageous for
the environment?’.

From a sustainability perspective, using recyclable metals
like copper and zinc and aqueous electrolytes poses less
environmental risk than organic solvents to align these
systems with greener energy production. Further research
could optimize systems by exploring biodegradable
electrolytes, waste-metal sourcing, or integration with
renewable inputs. Moreover, zinc and copper can be recycled
in economically feasible methods'® to further improve its
economic efficiency.

3.2.5 Possible Improvements in the Cell Design

Possible improvements in the zinc-copper galvanic cell can
be brought about by significantly improving the specific
energy by optimizing the electrode-to-electrode ratio and
reducing internal resistance through better separation and
increased ionic conductivity®® and by increasing the energy
density of the cell by increasing electrode thickness2. Further
trial and error can be performed to find the optimal electrolyte
configurations with different liquids as electrolytes with salt
and other compounds to obtain optimal energy output?.

Additionally, the zinc-copper galvanic cell can be
improved by using optimised electrode configurations with
accordance to their electrode architecture and improved
fabrication strategies?2. Furthermore, zinc-copper cells can be
made rechargeable using a cation-exchange membrane to
separate the half-cells with a sodium-based background
electrolyte?® or using electrolytes made from hydrogels
while increasing the output voltage of the cells by inserting
two pairs of both cathodes and anodes in one volume of the
electrolyte?,

Such metrics are crucial in engineering design, particularly
when selecting battery types for portable medical or
environmental monitoring devices. As observed, even simple
aqueous-based electrochemical cell designs can be tuned
through their variable concentration and configurations to
meet specific voltage and power requirements.

4. Conclusion

This experiment successfully demonstrated the principles
of galvanic cell operation using copper and zinc electrodes,
with  variable electrolyte  concentrations and cell
configurations. The results followed expected trends, such as
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higher voltages from series connections and variable
concentrations on output, thus reflecting how chemical
potential and circuit design interplay in real world
electrochemical systems.

Moreover, series connections significantly increased cell
voltage, illuminating LEDs with higher voltage requirements.
In contrast, changes in electrolyte concentration influenced
cell voltage in a non-linear manner, small increases in Cuz+ion
concentration led to voltage gains, whereas small increases in
Zn2 jon concentration suppressed voltage, staying consistent
with the Nernst equation. Power values reached over 35 W/m?
in the most efficient configuration, suggesting feasibility of
such cells for low-power applications.

These findings are relevant for developing accessible and
sustainable battery technologies that prioritize safety, low
cost, and reconfigurability. Further improvements could
explore more materials, higher electrode surface areas, and
hybrid integration of cells with renewable energy systems.
The experiment reinforces the role of electrochemical
engineering in tackling modern energy challenges and
provides a foundation for future innovation in battery
design.
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Figure 1. A standard zinc-copper galvanic cell
Abstract

Galvanic cells generate electricity from spontaneous redox reactions and are applied by chemical engineers in areas such as
corrosion control and electroplating. This study investigates the electrochemical performance of zinc-copper (Zn-Cu) galvanic
cells in flat-stacked and rolled configurations, isolating the influence of configuration on voltage, current and power output.
Using a 0.1M KClI salt bridge with 6cm x 3cm copper and zinc electrodes, the cell output was measured. Furthermore, the
effect of ZnSO4 concentration (0.1M, 1M, 2M) was also tested. Rolled cells showed slightly higher voltage and current outputs,
due to more effective electrode contact, however, both designs produced voltages below the theoretical 1.10V potential, due to
current leakage, short circuits and lack of copper ions for cathodic reduction, increasing ZnSOs concentrations correlated with
a decreasing cell voltage, aligning with predictions derived from the Nernst Equation. While the investigation generated
reasonable results, deviations from theoretical values and measurement inconsistencies suggested experimental refinement is
needed. The investigation provided insights into how cell geometry and electrolyte composition influence galvanic cell
efficiency, providing insights into optimisation of electrochemical systems and contributing to sustainability in applications
including energy storage and usage in electric vehicles and renewable energy storagel!.

Keywords: galvanic cells, zinc-copper battery, rolled cell, flat-stacked cell, electrolyte concentration, power density, Nernst
equation
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1. Introduction

A galvanic cell is an electrochemical device which is used to
produce electricity through a spontaneous redox reaction. The
anode is composed of a compound with a low reduction
potential, being readily oxidised to generate electrons which
flow through an external wire to the cathode, facilitating the
reduction of the cathode and generating an electrical current(2.,
The electrodes are submerged in an electrolyte solution,
allowing the movement of ions, and maintaining neutrality
within the cell. Batteries may contain one or more galvanic cells,
converting chemical energy into electrical energy to fuel electric
vehicles, phones, and off-grid renewable energy systems.

The application of a galvanic cell depends on the properties of
the specific configuration utilised, including rolled, flat-stacked
and half-cell designs. Rolled cells are very compact, and
compared to flat stacked cells, they feature spiralled electrodes
to increase the surface area for electron transfer, enhancing
energy and power density[3l. This design, seen in commercial
formats like AA and 18650 batteries, offers scalability, thermal
stability, and ease of production, making it ideal for EVs and
portable electronicsl, however, their stress concentrations may
accelerate degradation. Flat-stacked cells, by contrast, use
layered electrodes in a compact prismatic format, giving them
better space utilisation and more uniform pressure
distribution®l, While more challenging to manufacture due to
alignment precision and contamination risks, flat-stacked
designs deliver superior structural performance and offer better
energy efficiency.

Zinc, being higher in the reactivity series compared to copper,
displaces copper ions from the solution, depositing them as solid
copper, leading to the oxidation of zinc. Hence, in a closed
circuit, a current flows between the two electrodes, where zinc
acts as the anode (supplying electrons) and copper acts as the
cathode (consuming electrons)il, where the mass of the copper
electrode increases. Copper and zinc electrodes, when immersed
in electrolyteld, create an electrochemical cell which generates
electrical energy through a redox reaction. This process involves
the oxidation of zinc to form positive Zn2* and 2e-, and the
reduction of copper to form metallic copper from the
consumption of electrons. The half-cell equations are shown
below:

Zn(s) = Zn?* (aq) + 2¢
Cu?*(aqg) + 2e" - Cu(s)

For the comparison of the rolled cell and flat cell, a 0.1M KClI
solution was chosen as the electrolyte. To determine the impact
of concentration on the cell output, the concentration of a ZnSO4
electrolyte was changed under a flat cell configuration, and the
output was recorded. The electrodes are responsible for
influencing the power output of the cell (i.e. the rate at which
chemical energy is transformed into electrical energy), and this
is dependent on the surface area and material of the electrode. A
larger surface area exposes a larger number of atoms to the
electrolyte mixture, meaning the metallic atoms in the electrode
can be oxidised into ions at a greater rate, thus increasing the
power outputl®l. Furthermore, the reduction potential of a
material will also influence the power. Anodes with a lower
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reduction potential will be oxidised more efficiently, and when
paired with a cathode with a higher reduction potential (easily
reduced), the rate of the redox reaction is greater, increasing the
efficiency and power output of the cellf.,

Galvanic cells, while conventionally used as batteries, are now
being used in the medical and environmental industries.
Magnesium-based galvanic cells (MgG) are being used as a
non-invasive tumour treatment as gas therapy. It involves
micro-scale MgG rods being inserted into a tumour, with the Mg
oxidised in the presence of water, forming both hydrogen gas
and magnesium hydroxidel2l.

Mg(s) + 2H200) > Hz (g) + Mg(OH)2 (ag)

The hydrogen gas continuously produced induces mitochondrial
dysfunction (by interfering with the electron transport chain) and
impedes the maintenance of intracellular homeostasis.
Furthermore, the Mg(OH), can neutralise the acidic tumour
environment. This helps to reduce toxicity on healthy cells and
prevents the degradation of the extracellular matrix, thus
preventing the spread of the tumour cellstl,

2. Experimental Aim

To build and compare different types of Zinc-Copper galvanic
cells, including flat and rolled cells, to compare their properties
regarding voltage and current output and the ability to light up
different coloured LEDs. To investigate the effect of electrolyte
concentration on voltage output.

