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ABSTRACT

Magnesium air fuel cell (MAFC) systems are eco-friendly fuel cells that use electrolytes of saltwater and oxygen
from the air to produce power. However, MAFC cells face a critical problem, which is the deposition of side products
on the surface of the Mg anode plate and the cathode electrode. Therefore, this study will focus on the analysis of
Jactor on Mg(OH), deposition by identifying the optimal seawater, Mg alloy, and surface roughness and additives
solution. Magnesium plates AZ31 are used as the anode, and air electrode as the cathode. This study also considers
physical characteristics such as SEM, EDX and corrosion test while chemical characterization by performance test with
difference electrolyte, anode, and roughness. Catechol-3,5-disulfonic acid disodium salt (tiron) as anti-deposition used
to reduce the deposition of Mg(OH), on the anode and cathode surfaces and thus improve the performance of MAFC.
From the performance study, the MAFC able to produce a power density of 27.54 mW/cm? which is high compare to
the MAFC without tiron. Therefore, with the active area by 110.25 cm?, the MAFC generates 2.93 W. The deposition of
Mg(OH), reduces the active area of magnesium oxidation, thus, reduce the electricity generation. With the knowledge
of optimal seawater concentration and improvement of a single fuel cell system, this study is expecting to assist the
fisheries and aquaculture sector as well as the coastal communities in terms of providing a better, safer, and cheaper
alternative source of electricity.
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ABSTRAK

Sistem sel bahan api udara magnesium (MAFC) adalah sel bahan api mesra alam yang menggunakan elektrolit air
garam dan oksigen daripada udara untuk menghasilkan tenaga. Walau bagaimanapun, sel MAFC menghadapi
masalah kritikal, iaitu pemendapan produk sampingan pada permukaan plat anod Mg dan elektrod katod. Oleh itu,
kajian ini akan memfokuskan kepada analisis faktor pemendapan Mg(OH), dengan mengenal pasti air laut, aloi Mg
vang optimum dan kekasaran permukaan serta larutan aditif. Plat magnesium AZ31 digunakan sebagai anod dan
elektrod udara sebagai katod. Kajian ini juga mempertimbangkan ciri fizikal seperti SEM, EDX dan ujian kakisan
sementara pencirian kimia oleh ujian prestasi dengan perbezaan elektrolit, anod dan kekasaran. Garam disodium
asam katekol-3,5-disulfonik (tiron) sebagai anti-pemendapan digunakan untuk mengurangkan pemendapan Mg(OH),
pada permukaan anod dan katod dan dengan demikian meningkatkan prestasi MAFC. Daripada kajian prestasi, MAFC
mampu menghasilkan ketumpatan kuasa 27.54 mW/cm? yang tinggi berbanding dengan MAFC tanpa tiron. Oleh itu,
dengan luas aktif 110.25 cm’, MAFC menghasilkan 2.93 W. Pemendapan Mg(OH), mengurangkan kawasan aktif
pengoksidaan magnesium, sehingga mengurangkan penjanaan elektrik. Dengan pengetahuan mengenai kepekatan
air laut yang optimum dan peningkatan sistem sel fuel tunggal, kajian ini diharapkan dapat membantu sektor perikanan
dan akuakultur serta masyarakat pesisir daripada segi penyediaan sumber elektrik alternatif yang lebih baik, lebih
selamat dan lebih murah.

Kata kunci: Air masin, anti pemendapan, sel bahan api udara magnesium

INTRODUCTION problems, including acid rain and global climate change

With the accelerated economic growth, renewable oil ~ (Fadzillah et al. 2919)' Thus, in tbe irpmediate futgre,
is rapidly used, triggering a number of environmental ~ green clean energy is expected especially in transportation,
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industry, and energy resource for human (Hannan et al.
2017). Metal-air fuel cell (MAFC) provides a compelling
option due to the battery’s high potential capacity, low-
cost, and environmental benignity (Mokhtar et al. 2015).
MAFC is increasingly gaining attention as renewable
energy sources that can be benefited from very cheap
seawater (salt water) and magnesium metal and has twice
the volumetric energy density of lithium. MAFC used
magnesium plate as anode, carbon electrode as cathode,
and salt water (also used sea water) as electrolyte. One
of the advantage of MAFC is the usage of materials from
unlimited natural resources which attracted attention from
researchers (Kim et al. 2018; Liang et al. 2008; Zhang et
al. 2017). Magnesium is able to substitute or boost lithium
ion as a battery based on studies. However, the theoretical
magnesium relative to lithium as an anode material has
half of the energy density per unit mass, with a volumetric
density of about 50 per cent higher (32,731 versus 22,569
GJ/m?) relative with 18,8 versus 42,3 MJ/kg. Moreover,
because of the abundance of magnesium on earth,
magnesium dependent has a cost advantage on lithium.

