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1. INTRODUCTION 
In light of increasing global energy demands and 

environmental concern, it is imperative to implement effective 
renewable energy technologies. Seawater has gained popularity 
around the world as an emerging renewable source for 
electricity generation due to its abundant availability, low 
environmental impact, simple system design, and potential for 
off-grid applications. A notable application is seawater lamp-
based energy device, in which electrochemical reactions occur 
between the electrodes immersed in a seawater to generate 
electrical current, which subsequently powers a lamp [1 - 2].  

 

The core component that enables a seawater lamp to 
function is salt, or sodium chloride (NaCl), one of the ionic 
compounds naturally found in seawater and the electrodes play 
a crucial role in facilitating the electrochemical reactions that 
generate electricity. In most widely available seawater lamps, a 
cell typically consists of magnesium anode paired with a carbon 
electrode for the cathode [3]. Although this configuration is 
effective, it has notable drawbacks such as magnesium’s poor 
corrosion resistance and highly chemical reactive, leading to 
short device lifespans [4 - 5]. Therefore, these limitations 
highlight the need to explore alternative electrode materials.  

Seawater; emerges as a promising source of renewable energy which generates electricity 
by utilizing the conductive properties of saline water. Seawater-lamp based energy device 
able to produce low-voltage power through electrochemical reactions between dissimilar 
metal electrodes. Nonetheless, the presence of complex ionic composition of seawater 
creates a harsh corrosive environment, hence reduces the electrode’s longevity. Despite 
increasing interest in seawater battery, a research gap remains regarding the comparison of 
the role of chloride concentration on corrosion behaviour in natural seawater versus 
simplified salt solutions in active electrical circuits. Copper (Cu) and aluminium (Al) 
electrode pairs, which offer high potential difference and low material costs, were selected 
to address the lack of study on accelerated corrosion data for seawater battery. The aim of 
this study is to investigate the effects of varying chloride concentrations on electrode 
corrosion by comparing natural seawater with prepared sodium chloride (NaCl) solutions. 
Cu-Al electrode pairs were connected to a 2.5 V light bulb and utilized an impressed current. 
Corrosion rates were determined using the weight-loss method, while the surface 
characterization of electrodes deposition were further determined by optical microscopy, 
Scanning Electron Microscopy/Energy Dispersive X-ray (SEM/EDX), and Fourier 
Transform Infrared Spectroscopy (FTIR). The findings suggest that although seawater 
yielded higher electrical performance and brightest illumination, it also exhibited rapid 
deterioration, with Cu and Al exceeding corrosion rates of 40 mm/yr and 8 mm/yr, 
respectively. Overall, the study suggests that seawater, a viable energy source for the 
development of low-cost, off-grid lighting due to its abundant availability and low 
environmental effect. 
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Copper and aluminium emerge as promising alternatives 
owing to their lower cost than conventional materials and 
favourable electrochemical potential difference where the Cu-
Al pair generates approximately 2.0 V compared to about 1.6 V 
for the Mg-C system [6-7]. Cu-Al electrodes practically be used 
in seawater battery as Al is known as lightweight and highly 
abundant material, while Cu with its exceptional electrical 
conductivity [8]. Moreover, Cu and Al form protective oxide 
layers which making them as good resistance to atmospheric 
corrosion [9 - 10]. However, their behaviour in high chloride 
concentration medium such as seawater, remains unknown.  

Studies using Cu–Al electrodes have also demonstrated 
successful electricity generation with an output of 1.31 V ~ 2.55 
V and from a Cu–Al seawater battery; confirming the feasibility 
of Cu–Al pairs as alternative energy sources [11 - 13]. 
However, the previous studies solely focus on electricity 
generation performance, with limited attention to electrode 
degradation. Few have compared corrosion behaviour in natural 
seawater versus controlled NaCl solutions at varying chloride 
concentrations.  

The present work aimed to investigate the influence of 
prepared chloride concentration on corrosion behaviour of Cu 
and Al electrodes under active circuit compared with natural 
seawater. To gain deeper insight, the electrode surfaces were 
examined using optical microscopy, SEM/EDX, and FTIR 
spectroscopy. Additionally, this work assessed the relation 
between electrochemical performance and electrode longevity. 
Overall, understanding these corrosion mechanisms is essential 
for developing durable and cost-effective seawater energy 
systems with improved electrode protection strategies. 