3. Materials & Methods

3.1 Materials

A zinc-copper electrode was employed for the galvanic cell
design, the copper foil acting as the cathode and the zinc foil
acting as the anode. Alligator clips and wires were used to close
the circuit, connecting the electrodes to all other circuit
components, including the AAA batteries and LEDs. Filter paper
acted as the salt bridge within the galvanic cell with the use of a
0.1M KCI solution, maintaining neutrality within the cell and
facilitating electron movement throughout the circuit.
Different-coloured LEDs (green, blue, white, yellow, and red)
were used to test the output of the galvanic cell design by
changing the energy requirement from the cell. A multimeter
was used to measure the voltage and current output of the cell.
Finally, beakers were used to hold samples of the salt bridge
solutions, the petri dish was used to soak the filter paper in the
salt bridge solution, with tweezers were used to transport the
soaked filter paper from the petri dish. Scissors were used to cut
the sheets of copper and zinc into 3cm x 6¢cm strips, and tape
was used to hold the rolled galvanic cell securely shut.

3.2 Method

The copper and zinc sheets were cut into 2 separate 3cm x 6¢m
strips. Two sheets of filter paper were then cut into 3cm x 6¢m
strips (as flush to the electrodes as possible to prevent the circuit
from shorting). Approximately 30 mL of the 0.1M KCI solution
was poured from the beaker into the petri dish, and one strip of
filter paper was placed into the petri dish to soak. Tweezers were
used to remove the filter paper from the petri dish, which was
sandwiched between the copper and zinc electrodes. Tape was
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then used to secure the stacked cell into a cylindrical rolled
configuration (Figure 2). Separate alligator clips and wires were
clamped onto each electrode, where the zinc electrode was
connected to the negative (black) probe of the multimeter, and
the copper electrode was connected to the positive (red) probe,
creating a series circuit. The multimeter was switched to V
mode, and the voltage was measured before being switched to
mA mode to record the current. The alligator clip was
disconnected from the positive terminal of the multimeter, and a
new alligator clip was connected to the positive terminal of the
green light bulb. Another wire with an alligator clip was used to
close the circuit, connecting the negative terminal of the light
bulb with the positive terminal of the multimeter. A battery was
then added in series, and following this, a second battery was
added in series, directly in contact with the previous battery. The
voltage and current were then recorded. The green light bulb was
removed from the circuit and replaced with the blue light bulb,
again measuring the voltage and current. This step was repeated

for the white, yellow and red light bulbs, recording each voltage.

The second strip of filter paper was soaked in the petri dish with
the 0.1M KCI solution, and the filter paper was placed between
the second zinc and copper strips, creating a flat cell (Figure 2).
An alligator clip was used to connect the positive probe of the
multimeter to the copper electrode, while another wire and
alligator clip were used to connect the zinc electrode to the
negative multimeter probe. The initial voltage and current were
then recorded. The green light bulb was then connected in series,
disconnecting the alligator clip from the positive multimeter
terminal, and connecting it to the positive terminal of the green
light bulb before closing the circuit by using a new wire to
connect the negative terminal of the light bulb to the positive
multimeter probe. 2 batteries were added to the circuit in series.
The green light was replaced with the blue, white, yellow then
red light bulb, testing its ability to light up each colour.

Flat Cell Rolled Cell

Cathode Cathode

Separator
Anode

Figure 2. Flat-stacked and rolled cell configurations

Separator

Anode

4. Discussion

Our investigation compared the output and efficiency of a rolled
and flat galvanic cell, as well as the effect of ZnSO4 electrolyte
concentration on cell output. Both cells contained a copper and
zinc electrode, with a 0.1M KCI solution used as a salt bridge
and separator. The standard reduction potentials for zinc and
copper, as shown in Table 4, are -0.76V and 0.34V, respectively.
This indicates that the copper electrode will undergo reduction,
acting as the cathode. To obtain the standard potential of the cell,
the reduction potential of the anode is subtracted from that of
the cathodel3l, as demonstrated in Equation 1. This yields an
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3.3 List of Equations Applied to Raw Data Analysis

The formula used to calculate the standard potential of the cell is
shown in Equation 1, where E° represents the standard reduction
potential of the cathode and anode. However, galvanic cells are
often operated at non-standard conditions, where the Nernst
Equation may be used (Equation 2). This takes into account
factors such as temperature, pressure and the reaction
quotient12l,

Equation 1 - Calculating the standard reduction potential of a full
cell:

E° = E° (cathode) - E° (anode)

Equation 2 - The Nernst Equation:
E=E°-* InQ
nF

E° = Reduction potential of the cell, R = Ideal gas constant
(8.314 J K-'molY), T = Temperature (K) and n = number of
electrons transferred.

Equation 3 - Ohm’s Law:
Furthermore, Ohm’s Law is discussed in the discussion to

compare the relationship between the voltage (V), current (1) and
resistance (R) within the circuit, where voltage is in volts (V),
current is in amperes (A), and resistance is given in Ohms (Q).
This is rearranged as shown below to distinctly compare the
current changes involving voltage and resistance.

V=IR

This is then rearranged to: | = g

The power within the cells is also studied, where power (Watts)
is shown in Equation 4, with V representing the voltage (V) and
| representing the Current (A).

Equation 4 - Power (W):
P=VI

To calculate the overall voltage within a series circuit, the
voltage of each power source can be added, providing the final
voltage as shown in Equation 5.

Equation 5 - Voltage in Series:

V=Vi+Va+ .. +V,

overall standard reduction potential of 1.10V for the entire cell.
Table 1 shows that the voltage output for the flat stacked cell
was 0.6659V, while Table 2 shows that for the rolled cell, the
output was 0.7462V. This indicates a loss of 0.4341V (or an
efficiency of 60.5%) for the flat stacked cell, and a loss of
0.3538V (or an efficiency of 67.84%) compared to the
theoretical potential at standard conditions.

Overall, the output was much smaller than the predicted voltage
output of 1.10V (Figure 4), likely due to the leakage of voltage
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and current because of electrolyte leakage or unintended contact
of electrodes, leading to a short circuit!4}, as well as unintended
contact of the electrodes due to faulty use of the separators.
Additionally, another cause of shorts is the production of
dendrites, which are tiny metallic projections that extend across
and pierce the separator, leading to electrode contact!2s,

Due to shorts and the leakage of current, differing results were
observed between the rolled and flat cell batteries. For the flat
cell, a voltage reading of 0.6659 V was taken, lower than the
0.7462V value taken for the rolled cell. The configuration of the
cell was likely the reason for the varied data. The flat-stacked
cell has great contact between the electrodes across the whole
surface, facilitating the exchange of electrons, and hence leading
to a greater voltagel’®l, However, as seen in Table 1, the rolled
cell can reduce the contact and uniformity of electron and ion
transfer between the electrodes, leading to reduced voltage and
currentlZ. Furthermore, both cells had voltages significantly
lower than the theoretical standard potential of 1.10 V, indicating
sources of error, including the absence of a Cu?* or Zn#
electrolyte. Instead, a 0.1M KCI solution was used as the
electrolyte, which doesn’t include Cu2* or Zn2*, thus inhibiting
the reaction as the copper cathode requires Cu2* ions to be able
to accept electrons and act as the reducing agent.

As shown in Table 1, the voltage of the circuits with no batteries
was significantly lower than that of the circuits containing 2
batteries. For example, in the flat cell, the voltage with no battery
was 0.6659V, while that of the rolled cell was 0.7462. This
indicates that a voltage was successfully generated, despite being
much lower than the predicted value of 1.10V. When 2 batteries
were supplied to the circuit, the voltage of the flat cell circuit
was 3.9667V while the voltage of the rolled cell circuit was
4.0321V. Adding more batteries in series directly increases the
voltage because batteries themselves contain voltage, and the
final voltage of the circuit is the sum of the voltage in each
component of the circuit, as demonstrated in Equation 5.
Furthermore, as a higher voltage was supplied, the current of
both cells also increased (from 1.621 mA to 25.874mA in the
flat cell and from 1.731mA to 26.635mA in the rolled cell),
resulting from the direct proportionality of voltage and current,
as demonstrated in Equation 3. A higher voltage provides a
larger force to push a constant number of electrons through a
circuit, leading to the increased current observed (Figure 3) 128,

Furthermore, Table 2 demonstrates that in both cells, no light
bulbs lit up when supplied with the voltage from only the
galvanic cell; however, when the 2 batteries were added in series,
all light bulbs lit up in both cells. This is because different
amounts of energy are required to light up each bulb, with the
red and yellow light bulbs requiring the lowest voltage to light
up, at just 2 - 2.2 V. In contrast, the white, blue, and green light
bulbs required the largest voltage to light up, between 3- 3.2 V.
Hence, the initial voltage of the flat and rolled cells (0.6659V
and 0.7462V, respectively) didn’t provide enough energy to light
up the bulb, yet after adding the batteries, the voltage exceeded
3.2V in both circuits, meaning an adequate voltage was reached
to light each bulb in both circuits.