On the other hand, the application of MAFC is
also very important in the development of sustainable
renewable energy alternative. Hahn et al. (2015) manage
to develop the marine system using MAFC, which
is direct to the ocean. The engineered MAFC device is
dipped into the electrolyte of the seawater by a galvanic
hydrogen producing cell. The planar magnesium anode
is positioned between two electrodes with catalyst of
hydrogen evolution and gas separation membranes. MAFC
therefore represents a potential for substantial energy
harvesting in future because of its high discharge level,
large capacity and low environmental impact.

As Mg is immersed to salt water, the primary
cathodic reaction is corrosion due to water reductions
in hydrogen. However, Mg has a different behavior in
aqueous environments, with the reaction rate of hydrogen
evolution (HE) increasing with an increase up to anodic
polarization of open circuit potential (OCV) (Liang et
al. 2008), which contradicts norms in electrochemical
kinetics. This phenomenon, which is known as anomalous
HE, has long been observed (Hahn et al. 2015) but its
mechanism of reaction is not understood and continues to
be the subject to intense study. Majority of the anomalous
HE originates in active dissolve areas.

Main limitation of Mg-Air fuel cell operation
includes Mg anode corrosion which contributes to over
potential of fuel cell and thus reducing its efficiency as
well as formation of precipitates in the cell media. Factors
influencing Mg anode corrosion includes hydrogen
evolving reaction (HER) on Mg plates, negative difference
effect (NDE) due to Mg metal property and galvanic
corrosion due to impurities present in the Mg metal anode
composition (Ma et al. 2019a). Formation of precipitate
are reckoned due to formation of Mg(OH), and MgO as

product from redox reaction occurring at electrodes of the
cells. Mg(OH), are generally soluble in water, however,
Mg(OH), tends to precipitate at high concentrations of this
salts. At a larger quantity, these precipitate tends to hinder
ion flow between the electrodes of the cell, thus, reducing
its electric power density out and overall efficiency of the
cell. These precipitates also tends to block the gas pores
of cathode layer which then prevents oxygen gas from
diffusing into the cathode and reducing efficiency of ORR
at cathode of the cell (Fadzilah et al. 2017; Hoche et al.
2018; Majlan et al. 2018). The conventional Mg-air fuel
cell used in power packs consist of AZ31 Mg metal alloy
anode and cathode of noble metal, Pt. Other alloy of Mg
also study in order to improve the performance such as
AZ31Db (Abdullah et al. 2015), AZ61 (Muhammad et al.
2011), and AZ91 (Li et al. 2018).

Issues in MAFC cells were thoroughly explored
during writing based on credible literature sources. The
restrictions of the MAFC listed directly restricted the
efficiency of the MAFC cells, reducing the credibility of
the entire MAFC electric generator. From the literature,
there is no clear guidance for MAFC system in order to
increase the performance by encounter the major problem
in MAFC. In line with this, this study will emphasize on
different cell performance enhancement approaches will
be addressed and compared with energy density. Such
strategies can be divided into four parts, namely hydrogen
evolution, Mg alloy, grain size, and electrolyte additives
in order to archives optimum performance.