 

2. MATERIALS AND METHOD 

2.1 Preparation of copper and aluminium electrodes 

Electrodes with dimensions of 10 cm × 2 cm × 0.16 cm 
(length × width × thickness) were cut from copper and 
aluminium metal sheets, respectively. All electrode surfaces 
were abraded with 800-grit sandpaper were used to polish the 
oxide layer in order to ensure there are no contaminants 
adhering to the surface of the sample, then cleaned with acetone 
and distilled water and allowed to air dry in desiccator.  

2.2 Preparation of saline solutions 

Fresh seawater sample was collected from the seashore of 
Kuala Perlis, Perlis, Northern Peninsula of Malaysia. A known 
volume of the sample was filtered and boiled to evaporate the 
water. The remaining residue was dried in an oven until a 
complete crystalline product formed. The mass of the dried salt 
was recorded to estimate the salt content of the seawater. Based 
on the estimated salt concentration in the natural seawater, three 
NaCl (purchased from Sigma Aldrich) solutions of different 
molarities were prepared by dissolving specific amounts of 
NaCl powder in distilled water: 2.3 g (0.5 M), 4.0 g (0.88 M), 
and 6.0 g (1.25 M), respectively. These solutions served as a 
corrosive medium for the immersion tests to simulate a saline 
environment.  

2.3 Immersion test 

The tests were done following the setup by American 
Society of Testing and Materials (ASTM) protocols and shown 
in Figure 1 [14-15]. A pair of electrodes (Idea Toolroom) 
consisting of Al (anode) and Cu (cathode) was connected to a 

2.5-volt light bulb and a power supply (PASCO scientific 
model SF-9584B) at 0.3V and 0.4A at ambient temperature. All 
immersion tests were performed for two-hour to ensure 
measurable corrosion while maintaining electrode integrity for 
surface characterization. The brightness of light bulb was 
observed as an indicator of electrical performance and circuit 
efficiency. The tests were duplicate and repeated using different 
concentration of NaCl solutions (0.5 M, 0.88 M, and 1.25 M). 
After immersion, the electrodes were removed from the 
solution and allowed to air dry in a desiccator before weighing.  

2.4 Corrosion evaluation 

Corrosion rate was determined through weight loss 
method. Each electrode was weighed prior to immersion to 
determine the initial mass and again after removal and drying 
to obtain the final mass. The weight loss, WL was calculated 
using: 

                                     WL = Wb – Wa                                   (1) 

where Wb (g) was the weight of electrode before the 
immersion test, Wa (g) was the weight after the immersion test. 
The weight loss was used to calculate the corrosion rate, CR 
(mm/yr) using: 

                  Corrosion rate (mm/yr) = (8.76 W)/ρAt              (2) 

where W was the weight loss (mg), ρ was the electrode 
density (g/cm-3), A was the sample area (cm2) and t was the 
immersion time in hours (h) [16]. All weight loss and corrosion 
rate measurements are reported as mean ± standard deviation 
(SD). 

2.5 Surface characterization 

The surface of the electrode samples was characterized by 
an optical microscope and Scanning Electron Microscopy 
(SEM) coupled with Energy Dispersive X-ray Spectroscopy 
(Phenom SEM Table Top system) at accelerating voltages of 15 
kV, with magnifications ranging from 500x to 1500x. The 
corrosion products were further identified and confirmed by 
Perkin Elmer FTIR Spectrometer Frontier from 4000 to 400 cm-

1, with a high resolution of 2 cm-1. 

 

Fig. 1. Schematic showing an immersion test setup. 

 

3. RESULTS AND DISCUSSION 

3.1 Electrical performance 

From Figure 2, the light intensity at constant power 
supplied of 0.12W; varied across different electrolytes, with 
seawater producing the brightest illumination, followed by 1.25 
M, 0.88 M, and 0.5 M NaCl solutions. This observation 
indicates that seawater provided superior electrical 
performance in powering the light bulb compared to pure NaCl 
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solutions. The observed brightness trend is consistent with 
established electrolyte behaviour [17]. While NaCl solutions 
provide primarily Na⁺ and Cl⁻ ions as charge carriers, seawater 
contains a wider range of ions including SO₄²⁻, Mg²⁺, Ca²⁺, and 
K⁺ in addition to Na⁺ and Cl⁻, which produce higher current 
flow, ionic strength and lower the internal resistance of the cell 
[18-19]. 