Moreover, Table 4 demonstrates that the voltage output of the
Zn-Cu flat-stacked cell decreases with increasing ZnSOa
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concentration. Specifically, when the concentration of ZnSO. is
0.1 mol/L, the voltage is 0.958V, yet at 1.0 mol/L, this reduces
to 0.8740 V, and finally, at 2.0 mol/L, the voltage drops further
to 0.8505 V. The results obtained support the theoretical
prediction given by the Nernst Equation (Equation 2), which
accounts for non-standard conditions and the effect of changing
ion concentrations on cell potential.

For the zinc-copper cell, the full redox reaction is:

Zn) + Cu?*(ag) - Zn**(ag) + CUs)

Under this reaction, the reaction quotient is:
Q =[zn2+]
[Cu?*]

Assuming a constant Cu?* concentration (1.0 mol/L), the Nernst
Equation simplifies to a dependence on the Zn?* ion
concentration, which is equal to the concentration of the ZnSQO.
electrolyte used. Therefore, substituting this into the Nernst
equation gives us:

E = E° - RT In [ZnS0O4]
nF

This relationship shows that voltage decreases logarithmically
as ZnS0. concentration increases, which is shown in Figure 5,
and can be expressed in a proportional form equation as:

E o< —log[ZnSOa]

This relationship reinforces the theoretical prediction that higher
Zn?" concentrations increase the reaction quotient (Q), therefore
reducing the cell potential. A comparison between the
experimentally observed voltages and the cell potentials
computed using the Nernst equation is made in order to verify
the theoretical model. At 298 K, the Nernst equation reduces to:

E = 1.10 — 0.01285In[ZnSOx]

E°=1.10V, R =8.314 JKImol?!, T=298 K, n = 2, F = 96,485
C mol?

Table 4 compares the theoretical voltages obtained using this
equation with the observed experimental data. The observed
voltages are consistently lower than the theoretical predictions
derived from the Nernst equation. This disparity can be
explained by several related experimental constraints and not
ideal circumstances that are typical of real-world
electrochemical systems. One major factor is internal resistance
arising from the flat-stacked cell design. Although this
configuration allows uniform surface contact between electrodes
and electrolyte, resistance still arises from ionic drag in solution,
imperfect electrode-wire connections, and contact resistance at
the metal-clip interfacell®l. These losses reduce the effective
voltage when measured using the multimeter. Inconsistent
placement of alligator clips on the flat electrodes also contributes
to inconsistent electrical contact. Subsequently, another
significant factor is the absence of Cu?* ions for the cathode
half-cell reaction. Theoretically, Cu?" is reduced to Cug at the
cathode. However, in this experiment, only ZnSO. was used as
the electrolyte, meaning that no Cu2* ions were present to accept
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electrons at the copper electrode. Therefore, the cathode acts as a
passive conductor rather than an active reduction site,
suppressing the full redox process and lowering the cell
potential’2?,  Finally, short circuits and measurement
inconsistencies also contribute to the voltage drop. In the
experimental configuration, there is a risk that the zinc and
copper sheets make physical contact, bypassing the electrolyte
and creating a low-resistance path. This short-circuiting can
discharge the cell prematurely and skew the voltage
readings(24,

The applications of rolled or flat-celled batteries are dependent
on their efficiency, sustainability, and cost, regarding the
specific application. The simple design of rolled cells supports
automated manufacturing processes, leading to efficient
production, low costs, and a high degree of uniformity.22 The
standardised manufacturing of rolled cell batteries leads to more
efficient use of materials, lower energy consumption and
streamlined recycling processes(23, resulting in a lower carbon
footprint and a more sustainable battery configuration. Rolled
cells are the cell configuration typically used in standard
consumer batteries available in supermarkets. Conversely, flat-
stacked cell batteries optimally use available space, enhancing
energy density, making the configuration suited to applications
such as smartphones and other portable electronics{2..

Overall, while the aim was fulfilled and the effects of cell type
and electrolyte concentration were successfully related to the
cell output (voltage and current), the investigation was invalid
due to the unreliability and inaccuracy of the results acquired.
Rolled cells resulted in a larger output for both the voltage and
current. In circuits with no batteries, both circuits were unable to
light up any of the light bulbs; however, when 2 batteries were
added in series, all light bulbs were lit up in both circuits.
Furthermore, a larger concentration of the electrolyte resulted in
a lower voltage, as demonstrated in Table 3. However, the results
significantly deviated from the theoretical value of 1.10V,
indicating a significant source of error in our method, which
would require more testing to determine the specific cause.
Furthermore, due to the discrepancies between the theoretical
value and the experimental value, as well as the inconsistency in
results across multiple trials, our experiment is unreliable. To
improve our data, more tests should be done in order to identify
if the results are consistent across trials. Furthermore, testing
cells which are stacked with multiple layers would have allowed
conclusions to be made about the impact of surface area on the
output of the cells, along with the effect of the number of layers
on the ability to compact cells for storage, which could be related
to the applications of cells.

5. Conclusion

Ultimately, the investigation determined that, in comparison to
the flat cell, the rolled cell yielded a higher voltage and current
for the same electrode surface area. For each series circuit, the
voltage with no batteries was 0.6659V and 0.7462V for the flat
and rolled cell, respectively. This was likely due to the
uniformity of electron and ion transfer. Furthermore, increasing
the concentration of the electrolyte decreased the voltage of the
cell, as shown in Table 4, where the voltage of the 0.1M ZnSO4
was 0.958 V compared to 0.8505 V for the 2M ZnSO.. The effect
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of concentration is explained by the Nernst Equation
(Equation2), whereby increasing the concentration of products
compared to the reagents will reduce the voltage. Despite
achieving the aim of the investigation, our investigation was
invalid due to unreliability and significant deviations from the
theoretical values. To improve our investigation, the number of
trials should be increased to test for consistency, and the surface
area should be increased by stacking more electrodes to
investigate the effect of surface area on electron transfer and
power density. Irrespective, future research could explore the
use of sustainable or biodegradable electrode and electrolyte
materials to minimise the environmental impact of galvanic
cells, making electrochemical cells more viable for green energy
storage solutionst2?l, Additionally, optimising cell geometry and
reducing internal resistance could contribute to the development
of more efficient, compact energy systems for both portable
electronics and renewable energy applications.
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Appendix

Table 1. Raw data reflecting the flat-stacked and rolled cell voltage, current, and power, with one battery and two batteries.

Battery Type Voltage (V) Current (mA) Power (mW)
No Battery With 2 No Battery With 2 No Battery With 2
Batteries Batteries Batteries
Flat-stacked 0.6659 3.9667 1.621 25.874 1.079 102.7
battery cell
Rolled battery 0.7462 4.0321 1.731 26.635 1.2917 107.39
cell

Table 2. Raw data reflecting LED colour, corresponding wavelength, required voltage and light-up test.

Flat-Stacked and LED Colour Wavelength (nm) Required Voltage Activated
Rolled V)
Battery Layout
No Battery Red 625-750 20-22 No
Yellow 565-590
White 400-700 3.0-32
Blue 450-485
Green 500-565
2 Batteries Red 625-750 20-22 Yes
Yellow 565-590
White 400-700 3.0-32
Blue 450-485
Green 500-565
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Figure 3 - The voltage in a flat cell and a rolled cell with no
battery compared to 2 batteries.

No Battery and 2 Batteries
@ NoBattery [l 2 Batteries
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Figure 4 - The current in a flat cell and a rolled cell with a battery
compared to 2 batteries.

Table 3. Raw data reflecting changes in the voltage, current and power compared to the concentration of ZnSO4

Concentration of ZnSOa4 (mol/L) Voltage (V) Current (mA) Power (mW)
0.1 0.958 25.874 24,787
1 0.874 23.724 20.735
2 0.8505 22.851 19.435
Voltage vs Concentration of ZnSO4
1.00
0.95
=
L 090
g
S *
0.85 . 4
0.80
0.5 1.0 1.5 20
Concentration of ZnSO4 (mol/L)

Figure 5 - The concentration of ZnSO4 electrolyte compared to the voltage produced

Table 4. The difference between the theoretical voltage and experimental voltage at different ZnSO4 concentrations

ZnS04 (mol/L) In[ZnSO.] Theoretical VVoltage (V) | Observed Voltage (V) % Difference
0.1 -2.3026 1.1296 0.9580 15.2%
1.0 0.0000 1.1000 0.8740 20.5%
2.0 0.6931 1.0911 0.8505 22.0%
8 © 2025 SJIE
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Abstract

This study explores how the concentration of the salt bridge electrolyte affects the performance of a rolled Zn—-Cu galvanic
cell. By using KCI at two concentrations of 0.1 M and 0.5 M, we observed that increased electrolyte concentration resulted
with an 8.4% increase in power output. Voltage rose from 0.7669 V to 0.7839 V, current from 2.202 mA to 2.335 mA, and
internal resistance decreased from 0.348 Q to 0.336 Q. Although the salt bridge does not participate directly in redox reactions,
our findings highlight its significant role in charge transport. These results suggest that optimizing electrolyte concentration
offers a simple yet effective strategy to improve cell efficiency without altering core components of the cell such as electrode
material. This has implications to optimise energy use within rural regions or disaster zones. Further research should explore

a broader range of concentrations and electrolyte types, with statistical validation and time-based performance analysis.