METHODS

Hydrogen evolution tests of AZ31 were conducted in
3.5, 5, and 10 wt. % NacCl solution at room temperature
that is prepared beforehand using the analytical grade
of sodium chloride salt. An inverted burette with a
measuring cylinder was used to collect and measure
the volume of hydrogen produced. Magnesium alloy
samples were cut into blocks with a dimension of 10 x
10 x 2 mm. The surface of the sample was ground with
SiC sandpaper and cleaned with ethanol in an ultrasonic
cleaner for 10 min. The samples were then sealed with
resin, leaving an exposed area of 10 x 10 mm. Afterwards,
this exposed surface was polished with sandpaper and
diamond paste again, then rinse with ethanol and dry
with cold air, immersed into electrolyte mentioned earlier
for 48 h. The hydrogen volume of the sample production
was determined. In the following formula, the average
evolution rate for hydrogen was estimated, whereby AH2
represents the average rate of hydrogen evolution (mL/
cm?h), VH2 is the total volume of hydrogen evolution
(mL), s is the sample surface (cm?), and t is the immersion
time (h) (Zheng et al. 2018). Three parallel tests were
conducted to ensure good reproducibility of the data.

VH2 = —
st



The polarization curves and electrochemical
impedance spectra (EIS) have been tested in an
electrosystem workstation. The counter and a reference
electrode was Pt wire and a saturated calomel electrode
(SCE). Electrochemical samples with a surface area of 1
cm? with SiC abrasive paper were ground with exposure
to 3.5, 5 and 10% by weight by NaCl aqueous solution by
298 + 1K. 3.5% concentration is used because, according
to seawater concentration. It is to see the suitability of
seawater as an electrolyte. Many other MAFC researchers
use 5 and 10% is the maximum concentration used. As
electrolyte in all electrochemical studies, the solution
generated with deionized water and analytical reagents
was used. After 10 min of immersion, the polarization
curves were registered at a scan rate of 1 mV/s. After the
initial 10 min delay, the EIS was calculated for a constant
value of OCPs. The frequency range tested was 100 to 1
Hz, and the voltage level was 5 mV. In order to ensure the
replicability of the details, all electrical measurements
have been carried out in triplicate.

The discharge performance was evaluated using a
battery testing system connected to a potentiostat. The
commercial MnO,/C catalyst served as the cathode. It
allows the oxygen in the air diffuse into the electrolyte
for the discharge reaction. The electrolytes were 3.5, 5,
10 wt. % NaCl solution, natural seawater, and 3.5% NaCl
with Tiron as an additive for comparison. 3.5% of saline
water is used. The reaction regions of both anode and
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cathode were 110.25 cm? The current density of 10 mA/
cm? chosen for long term low-power battery systems was
used to investigate the release efficiency of magnesium
anodes. The discharge products were blocked by boiling
chromic acid (200 g/L), and anodized effectiveness using
the mass loss system was measured. The morphologies
discharged, or discharge curve by scanning electron
microscopy have been observed. Triplicate battery
analyses have been conducted to ensure the results are
reproducible.

To identify the efficiency of each alloy with a 3.5%
NaCl solution, three different Mg alloys (AZ31, AZ61,
and AZ91) were used. In the meantime, the magnesium
layer is coated with 3-sided paper before the top coating
is stripped and called as fine, moderate, and rough in order
to determine the appropriate grain size. Five forms of
additives using the commercial-grade of Sigma Aldrich
have been tested for additive research.

A single cell of MAFC conducts with 10.5 x 10.5
cm of magnesium plate which is producing active area
of 110.23 cm?. The electrode which layered by Mn
catalyst and stainless steel current collector also used
the same active area then both immerse in NaCl solution
with different concentration as shown in Figure 1. Then,
the single cell performance test by using Potentiostat
Galvanostat to produce the polarization curve. Before
testing, the stability test conducts in 5 min due to the high
corrosion rate in the anode.

FIGURE 1. Single cell of MAFC

RESULTS AND DISCUSSION

Corroded morphology of AZ31 after immersion test in
different NaCl concentration is displayed in Figure 2.

Based on observation, some differences can be spotted
in discharge product morphology between the samples
immerse in mentioned NaCl concentrations. As shown
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in Figure 2(a), the sample is almost entirely covered
by flaky discharge product. Both Figure 2(b) and 2(c)
also have flaky features with additional protuberance
morphology and large cracks can be found on the sample
surface. It was suggested that the discharge product breaks
off easily, thus, exposing anode surface to the corrosive
saline condition but providing a larger surface area for
reaction to occur. Hence, this indicates that the higher the
electrolyte concentration used, the faster the magnesium
erosion occurs and can cause cracking to occur. It will
reduce the effective and optimal use of magnesium fuel
in MAFC. Therefore, the appropriate concentration should
be used to balance the reaction rate at the anode and