3.2 Electrochemical mechanism 

Copper is more noble than aluminium, with standard 
electrode potentials of E°(Cu²⁺/Cu) = +0.34 V and E°(Al³⁺/Al) 
= -1.66 V. This potential difference drives spontaneous electron 
flow from aluminium to copper through the external circuit, 
establishing aluminium as oxidation site (anode) and copper as 
the reduction site (cathode). In the external circuit, electrons 
flow from the aluminium electrode through the light bulb load 
to the copper electrode. Inside the electrolyte, electron was 
carried by the ions moving from copper to aluminium [20].  

At the copper cathode, dissolved oxygen in the solution 
undergoes reduction: 

 

                              O₂ + 2H₂O + 4e⁻ → 4OH⁻   (1) 

 

This forms hydroxide ions (OH⁻) in the area near the 
electrode. Although copper does not directly participate in the 
primary cell reaction, it serves as the electron acceptor and 
facilitates oxygen reduction [21]. The passage of electrons 
through copper enables the reduction of dissolved oxygen. 

 Naturally, upon exposure to air, aluminium spontaneously 
forms a thin, protective aluminium oxide layer (Al₂O₃) through 
rapid oxidation: 

 

                                  4Al + 3O₂ → 2Al₂O₃   (2) 

 

This passivating layer, provides excellent corrosion 
resistance in neutral environments [22]. However, in chloride-
containing electrolytes, chloride ions (Cl⁻) destabilize the 
protective layer of aluminium.  

At the aluminium anode, once the oxide barrier is 
compromised, oxidation occurs through reaction with the OH⁻ 
produced at the cathode: 

 

                         Al + 3OH⁻ → Al(OH)₃ + 3e⁻  (3) 

 

 This reaction consumes aluminium metal and OH⁻ to 
produce solid aluminium hydroxide [Al(OH)₃]. The, chloride, 
Cl⁻ from the electrolyte migrates toward the aluminium anode 
to replace the OH⁻ consumed in this reaction and to facilitate 
passive film breakdown. The overall cell reaction, can be 
written stoichiometrically as: 

 

                        4Al + 3O₂ + 6H₂O → 4Al(OH)₃  (4) 

 

However, when copper is exposed to air, it readily oxidizes 
to form cuprous oxide (Cu₂O), which appears reddish, or cupric 
oxide (CuO), which appears black. In saline environments, 

copper still undergoes anodic dissolution through uniform 
corrosion mechanisms: 

                          Cu → Cu⁺ + e⁻ → Cu²⁺ + 2e⁻  (5) 

The copper ions (Cu²⁺) subsequently react OH⁻ to form 
copper hydroxide [Cu(OH)₂] and basic copper chlorides such as 
atacamite [Cu₂(OH)₃Cl], which appear as greenish deposits on 
the copper surface. This behaviour aligned with 
electrochemical mechanism; local pH arising from large surface 
area, OH⁻ generation at the copper cathode, and formation of 
stable protective layer on copper to prevent aggressive action of 
chloride ions. 

 

Fig. 2. Brightness of the lightbulb in a corrosion cell using 

different electrolytes: (a) Seawater; (b) 1.25 M NaCl; (c) 0.88 

M NaCl; (d) 0.5 M NaCl. 

3.3 Surface analysis 

Figure 3 shown the microscopy images of aluminium and 
copper electrodes which both exhibited heterogeneous 
corrosion after immersion test. 

The aluminium electrode from Figure 3(a) formed greyish-
white surface deposits with rough, irregular patches across the 
surface. This morphology is characteristic of localized pitting 
corrosion [22]. Aluminium undergoes oxidation to form 
Al(OH)₃ at anodic sites (Equation 3). However, rather than 
forming uniformly, this corrosion localizes at vulnerable points 
where Cl⁻ have successfully penetrated and destabilized the 
protective Al₂O₃ layer. This localized pitting behaviour aligns 
with the previous findings; that in high-chloride electrolytes, 
the stability of the aluminium passive film is almost entirely 
compromised at specific nucleation sites. This pattern explains 
the low overall weight loss of aluminium compared to copper, 
as corrosion is concentrated rather than uniformly distributed 
across the entire surface [23-24].  

In contrast, the copper electrode (Figure 3(b)) revealed 
greenish-white corrosion deposits; indicates metal dissolution 
experiences uniform corrosion on the entire surface [22]. This 
indicates the formation of Cu(OH)₂ and Cu₂(OH)₃Cl [25]. The 
previous study explained that copper in natural seawater 
normally forms a porous, non-protective patina. However, 
while they reported that over time, copper patinas probably 
become protective, this study showed a continuous dissolution 
due to failure of formation of patina [26]. The uniform 
distribution of these oxidation products of aluminium, 
displayed that copper's corrosion mechanism involves active 
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dissolution without a significant protective barrier of Al2O3 in 
chloride environments. 