Keywords: zinc—copper battery, salt bridge, electrolyte concentration, power output

constitutes an electric current (DC), which can power an

1. Introduction

A battery is a device that converts chemical energy into
electrical energy through a series of redox (reduction and
oxidation) reactions. The system which defines the battery is
also known as an electrochemical cell®. It consists of both an
anode and cathode, where oxidation and reduction occur
respectively. In a classic galvanic cell, the electrodes are
immersed in an electrolyte, which facilitates the migration of
ions which is necessary to sustain the redox reactions and
maintain charge neutrality?, otherwise resulting in an
imbalance of positive and negative charges. As oxidation at
the anode releases electrons, these electrons travel through an
external circuit toward the cathode, where they are consumed
in the reduction reaction3. The resulting flow of electrons

XXXX-XXXX/ XX/ XXXXXX

external load. Simultaneously, the internal movement of ions
within the electrolyte completes the circuit, ensuring the
ongoing operation of the cell. This complementary transport
of electrons and ions is fundamental to the function of all
battery systems?.

Recently, there have been many studies which have
addressed the simple, copper zinc galvanic cell due to its
relatively cheap cost. A study performed by Mohammad Ali
Amayreh focused on developing a low-cost, small-scale Zn-
Cu galvanic cell using common materials like galvanized nails
and copper wires, demonstrating that even with diluted
electrolytes, the cell could generate usable voltage®.
Meanwhile, a separate study explored the potential of
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rechargeable Zn-Cu batteries by introducing a cation
exchange membrane to prevent copper ion crossover, a major
limitation in traditional Daniell cells?. These innovations
highlight a growing interest in sustainable and scalable battery
designs using abundant materials like zinc and copper. It was
found that salt concentration increasing in diluted electrolytes
was found to enhance ion transport within cells7. However,
these study's often focus either on large scale applications or
on traditional cell geometries®. There remain limited
experimentations of how experimenting with the ionic
conductivity of a salt bridge effects the overall cell, in regard
to a low cost, rolled cell®. While cell stacking has been
examined in relation to the output in flat cells, this study
focuses on the rolled configuration due to its simplicity®.
Batteries are essential in applications ranging from household
electronics to transportation and medical devicesll.
Zinc—copper cells offer a low-cost, non-toxic option for
powering small-scale systems such as remote sensors and
educational devices. Their ability to deliver efficient DC
output makes them ideal for portable, low-power
applications’?,

The aim of this experiment is to assess the performance of
a “rolled cell” configuration by systematically varying the
electrolyte concentration. Through this investigation, we seek
to determine whether changes in electrolyte concentration
significantly impact the electrical output of the rolled cell,
providing insight into the role ionic conductivity can play in
energy output.

2. Methods

2.1 Cell Construction

To construct the rolled battery, 8cm by 4cm sheets were cut
out of the Copper and Zinc foil, and were compared to ensure
identical shape and form. The electrolyte was diluted in the
glass measuring cylinder with distilled water to determine the
concentration of the electrolyte. Following the dilution of the
electrolyte, two sheets of filter paper were cut to the same 8cm
by 4cm dimensions of the electrodes and were set aside.
Approximately ~10ml of the electrolyte was decanted into the
petri dish, and the first strip of filter paper was soaked in the
electrolyte until fully saturated. This filter paper soaked in
electrolyte acts as both the salt bridge for the battery, ensuring
electrical neutrality and a separator which inhibits the anode
and cathode from touching and short circuiting. The soaked
filter paper was placed in between the copper and zinc strips,
and the second strip of filter paper was soaked and laid upon
the stack. The total arrangement of layers being copper,
separator, zinc, separator. Once constructed, the sheets were
rolled into a cylindrical shape, and taped so that they wouldn’t
unwind, great care was taken to ensure no contact between
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electrodes, but also no overlap in spacer material, as this could
lead to mechanical failure.

Once constructed, the positive lead of the multimeter was
attached to the copper sheet, and the negative lead to the zinc
sheet (Figure 1).

LY

Figure 1: Rolled cell. Soaked filter paper placed in between

the copper and zinc strips, and with a second strip of filter

paper was soaked and laid upon the stack. The sheets are

rolled into a cylindrical shape, and taped to prevent

unwinding. The positive lead of the multimeter is attached to
the copper sheet, and the negative lead to the zinc sheet.

2.2 Equipment and materials

Table 1: List of equipment and materials used for the
construction and testing of the rolled Zn—Cu galvanic cell,
including measurement tools and electrolyte components.

Copper Foil Sheet Multimeter (UNI-T
UT181A)
Alligator Clips and Wires

LED lights (varied colours)
Scissors

Zinc Foil Sheet
Filter Paper

0.1M Copper (I1) Sulfate
solution (CuSOa4)

0.1M Zinc Sulfate solution
(ZnS0y)

0.1M Potassium Chloride
solution (KCI)

Distilled Water

Plastic Petri Dishes
Metal Tweezers

Tape
Ruler

Glass Measuring Cylinder
Beakers

2.3 Data collection
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Measurements of voltage and current were collected from
rolled Zn—-Cu galvanic cells constructed as described in
Section 2.1. Each cell was tested under two experimental
conditions: 0.1 M and 0.5 M KCl as the supporting electrolyte.
The cell was allowed to rest for around 30 seconds before
testing. For each cell, voltage was tested before the current of
the cell, as to not draw current.

Figure 2: Rolled Zn—Cu galvanic cell setup using KCI-
soaked filter paper as a salt bridge and separator. The cell is
connected to a UNI-T UT181A multimeter via alligator clips
and wires, with a green LED light used to indicate current
flow.

-

A

Figure 3: Diagram of experimental setup including the
multimeter, rolled cell, battery and connecting wires.

3. Results

Results. In this study we examined how changing
concentrations of the salt bridge effects the performance of a
Zn — Cu rolled cell. The performance of the Zn—Cu rolled
galvanic cell was assessed under two different potassium
chloride (KCI) concentrations: 0.1 M and 0.5 M. Increasing
the concentration of the KCI electrolyte resulted in a modest
increase in both voltage and current. At 0.1 M, the average
voltage recorded was 766.9 mV and the current was 2.202
mA. At 0.5 M, the voltage rose to 783.9 mV and the current to
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2.335 mA, corresponding to approximate increases of 2.2%
and 6%, respectively (Table 2).

3.1 Data analysis

The following formulas were used to calculate Power,
resistance for calculations.

Power: =

where V and | represent VVoltage and current,
respectively.

Specific power = P/A(electrode)
where electrode area = 0.03 x 0.06 = 0.0018m
Resistance: =

Data trends were visualised using line plots of KCI
concentration versus voltage, current, and power output.

Table 2: Voltage and current at each KCL concentration.
Measured open-circuit voltage and current output of the
Zn—Cu rolled galvanic cell at two potassium chloride (KCI)
concentrations (0.1 M and 0.5 M).

CONC of KCL Current (mA) Voltage (mV)
AM 2.202 0.7669
5M 2.335 0.7839

These measurements were used to derive additional
performance metrics, including power, internal resistance, and
specific power. Power output increased from 1.689 mW to
1.830 mW — an 8.4% improvement — while internal
resistance decreased from 0.348 Q to 0.336 Q. Specific power,
defined relative to electrode surface area, also rose from
938.17 to 1016.89 mW/m? (Table 3).

Table 3: Derived electrical characteristics of the Zn—-Cu
rolled galvanic cell at two KCI concentrations. Power,
resistance, and specific power were calculated based on
measured voltage and current values

CONC of Specific
KCL Power Efficiency Resistance Power:
AM 1.689 0.697 0.348 938.17
5M 1.830 0.713 0.336 1016.89
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Trends across both current and voltage showed a slight
linear increase with higher KCI concentrations (Figure 3),
which contributed to the observed increase in power output
(Figure 4). These results suggest that enhanced ionic
conductivity in the salt bridge, driven by greater electrolyte
concentration, plays a meaningful role in improving charge
transport within the cell. However, given the limited range and
number of data points, further testing would be needed to
confirm whether this relationship is consistently linear or
follows another pattern.