EHT=1000KY  Mag= 500X |\ oo oo
WD=80mm  Signal A= SE1

cathode to produce the optimal power output. Figure
3 shows the electrode containing the corrosion product
attached to the electrode surface. If the precipitation
blocks the electrode or magnesium surface, it may reduce
the effectiveness of the active area and affect the reaction
rate. According to Figure 4, the predominant oxygen and
magnesium peak indicating the discharge product is most
probably consisting of Mg(OH,), a typical by-product
produced from the overall reaction that precipitates on the
anode surface forming a protective film which inhibits
the further reaction. The same pattern result is obtained
from AZ31 alloy immersed in 3.5 and 5% NaCl solution.

EHT=1000kV Mag= 500X Date 24 Jul 2020 Py
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FIGURE 2. Corrosion morphology with discharge product of AZ31 after
immersion test in a) 3.5% NaCl, b) 5% NaCl, and c) 10% NaCl solution

b, B

FIGURE 3. Corrosion product magnesium oxide (MgOH,) in MAFC electrode
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FIGURE 4. EDX spectra of AZ31 alloy surface immersed in 10% NaCl solution for 48 h

TABLE 1. EDX results for EDX spectra of AZ31 alloy surface immersed in 10% NaCl solution for 48 h

Element Weight (%) Atomic (%)
CK 0.74 1.24
OK 48.81 61.58
ZnL 1.89 0.58
NaK 0.01 0.01
MgK 33.98 28.22
AIK 1.02 0.77
SiK 0.2 0.15
CIK 11.31 6.44
CaK 2.05 1.03

Figure 5 shows the hydrogen evolution rate curves
of AZ31 alloy sample as a function of immersion time in
3.5, 5, and 10% NacCl solution which is used to represent
the corrosion rate of magnesium alloy in respective
saline solution. As shown in Figure 5, the difference
of hydrogen evolution rates of AZ31 in three different
concentration of the saline solution was indistinct at the
primary stage of immersion but became apparent after 4

h. The corrosion rate of AZ31 immersed in 10% NaCl
solution is the highest, followed by AZ31 immersed in 5%
NaCl solution and AZ31 immersed in 3.5% NaCl solution
has the lowest rate of corrosion. The finding suggests
that the AZ31 Mg alloy samples immersed in 3.5% NaCl
solution has better corrosion resistance compared to the one
immersed in 5 and 10% NaCl solution. The result is also
supported by previous work which finds that the activation
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energy value decreases as the concentration of salt increase,
implying that the corrosion is thermodynamically more
favoured in a higher concentration of the saline solution.
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FIGURE 5. Hydrogen evolution rate of AZ31 immersed in 3.5, 5, and 10%
NaCl solution for 48 h

Dhanapal et al. (2012) clarified that increased
corrosion rate with increasing chloride ion concentration
was due to chloride ion involvement in the dissolution
reaction. The more chloride ion in NaCl solution, the
faster ion (CI) transferred through the outer layer and
penetrated the alloy surface substratum, thereby increasing
corrosion rate. As the Cl- has an aggressive property that
could penetrate the alloy surface, it contributes to the
initiation and production of pitting corrosion and localized
corrosion. Thus, it may cause Mg(OH), film to dissolve
when adsorbed on the anode surface (Shi etal. 2017; Yang
et al. 2016). Therefore, the corrosion product is quickly
removed from the exposed region in Figure 1(b) and 1(c)
compared with Figure 1(a) and is still protected with a
corrosion product that serves as a protective film.

AZ31 magnesium alloy was adopted as the anode
for Mg-air fuel cell incorporated with MnO, catalyst on
the air cathode to evaluate their discharge performance
in 3.5, 5, and 10% NaCl solution. The curves of voltage
and power density vs current density are presented in
Figure 6(a) and 6(b), respectively. The presence of tiron
into NaCl solution has improved the power output of
MAFC from 22.3 to 24.9 mW/cm?. However, the current
density at maximum power output decreased from 35 to
30.1 mA/cm?. It is due to the presence of tiron, which also
reduces Mg erosion and decreases the amount of current
generated. This results was also supported by Hoche et

al. (2018) although the optimum power out is still high
compared to others.