Figure 4 shows the EDX analyses on corrosion products 
after immersion tests in 0.88 M seawater and 0.88 M NaCl. The 
deposits were composed predominantly of copper-based 
compounds; representing 93.92% and 90.77% of the metallic 
content in both solutions. In contrast, aluminium comprised 
only 6.08% and 9.23% of the detected metals. This 
demonstrates that copper dissolution was vigorous while 
aluminium was relatively less detectable, under the same tested 
parameters. This also explains the tendency of Al(OH)₃ layer to 
remain adhered to the surface and undissolved in the chloride 
environment, thus reducing their composition in corrosion 
products [27].  

 

 
Fig. 3. Surface appearance of electrodes under optical 

microscope before and after immersion test: (a) Aluminium; 

(b) Copper. 

The presence of hydroxide compounds on the electrode 
surface is shown on FTIR analysis (Figure 5). Strong and broad 
transmittance peaks displayed around 3323 cm⁻¹ on all samples 
correspond to significant hydroxide formation on the 
electrode’s deposited product [8]. The seawater-exposed 
samples showed the highest O–H peak intensities compared to 
other NaCl solutions. The natural seawater showed aggressive 
corrosion activity; probably due to the presence of various ionic 
species, including Cl⁻ initiating the dissolution of the passive 
film or pitting corrosion, while SO₄²⁻ serves as a secondary 
aggressive anion that penetrates the protective barrier. The 
dissolved oxygen accelerates electrochemical reactions through 
synergistic mechanisms, as it commonly acts as the primary 
cathodic reactant driving metal oxidation on the electrodes [16, 
28]. The peak, at 1635 cm⁻¹, is related to H–O–H bending, 
suggesting that the precipitates contain bound water molecules, 
which are common in hydrated oxidation products [29]. 
Another peak at 1353 cm⁻¹ represents the metal–oxygen 
bonding, possibly from Cu–O or Al–O structures. The peak 
around 1108 cm⁻¹ is related to C–O stretching, which may 
originate from salt residues [30]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. EDX analyses of surface deposits: (a) seawater; (b) 
0.88 M sodium chloride (NaCl) 

 

 

 

 

\ 

 
Fig. 5. FTIR spectra of surface deposits in: (A) seawater, (B) 

0.5 M NaCl, (C) 0.88 M NaCl, and (D) 1.25 M NaCl. 

3.4 Corrosion evaluation 

Table 1 presents the weight loss (g) and corresponding 
corrosion rates (mm/yr) of copper and aluminium electrodes 
after immersion test in different electrolytes. Copper 
consistently exhibited higher weight loss and corrosion rates 
than aluminium under all test conditions. This is consistent with 
the findings; the dissolution of copper under electrolysis 
proceeds at a higher rate than the oxidation of aluminium [31 - 
32]. 

The highest corrosion rate for copper and aluminium was 
demonstrated in seawater, while the lowest corrosion rates were 
recorded in 0.5 M NaCl for both electrodes. These results 
highlight that seawater is significantly more aggressive, despite 
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having a similar chloride concentration with 0.88 M NaCl 
solution. This confirms that the corrosion reaction in seawater 
does not solely depend on chloride concentration. Which 
means, the additional presence of SO4

2-, Mg2+, and Ca2+ 
facilitates pitting corrosion in seawater by increasing the 
electrolyte's total ionic strength and conductivity, hence 
breakdown the passive Al2O3 protection layer [11]. 

Table 1 Weight loss and corrosion rate of Aluminium and 

Copper electrodes after immersion test. 

 

In contrast, a clear trend was shown in the NaCl solutions; 
increasing the concentration up to 1.25 M (~7.3% NaCl) for 
both metal electrodes will increase the corrosion rate. This 
behaviour can be explained by the role of chloride ions in 
actively accelerating passivating layer breakdown of Al₂O₃. In 
addition, the increased ionic strength of the electrolyte allows 
greater galvanic current flow between the Cu-Al couple that 
may override oxygen-limitation effects [33 - 35]. However, one 
of the previous findings reported that in high saline 
environments (within 3–5% NaCl), the study successfully 
lowered the solubility of dissolved oxygen, thus reducing the 
corrosion rate [16].  