Current and voltage

= Current (mA) = wvoltage (mV)
25 —
20 .
15
1.0
05
0.0

1M 5M
CONC of KCL

Figure 4: Current (blue, mA) and voltage (red, mV) output of
a Zn-Cu rolled galvanic cell at two different KCI
concentrations (0.1 M and 0.5 M). A slight increase in both
parameters is observed with increased KCI concentration.

Power vs Concentration
20

15

=

= 10

|
0.0

™ 5M
Conceniration of KCL

Figure 5: Power output (mW) of a Zn—Cu rolled galvanic cell
as a function of potassium chloride (KCI) concentration
(0.1M, 0.5M) in the electrolyte-soaked salt bridge
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4. Discussion

4.1 interpretation of results and theoretical explanation
Redox half equations:

Ing =Z n{agt 2€” -0.76V (reduction)

Culapr 2e” =C U +0.34V (oxidation)

Culaqy Znggy = Cugy + Zngdgy *110V

The standard potential of the cell E°in the Nernst
Equation) is calculated by subtracting the reduction from the
oxidation or the anode from the cathode which as an equation
is represented as

Eo(ceﬁ) Eo(mthﬁoéénode)

For this specific redox reaction, the standard potential of the
cell or E"(C%.lov.

With limited results no valid and reliable judgments
can be made however based on the trends from the limited data
increasing the concentration of electrolyte increasing both the
current and the voltage produced by the half cell with the
voltage and current at a KCI concentration of 0.1M being
0.7669V and 2.202A respectively, constituting slightly lower
values then the ones produced by a solution of 0.5M KCI with
the voltage produced being 0.7839V and the current being
2.335A. Unfortunately, this does not provide evidence for
either a non-linear or linear trends. Based off theoretical
results from several published papers, the gathered
experimental results do not follow typical Nernstian behaviour
with Nernstien’s equation proposing that an increase in the
electrolyte concentration should decrease the cell potential
and thus the voltage!3. This suggests that the electrolyte does
not directly participate in the redox reactions of the half cell
and instead only facilitates the flow of ions which is why
increasing the concentration increases the voltagel*.

4.2 Comparison to Literature

A review of recent literature suggests that battery
performance is not both a function of electrolyte concentration
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but also strongly affected by the cell’s architecture and
electrode design®®. For instance, studies have shown that
modified electrode structures such as those employing 3D
porous materials or increased effective surface area can
improve ion transport and promote a more uniform deposition
of metal ions, thereby reducing the risk of dendrite
formation!®. As noted before, while electrolyte concentration
does not universally affect ion mobility in every
circumstance!’, it's important to note in the context of our
experiment it is the most likely cause. A recent study on flat,
paper-based Zn—Cu cells demonstrated that stacking enhances
voltage and stability by increasing surface are!®. Although not
focused on rolled cells, the rolled configuration may achieve
similar performance gains via increased interfacial area per
unit volume.

Given we have attempted to control size, shape and
temperature of the electrode, our independent variable was our
concentration. As the concentration increased, the observed
improvement in performance suggests enhanced ionic
conductivity was likely due to improved ion mobility within
the salt bridge, which facilitates more efficient charge
transport between electrodes?®.

4.3 Real world implications

Although this study was limited in scope due to a
limited examination of the effect of concentration of
electrolyte had on the performance of a rolled cell, the findings
have a broader implication outside of this context. It implies
the importance of optimising ionic conductivity to improve the
outputs of galvanic cells?®. This highlights how minor
improvements to how a battery is constructed can have
noticeable changes in energy delivery. On a larger industrial
scale, this could lead to quantifiable gains in energy delivery,
increasing the more efficient use of resources?..

A zinc copper rolled galvanic cell is the definition of
simplicity. As such, the results are relevant in scenarios where
cost and simplicity are prioritised?2. Single-use detectors such
as environmental monitors often rely on minimalistic battery
designs, where opportunities for electrical optimisation such
as reducing internal resistance are limited due to size and
cost23, Low cost and effective adjustments to the salt bridge
which can boost performance are often required.

In a boarder scope, it suggests the feasibility of using
low toxic systems such as Zn — Cu galvanic cells in portable
energy systems?4. Such an application is often overlooked in
conventional battery research, given the increasing need to
power to operate, however, to provide this requires materials
which are accessible but also operate at cost efficiency. Being
able to optimise a low costs system is helpful, especially if
used in application such as energy kits for schools, rural
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communities or in disaster zone. This could include LED
lanterns, water quality assessors, and devices which operate
under low current loads and doe does not require a complex
recharging infrastructure?.

4.4 Limitations

While the experimental outcomes provided insight
into how electrolyte concentration effected the performance
of a galvanic cell, many factors restrict the interpretability and
generalisation of our results. The study was limited to two,
non-repeated concentrations of KCL (0.1M, 0.5M) which
restricts the extrapolation of the graph beyond the two given
points. It provides no indication of outliers within the dataset
due to the absence of either a linear or non-linear trend. This
was also due to no repetitions at each concentration, resulting
in the inability to perform any statistical measures to mitigate
the effects of potential outliers. This absence of repetition also
introduces uncertainty surrounding replication of produced
results, which is very important if used for research purpose.
Variation of Seperator absorption of electrolyte,
inconsistencies of material surface and tightness of roll could
all effect performance, especially at mV and mA scales, where
small alterations can result in significant percentage
deviations26. This study was also limited to one type of
electrolyte, as we did not explore different electrolyte types.

Furthermore, during experimental preparation, many issues
arose due to time constraints and a lack of underlying
knowledge before beginning the experiment. This led to a
large portion of the allocated time being spent experimenting
with getting a working cell battery having many failed
attempts due to things such as touching anode and cathode as
well as incorrect placement of the voltmeter cables, breaking
the circuit. Ultimately, this caused our results to be
incomplete, only being able to measure the voltage and current
caused by the 0.5M and 0.1M solutions of KCI compared to
our intended goal of measuring voltage and current for 0.1,
0.2,0.3,0.4 and 0.5 molar concentrations of KCI which would
have given us a better range and a deeper understanding of
how the electrolyte concentration can affect the voltage and
current of a rolled half-cell.

4.5 Future improvements and consideration

To solve this, having both more gradual increments
between concentration and more concentrations would be
necessary to determine whether the exists an optimal
concentration beyond or between 0.5M, and what sort of
overall trend we can observe. Future studies should also
include replicate trials for each condition to assess the
variability between each build of battery.
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Future research should focus on expanding the range of
electrolytes tested and investigating the performance of the
cell over continuous and repeated usages. Additionally, it may
be important to investigate varying cell geometries such as
stacked and flat cells. This modification will enhance our
understanding of how simple modifications can enhance
galvanic cell performance for applied contexts.

5. Conclusion

This study addresses how varying concentrations of KCI of
a copper zinc rolled cell effects its electrical performance. We
noted that an increase in concentration from 0.1M to 0.5M
correlated to a noticeable increase in power output (8%), with
a marginal decrease in resistance and increase in both voltage
and current. Although we had a limited set of data, this
indicated that increasing the concentration plays a noticeable
role in ion transport, thus affecting current of the cell more
than the voltage.

These findings have broader implications. It captures the
importance of electrolyte optimisation as a method of
improving cell performance; one which is both low cost and
low in complexity. It does not require changing of core
components of a battery, and thus, such a method for cell
optimisation can be applied in contexts where both simplicity
and cost are important factors.

However, this study’s scope was limited by lack of tested
concentrations and lack of testing over time period. This study
failed to gauge trends between concentration and its outputs.
These limitations suggest that future work should expand the
range and granularity of electrolyte concentrations, investigate
alternative salts, and include long-term performance
assessments to evaluate time-based stability. Repeated trials
and statistical analysis will be essential to validate trends and
ensure reproducibility.

This work captures the potential for small, but impactful
changes to cell design, such as salt bridge optimisation, to
allows cells to be more cost effective yet effective in relevant
fields.
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This study investigated the effect of electrolyte concentration on the
performance of Zn-Cu galvanic cells and their ability to power LEDs with
different voltage requirements. Three half-cells were constructed using Zn and
Cu electrodes, each immersed in electrolyte solutions of different molarities.
Each configuration was tested individually and in series to assess voltage output
and LED activation. Results showed that higher molarity solutions produced
slightly higher voltages, and connecting cells in series increased total voltage.
While single cells could not power any LEDs, series connections of two and
three cells successfully powered low- and high-threshold LEDs, respectively.
These findings highlight key redox and electrochemical principles relevant to
practical energy applications. Electrochemical systems based on similar
reactions are essential in medical implants, electric vehicles, and next-
generation energy storage technologies, where efficient and reliable power

delivery is at the heart of these applications.

1.Introduction

Electrochemical systems based on aqueous zinc (Zn)
chemistry have gained renewed attention due to their inherent
safety, material abundance, low toxicity, and adaptability to
diverse cell configurations [1]-[3]. Among these, the classical
zinc-copper (Zn-Cu) galvanic cell remains one of the most
recognisable and instructive configurations in both
pedagogical and exploratory electrochemistry. Originally
conceptualised in the early 19t century, this system played a
foundational role in shaping the understanding of redox
processes and battery operation [4]. Today, while its role as a
commercial power source has diminished, the Zn-Cu cell
continues to offer significant value for educational
experimentation, laboratory-scale power generation, and as a
benchmark system for understanding the influence of
electrolyte and cell design variables on electrochemical
performance [5].

The operation of the Zn-Cu cell is governed by the redox
couple Zn?*/Zn at the anode and Cu?*/Cu at the cathode,
producing a theoretical open-circuit voltage in the range of 0.5
to 1.5 V direct current (dc) under standard conditions [6].
While the basic electrochemical pathway has remained
unchanged for over two centuries, advances in electrode
materials, separator technologies, and electrolyte formulation
have improved the understanding of how to modulate and
optimise galvanic-cell behaviour [7]. These improvements are
particularly relevant as simple redox pairs re-emerge in next-
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generation aqueous systems such as zinc-bromine flow
batteries and hybrid zinc-ion devices [8].

Historically, the Daniell cell -an archetypal Zn-Cu
configuration introduced in 1836- addressed earlier
limitations of hydrogen evolution and electrode passivation by
employing separate electrolyte compartments and a porous
barrier [4]. This conceptual separation of ionic environments
remains critical in contemporary flow-battery and hybrid
electrochemical systems.

The electrolyte concentration plays a dual role: it directly
influences the cell potential via the Nernst equation and
indirectly governs the ionic conductivity and mass
transport [9]. This paper focuses on quantifying how
variations in zinc sulphate (ZnSOs) and copper
sulphate (CuSO.), molarity affects open-circuit voltage,
discharge power, and light-emitting diodes (LED)-driving
capability with the series wiring topology, which is commonly
used in electrical engineering practices in battery cell
connections.

The aim of this paper is to systematically evaluate the
impact of electrolyte concentration and cell configuration on
the performance of laboratory-scale Zn-Cu galvanic cells.

The objectives are twofold; firstly, to quantify the
relationship between electrolyte molarity (0.5-1.5 mol/L) and
dc voltage, current, and power output. The second goal is to
compare three practical cell-stack configurations with series-
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only electrical connection, in their ability to power small
devices such as LEDs.

The remainder of this paper is organised as follows:
Section 2 describes the materials, concentrations, and
electrical configurations tested. Section 3 presents the
experimental results, including voltage, current and power
parameters with LED forward dc voltage activation
thresholds. Section 4 discusses the implications of these
results in the context of galvanic-cell optimisation and redox-
battery design in the context of chemical engineering. Section
5 offers concluding remarks and outlines future directions,
particularly for scaling up Zn-Cu cells for niche applications
and enhancing their educational utility through data-driven
design tools.

Salt bridge L.
Plasti
Centrifuge tube astic piping

Cu foil (+)

Cotton rope

ZnSO, solution CuSO, solution

Figure 1. Zn-Cu galvanic half-cell schematic.

2. Methodology

2.1 Experimental design

This study investigated the influence of electrolyte
concentration on the performance of zinc—copper galvanic
cells. Each cell was constructed using Zn and Cu electrodes
immersed in ZnSO. and CuSO. solutions, respectively.
Electrolyte concentrations were systematically varied from
0.5 Mto2.0 M to assess their effect on open-circuit voltage (V.

), short-circuit current (I ), and the cell’s capacity to power

LEDs. Measurements were recorded under both open-circuit
and short-circuit conditions. Cells were tested as single units
and in series and parallel configurations. LEDs with varying
forward voltage thresholds were used to evaluate practical
power output, P, (1). The materials and equipment used in

this experiment are listed in Table 1.

P,.=V,.x1,.,[W] (1)
where V,. 1, — dc voltage and current of the battery
(connected galvanic cells).

E; =Py xt[J] )
E; is the energy output, determned as a product of power P,

and time t in seconds. Similarly, the specific energy per
volume:

=50 @)

Jjs vl
where E; — energy output and Vol — is the volume of the
electrolyte.
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Table 1

List of materials used in the investigation.

Equipment Quantity Parameter
Zn foil strips? 3 6cm

Cu foil strips? 3 6cm
Aqueous ZnSO. solution? 60 mL 2.0 mol/L
Aqueous CuSO. solution* 60 mL 2.0 mol/L
Aqueous KCI solution® 5 2.0 mol/L
Deionised water 120 mL

Cotton ropes 3 ~20 cm
U-shaped plastic pipe lengths 3 ~20 cm
Centrifuge tubes 6x 50 mL

Dual-ended wired alligator clips 4

Digital multimeter 1

LED lights in colours green,

blue, white, yellow, red 6
Beaker 100 mL
Measuring cylinder 100 mL
Plastic pipettes 2

Test tube rack 1
Electronic stopwatch 1

2.2 Cell Assembly

The necessary equipment was gathered, and 3 lengths of
cotton rope were submerged in a beaker containing 50 mL of
2.0 mol/L aqueous KCI solution. The 100 mL measuring
cylinder and a plastic pipette were used to create 3 centrifuge
tubes of varying concentrations for each electrolyte according
to the volumes listed in Table 2.

Table 2
Required volumes for electrolyte solutions of varying
concentrations.

Electrolyte Volume of Volume of

Concentration electrolyte deionised water

(mol/L) solution required required (mL)
(mL)

0.5 10 30

1 20 20

15 30 10

1 Zinc Sheet (Chem Supply — TG 0.1 mm thick) [ZT006-500G]

2 Copper metal foil (Chem Supply — LR 0.1 mm thick) [CL054-500G]
3 Zinc sulfate heptahydrate (Chem Supply - AR grade) ZA012-500G

4 Copper (I1) sulphate pentahydrate (Univar, AR, AJA171-500G)

5 potassium chloride (Univar, AR, AJA383-500G)

© 2025 SJIE



SJIE 1(1) X-X (2025)

Anastasiia Danshyna et al.

. -—
o

KCl !
Salt Bridge

[ 1mol Digital
Half-Cell : Multimeter
SN

&
1.5 mol \ 4
Half-Cell

)

3 vy
il
*

RALR

LED (Green) |
ALY
\

& >
S WS
= ) \\““"\.‘“ N
Figure 2. Photograph of experimental set-up for the half-cell series,
seen with 3 half-cells illuminating the green LED.

The 3 saturated lengths of cotton rope were removed from the
KCI solution and threaded through the 3 lengths of U-shaped
plastic piping, to create 3 salt bridges for the half-cells. The 6
centrifuge tubes were arranged in pairs in the test tube rack,
with a centrifuge tube containing ZnSO. solution placed
adjacent to the centrifuge tube containing CuSO4 solution of
the same concentration. The centrifuge tube pairs, Zn foils, Cu
foils, and salt bridges were set up creating 3 galvanic half-cells
with electrolyte concentrations of 0.5, 1, and 1.5 mol/L. The
foils were submerged =~ 1/3 of the way into the electrolyte
solution, mirroring the setup outlined in Figure 1.

2.3 Measurement protocol

The electronic multimeter was used to measure the voltage
and current of each half-cell using two alligator clips which
connected the positive terminal of the multimeter to the Cu
foil and the negative terminal of the multimeter to the Zn foil.
The results were recorded.

Table 3

For each half-cell the free ends of the alligator clips were
clipped onto the metal legs of the red LED to test whether the
half-cell was able to light up the LED. If the LED did light up,
it was allowed to glow for 3 seconds, measured with the
stopwatch. Observations were recorded. (Note: other LED
colours were not tested as they required higher voltages and
currents than the red LED).

The following half-cell series were assembled by connecting
the Zn foil of one to the Cu foil of the next using alligator
wires; 0.5 and 1 mol concentrations, 1 and 1.5 mol
concentrations, and 0.5, 1, and 1.5 concentrations. The process
of voltage and current measurement was repeated for each
configuration, and the results were recorded. The red, white,
yellow, blue, and green LEDs were tested for each
configuration using the same method as outlined above, and
the results and observations were recorded.