Based on the presented corrosion rates in Table 1, the 
operational lifespan of the Cu-Al electrodes can be estimated to 
determine the practicality to use in the seawater lamp or device. 
For electrodes, the copper cathode with a thickness of 1.6 mm 
seems to be the primary limiting factor for device longevity. In 
seawater, where the corrosion rate of copper reaches 41.60 
mm/yr; the complete deterioration would occur in 
approximately 14 days of continuous operation. Even under the 
0.5 M NaCl, the device lifespan of the copper electrode only 
extends to approximately 20 days. 

These findings reveal a fundamental relation between 
electrochemical performance and electrode durability that must 

be addressed in the design of seawater-based energy devices. 
Utilizing seawater potentially generates electricity but their 
performance was hindered by rapid device failure. This study 
also suggests the importance of future study on the 
implementation of advanced corrosion protection techniques 
such as protective coatings or organic inhibitors to provide a 
sustainable solution for long-term applications of energy 
devices from the renewable source of seawater. 

 

4. CONCLUSION 
These results highlight the performance and durability of 

electrodes in seawater and NaCl solutions. Specifically, the 
study proved that while seawater provides the brightest 
illumination, it simultaneously accelerates the uniform 
corrosion of the copper cathode to 41.60 ± 1.71 mm/yr. This 
rate is significantly higher than that of equivalent NaCl 
solutions. Unlike immersion studies where corrosion rates 
typically peak at 3.5% NaCl, the active electrical load in this 
system overrides oxygen-solubility limitations, leading to a 
continuous increase in corrosion rates. Surface analysis 
elucidated the degradation mechanisms of the electrode. FTIR 
spectra indicated the presence of hydroxyl groups, aggressive 
ionic species, and metal–oxygen bonds, highlighting ongoing 
corrosion processes. Complementary EDX analysis confirmed 
the formation of corrosion products with specified metal and 
oxide compositions. Observed changes in oxide color provide 
evidence supporting the proposed mechanisms of electrode 
degradation. 

Despite these insights, the study relied on qualitative light 
intensity observations rather than electrolytic conductivity 
measurements. While the light intensity provided a clear 
qualitative indicator of electrical performance, the lack of 
precise conductivity values (mS/cm) means that the exact 
relationship between ionic strength and internal cell resistance 
was not quantitatively mapped. Although, the observed trends 
indicate clear differences between electrolyte conditions, 
formal statistical hypothesis testing such as ANOVA was not 
undertaken due to the limited sample size. Future work should 
incorporate larger sample sizes to enable statistical validation 
of the differences in corrosion rates. Although potential 
uncertainties were minimized in this study to ensure 
reproducibility and precision, future work should rigorously 
consider factors such as immersion technique, sample 
weighing, solution pH, and electrode surface uniformity to 
achieve accuracy. 

These findings are significant for the development of low-
cost, off-grid lighting. The results indicate that unprotected Cu-
Al couples are unsuitable for long-term sustainable use, 
regardless of the electrolyte used. Future research should focus 
on exploring the integration of protective coatings that allow 
ionic transport while slowing the dissolution of the copper 
cathode.  
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Solution E Sample WL  

(g) 

WL  

(Mean 

± SD) 

CR 

(mm/yr) 

CR 

(Mean ± 

SD) 

Seawater 

Cu 
A1 0.8373 0.8565 

± 

0.0271 

40.39 41.6 ± 

1.71 
A2 0.8756 42.81 

Al 
A1 0.0532 0.0511 

± 0.003 

8.63 8.29 ± 

0.49 A2 0.0489 7.94 

0.5 M 

NaCl 

Cu 
B1 0.5890 0.6053 

± 0.023 

28.79 29.59 ± 
1.12 

B2 0.6215 30.38 

Al 
B1 0.0350 0.0364 

± 0.002 

5.68 5.91 ± 

0.32 B2 0.0378 6.13 

0.88 M 
NaCl 

Cu 
C1 0.6500 0.6673 

± 
0.0244 

31.77 32.62 ± 

1.19 
C2 0.6845 33.46 

Al 
C1 0.0410 0.0423 

± 

0.0018 

6.65 6.87 ± 
0.30 C2 0.0436 7.08 

1.25 M 

NaCl 

Cu 
D1 0.8434 0.8163 

± 

0.0383 

41.23 39.91 ± 

1.87 
D2 0.7892 38.58 

Al 
D1 0.0448 0.046 ± 

0.0016 

7.27 7.46 ± 

0.26 D2 0.0471 7.64 
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