3. Results

3.1 Analysis of galvanic cell performance: Influence of
electrolyte concentration and cell configuration.

The results clearly demonstrate how both electrolyte
concentration and cell configuration influence the output of
Zn-Cu galvanic cells, as presented in Table 2. According to
electrochemical theory, especially the Nernst equation (4),
increasing the concentration of ions in solution increases the
electrode potential.

This was evident in the data: although all single-cell setups
showed similar theoretical voltages (~1.1 V), those with
higher molarity showed slightly higher measured voltages and
current-as you can see in Figure 4.

E,=E ——InQ (4)
where g — is standing electrode potential, R — universal gas

constant, T — temperature (K), m — number of electrons
transferred, F — Faraday’s constant, and @ —is the reaction
guotient.

Raw voltage, current, and LED data for each half-cell configuration.

LED Light Illumination Observed

Half-Cell Configuration \Igligg:t,iz:\e}l) Vo(l;[;a)ge, Ct]r:::i?t’ )
Red  Yellow White Blue Green

(SOmSg :ﬁ(l)"lill_f-ggrtl(':entration) 1075 143 X X X X X
(Slinn%:)ellrl]_a::fohcse!:{tration) 1.101% 1076 1411 X X X X X
(Sllr]Sg :ﬁg?r-gsgll(;entration) Lo 1315 X X X X X
?OhSa I:;l((:ieIllsnir(])lieLriceosﬁcentrations) - 2.075 L v X X X X
?1h:rlm]:j_cle.!.slsnigI?eLricec?ﬁcentrations) 2.145 1538 v X X X X
?Ohs,lif:g::z IlnSS irwigls},L concentrations) 33 3.188 1671 v v v v v
XXXX-XXXXIXXIXXXXXX 3 © 2025 SJIE
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Table 4

Calculated output and specific power and energy for each half-cell configuration.

Electrolvte Submerged LED Power Specific Energy Specific

Half-Cell Configuration Volume ()rlnL) Electrode illumination Output, Power, Output, Energy
' Area, (cm2) time, (s) (mW) (mW/cm?) (mJ) (mJ/mL)

Single half-cell,
(0.5 mol/L concentration) i 1.538 0.256 ) i
Single half -cell,
(1 mol/L concentration) ) 1.519 0.253 ) )
Single half-cell 40 6
(1.5 mol/L concentration) i L1417 0.236 ) i
2 half-cells in series
(0.5 and 1 mol/L concentrations) 2.318 0.386 6.954 0.174
2 half-cells in series
(1 and 1.5 mol/L concentrations) 3 33 0.55 9.9 0.248
3 half-cells in series
(0.5,1, and 1.5 mol/L 5.327 0.889 15.981 0.4

concentrations)

Current and Voltage for Increasing Number of Half-Cells in Series

6
< 3.188
~ 5
g 3 3
5 g 4
g 2.075 2.145
o 2 -
= Z 3
% 1.075 1.076 1.077 g 2
21 s
= 1
>
- 0
1 1 1 2 2

Number of Half-Cells in Series
‘lVoltage (V) [ |Current (mA) ‘
(@)

Voltage, Power, and Current Required to Illuminate LEDs of Different Wavelengths

5327 5.327 5.327 5327
3.188

3.188 3.188 3.188
2318 I

2.075
ed Yellow Green Blue White

R
LED Light Wavelength (nm)

‘lVoltage Required (V) [T Current Required (mA) llPower Required (mW) ‘
(b)

Figure 3. Experimental results: electrical parameters of series connected half-cells. (a) Voltage and current by cell configuration,
(b) comparison of LED voltage thresholds to switch on the LED and half-cell dc power output.

None of the single cells produced enough power to
illuminate any LEDs. In contrast, two cells in series powered
the red LED, and three cells powered all LEDs, refer to
Table 2 and Figure 3(b). This confirmed the theoretical
prediction that series connections increase total voltage of the
connected half-cells, whilst keeping the same dc current flow,
albeit with some variations due to the cable resistance change
and imperfect connection of alligator wires, as shown in
Figure 3(a). Furthermore, the linear relationship with the
increasing number of half-cells (i.e. total series dc voltage)
and total power delivered to LED can be observed Table 3.
From chemical perspective, higher electrolyte concentration
and series configurations yielded higher energy output, so that
various half-cells configurations and connection can results in

XXXX-XXXXIXXIXXXKXXX

different voltage-current output from the resultant battery
system.

During the work only one measurement per LED was
performed, hence the error bars are established using an
assumed fixed uncertainty, rather than a statistical deviation.
In this work, 5% deviation was utilised to estimate the possible
measurements errors and error bars in Figure 3, as per (5).
Instead, the error bars were created using an assumed
percentage uncertainty, specifically:

AX,=0.05Xx,, (5)

where x; — is the measurement (i.e. voltage and current).
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Voltage and Current of Galvanic Half-Cells for Increasing Electrolyte Concentration

1.44‘1) 1.078
o Current (mA)

1.42 . —+ Voltage (V)

1.4 /‘yl.077
2 —~
g 1.38 %
E 1.36 1.076 &
5 1.34 5

1.32 1.075

1.3

s ~1.074

0.5 1 1.5

Electrolyte Concentration (mol/L)
Figure 4. Voltage and current across different electrolyte
concentrations.

4. Discussion
4.1 Relationship between results and theory of voltage

This investigation into Zn-Cu galvanic cells provides valuable
insights into electrochemical principles, with the experimental
results mostly aligning with theoretical expectations derived
from these principles. In particular, standard reduction
potentials (SRP), which show that the theoretical voltage for a
Zn-Cu galvanic cell under standard conditions should
approximately be 1.10 V, calculated from the difference in

SRPs of Zn and Cu. The SRP value for the Zn?*/zn cell is -

0.76 V, while the SRP value for the Cu2*/Cu cell is +0.34 V.
Since the Zn is being oxidised, the SRP is subtracted, thus the
theoretical cell voltage g° = (+0.34) — (- 0.76) = 1.10 V [10],

as represented in Table 2.

This theoretical value for voltage was closely represented
by the measured voltages for the single cell configurations,
which ranged from 1.075 V to 1.077 V depending on the
concentration of the electrolyte solutions. The measured V.

had a deviation of less than 2.3% when compared to the
theoretical value, reflecting that the experimental setup
closely approximated standard reaction conditions

The minimal increase in the voltage as the concentration
of the electrolyte increased may be attributed to the Nernst
equation, which predicts that increasing ion concentration at
the cathode and decreasing ion concentration at the anode will
increase the cell potential at non-standard conditions, where a
lower value for the reaction quotient Q would result in a larger
overall cell potential E [11]. However, while the
concentrations of the anode and cathode were increased during
the experiment, the concentration of the anode was always the
same as the cathode for each trial. Thus, it is likely that the
slight increase in voltage across the single half-cells was not
due to the effect of the Nernst equation.

The explanation for the increase in voltage could be
attributed to increase in the absolute (instead of the relative)

concentrations of the Zn?* and Cu?* ions, which enhanced the
measured performance of the galvanic cell through the
voltage. This is due to real-world electrochemical effects, such
as the higher ion concentration improving the availability of
ions at the electrode surfaces, which means that there are more
ions that can be used up in the redox reaction [12]. This allows
the redox reaction to proceed at a faster rate than at a lower
concentration, allowing the cell to maintain a higher voltage,
especially under load such as when powering the LED light.
A greater number of ions in the electrolyte solution also
increases the electrolyte’s ionic conductivity, which could
reduce the internal resistance and help to minimise the voltage
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lost across the cell, which maximises the voltage output [13].
However, these effects were likely minimal because the
electrolyte solutions were already fairly saturated at all
concentrations, hence the relatively low (but measurable)
increase in the voltage produced by the cell.

From an engineering perspective, the experimental results
demonstrate that increasing electrolyte concentration slightly
improves the measured voltage output of the Zn-Cu galvanic
cells. While the theoretical voltage based on the Nernst
equation should remain constant because the electrolyte

concentrations of Zn?* and Cu?* remained equal to one
another, the observed increase in voltage at higher
concentrations is not due to changes in the potential predicted
by the Nernst equation [14] Instead, this reflects real-world
improvements in the performance of the electrochemical
system; higher ion concentrations enhance ionic conductivity,
increase ionic availability for redox reactions and help slightly
improve the voltage output. However, even with these
improvements, the single half-cells were still unable to
produce enough voltage required to power the LED lights,
demonstrating the real-world engineering limitations of the
galvanic single half-cell design.

4.2 Effect of electrolyte concentration on current

The decrease in current due to the increase in concentration
can be attributed to the different physical and chemical
reactions that take place due to this oversaturation. These
potential changes are likely due to the formation of a thick
layer of solid electrolytes over the metal sheets. According to
Ohm’s law, voltage (V) is equal to current (I) multiplied by
resistance(R), as per (6).

V=1IR. (6)

Although increasing the electrolyte concentration
generally improves ionic conductivity and reduces internal
resistance, a marginal decrease in current was observed at the
highest concentration. This may be attributed to non-ideal
factors such as increased solution viscosity or concentration
polarisation near the electrode surfaces, which can hinder ion
mobility. However, within the tested concentration range,
these effects are likely minimal, and the slight drop in current
could also result from measurement variability or
inconsistencies in electrode surface

4.3 Effect of electrolyte concentration on power output

This trend also influenced the specific power and energy
of the cells. Specific power, which reflects the rate of energy
delivery per unit electrode area, decreased in single-cell setups
as concentration increased—again due to reduced current.
Specific energy, representing total energy output per unit
volume of electrolyte, was not measurable for single cells as
they could not power LEDs. This highlights the limitations of
relying solely on concentration to enhance performance.
While higher concentrations slightly improved voltage due to
increased ionic conductivity and ion availability, the overall
energy delivery capacity remained limited without further
system enhancements.

4.4 Effects of Series Connection on Voltage and LED
Activation

© 2025 SJIE
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According to Kirchhoff’s law, the total voltage across the
series of cells is determined by the sum of the individual cell
voltages [15]. Thus, as each cell produces 1.10 V, two cells in
series should produce 2.20 V and three cells in series should
theoretically produce 3.30 V. Whilst the individual voltage of
a single cell (1.10 V) was insufficient to power any of the
LEDs, connecting the cells in series increased the combined
voltage, which allowed the system to reach higher voltage
thresholds required to power the LEDs [14] This is shown by
Table 3, which demonstrates that two half-cells in series
produced voltages of 2.075 V and 2.145 V; this voltage was
high enough to power the red LED light, which required a
voltage of 2.075 V. However, this was not sufficient to power
the other cells, and as such three cells were connected in
series, obtaining a voltage of 3.188 V, as seen in Table 3. This
allowed the system to successfully power all the LEDs of each
colour in decreasing order of voltage from green to red.

To ensure consistent and reliable testing, LEDs were
evaluated in decreasing order of their minimum voltage
threshold, beginning with the green LED and ending with the
red. This approach was selected in order to minimise the risk
of current depletion or voltage drop due to the gradual loss of
available energy as the galvanic cell is used up over time [16].
Since the higher voltage LEDs (such as green) require greater
amounts of energy to light up, testing them first ensured that
the system of cells was operating at its maximum available
voltage and current output. If the lower voltage LEDs (such as
red) had been tested first, the system of cells would have likely
experienced a measurable decline in performance due to a
depletion of ions or other factors causing a loss in the available
energy from the cells, potentially inhibiting the successful
light-up of the later LEDs, which have higher voltage
thresholds and greater energy requirements. By testing the
LEDs from the highest to lowest voltage threshold, the
experimental design ensured that the system was able to power
the lights with its full energy capacity, without prematurely
exhausting its energy potential.

4.5 Analysis of specific power and specific energy

The specific power, measured in mW/cm? (although
usually measured in power per unit mass) demonstrates how
quickly a system can deliver energy to an output, per unit area
of the electrode surface [17]. This indicates the rate at which
energy can be delivered, as a higher specific power
corresponds to more efficient uses of the electrode surface for
fast and effective energy delivery to the power output. This
can be seen by the higher specific power values in Table 4 for
the cells in series, however the specific power decreases as
concentration increases for the single half-cells, due to the
decrease in the current.

The specific energy, measured in mJ/mL, represents the
total amount of energy delivered per unit volume of electrolyte
solution. It corresponds to the system’s ability to store and
release energy over time, rather than the rate of delivery [18].
As seen in Table 4, there were no energy values determined
for the single half-cells, as these cells were unable to power
any of the LED lights individually, and thus there was no
measurable energy that was delivered to a load. The highest
specific energy was observed in the configuration with three
half-cells in series, reaching 0.4 mJ/mL, indicating that
combining cells not only increases voltage but also enhances
the total energy output. Interestingly, while higher electrolyte
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concentrations generally improve voltage and current, the
specific energy did not increase linearly with concentration.
This suggests that beyond a certain point, factors such as
internal resistance or ion saturation may limit the efficiency
of energy transfer for the system of cells.

The specific energy values were calculated per unit
volume of electrolyte; the specific power values were
calculated per unit area of the submerged electrode. However,
this likely led to inaccuracies with the true value of the specific
power, because the area of the submerged electrode was

assumed to be 6 m2 for all the half-cells, leading to
inconsistencies that were not considered. This had less effect
in the specific energy, as the electrolyte volume was measured
using a measuring cylinder, which is much more accurate than
a human submerging the electrodes to approximately the same
level for each cell. Thus, estimating the electrode submersion
depth caused more variability for the surface area calculations
and limited the accuracy of the specific power calculations.

4.6 Limitations and future improvements

Despite the overall success of the experimental setup,
several limitations may have influenced the accuracy and
reliability of the results. One key limitation is electrode
fouling, where the accumulation of reaction by-products or
solid electrolyte layers on the electrode surfaces can hinder
electron transfer and reduce current output [19]. This is
particularly relevant at higher electrolyte concentrations,
where oversaturation may accelerate such deposition. Another
issue is ionic depletion, especially during prolonged operation
or repeated testing. As ions are consumed in redox reactions,
their local concentration near the electrode surfaces can drop,
leading to reduced reaction rates and voltage instability.
Additionally, measurement error may have occurred due to
inconsistencies in electrode submersion depth [20] manual
handling of components, and contact resistance in the alligator
clips and wiring. To address these limitations, future
experiments could incorporate standardised electrode holders
to ensure consistent surface area exposure and stirring systems
(or possible flow systems with an electrolyte reservoir) to
maintain uniform ion distribution and prevent depletion [21].
Repeating measurements and using statistical analysis would
also improve data reliability. Finally, upgrading to low-
resistance connectors and more precise instrumentation would
help minimise electrical losses and improve the accuracy of
voltage and current readings.

4.7 Evaluation of engineering applications

The findings of this investigation have direct applications to
real world engineering problems, particularly in areas such as
energy efficiency, sustainability and cost effectiveness.
Practically, in the design of batteries for devices such as
medical implants and portable electronics, it is important to
optimise specific power and specific energy in order to deliver
reliable performance without excessive inputs of materials or
energy. This is particularly important in medical implantable
devices such as pacemakers, which need to be small, safe and
effective [22]-[23]. Furthermore, in the field of sustainable
batteries, electrochemical cells have been used to create
rechargeable batteries [24]. While increasing the
concentration of electrolytes and linking cells in series
improved the voltage, power and energy outputs, this
approach is likely not scalable to more intricate and larger
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batteries due to the higher cost, environmental impact of
high-concentrated  solutions and the configurational
complexities of cells in series on a large scale. Also, there are
likely to be diminishing returns of voltage and power output
at higher concentrations, due to the effects of reduced current
from increased internal resistance. This demonstrates the
importance of understanding the real-world engineering
limitations when trying to optimise electrochemical
enhancements to the system. This highlights the need for a
system design that considers sustainability of materials,
manufacturability, longevity of the system, and the reality of
real-world conditions in addition to electrochemical
performance [25]. These insights can be informed by
considerations such as the Nernst equation. However, even
considerations such as these are somewhat theoretical, and
cannot fully account for discrepancies in real-world systems.

5. Conclusion

The study demonstrated the significant impact of electrolyte

concentration and cell configuration on the performance of
Zn-Cu galvanic cells. Connecting three half-cells in series
yielded the highest performance, achieving 3.19 V, 1.67 mA,
and 15.98 mJ of energy output (refer to Table 2 and Table 3).
In contrast, individual cells (~1.1V) were unable to power
even the lowest-threshold LED, underscoring the importance
of voltage summation in series connections.
These findings illustrate the importance of both chemical
environment and system arrangement in optimising
electrochemical performance. Significant trade-offs existed
between simplicity of setup and the voltage required to power
more highly demanding electronic components. While
elevated electrolyte concentrations improve performance,
practical applications must balance this with considerations
such as cost, stability, and environmental safety of
concentrated solutions.

A valuable direction for future research would be to
investigate the effects of alternative electrolyte compositions,
such as biodegradable or polymer-based solutions, which may
enhance sustainability while maintaining sufficient ion
conductivity and redox activity over repeated cycles.
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