It is shown that the Mg-air fuel cell using 10% NaCl
solution exhibits the highest cell voltage and peak power
density which is 1.7 V and 27.54 mW/cm?, respectively,
despite having the lowest corrosion resistance as analyzed
compared to 5 and 3.5% NaCl. Furthermore, the lowest cell
voltage and power density produced is Mg-air fuel cell
using natural seawater as the electrolyte. However, Yang
et al. (2018) find that alloy AZ63 immersed in natural
seawater has lower corrosion potential and corrosion
current density compared to immersed in 3.5% NaCl
solution. It is implied that magnesium alloy tends to erode
more severely in the salt solution than in natural seawater.
The results also showed that the addition of Tiron in 3.5%
NaCl solution has to improve the performance of Mg-air
fuel cell compared to performance without the additive
in 3.5% NaCl solution. Addition of Tiron enhances the
discharge potential by suppressing the Fe enrichment
and preventing the precipitation of Mg(OH,) exposing
fresh and active anode surface for further reaction
(Vaghefinazari et al. 2020). It is clearly shown that all the
electrolytes without any additive exhibit fluctuation in
cell voltage and power density, indicating the formation
and breaking off of the discharge product on anode surface
over time (Ma et al. 2019b).
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FIGURE 6. Performance of Mg-air fuel cell using different concentration
of NaCl solution as an electrolyte: a) Cell voltage vs current density and b)
Power density vs current density. The cathode is a commercial air electrode

with MnO, catalyst and AZ31 as the anode

Mg metal as a MAFC anode as per discussed in the
previous sections is associated with active corrosion
issues. The functional degradation of Mg anode metal
in the cell is due to two main factors, which is the
negative impact of the electrode (NDE) which results in
the reaction of hydrogen gas (HER) evolution and Mg
anode displacement. It reduces the cell’s efficiency with
regards to anode use, as the cell maintains its own (Wang
et al. 2019). Therefore, several strategies for reducing the
rate of active corrosion in the cell anode will be discussed
and compared, including Mg metal alloying and Mg
alloy microstructure modification. A detailed analysis of
the Mg alloy most appropriate for the application of

Mn-Al-Zn-si elements has been described as supporting
the best anodic Mg anodic discharge properties in MAFC
cells compared to other alloys, such as Mg-Al-Zn-Pb and
Mg- Al-Mn-Ca alloys (Hamlen et al. 1969). Mg-Al-Mn-
Zn-Si alloys are characterized as Mg alloy of AZ series.
There are three different AZ series Mg alloys which
include AZ31, AZ61, and AZ91 with different MAFC
performance-boosting potential. The summary of MAFC
cell performance with different AZ series Mg alloy, as
shown in Figure 7 is compared and discussed.

The Mg-air fuel cell with the alloy of Mg AZ61 alloy
has a higher emission potential than alloy Mg and alloy
AZ31 and AZ91 at the same current density. In the case
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of AZ61 anode, the anode usage factor can reach as high
as 41% at a current density of 10 mA/cm? for 5 h. The
AZ61 alloy has better discharge properties in terms of
discharge voltage and anode utilization factor (Ma et al.
2019a). It is due to the precipitate product released inhibits
the active erosion of Mg anode due to the hydrogen
evolution reaction of the Mg AZ61 anode that shows
higher anodic efficiency than the pure Mg anode and
the Mg AZ31 and AZ91 alloys. The results of the anode
surface morphology results show that the discharge product
is quickly accumulated on the surface of the AZ61 alloy
compared to the other Mg alloys. Therefore, the Mg AZ61
alloy anode shows the lowest erosion current density
(jeorr) and highest alloy anode utilization (Zhao et al.
2018). However, given the cost of AZ61 in the market is

three times the price of AZ31. Then, in this study, we will
use AZ31 because the performance shown by AZ31 is not
much different from AZ61 and AZ91.

Besides alloying Mg anode, Mg anode microstructure
is also known to have a significant effect on the
mechanical properties and electrochemical performance
of magnesium alloys (Wong et al. 2015). Therefore,
modifying the Mg anode microstructure is an excellent way
to improve the performance of the Mg anode discharge.
Figure 8 shows the MAFC performance using different
grain size of Mg alloys. Grain size has a significant
influence upon corrosion behaviour in Mg anode and
Mg anodynes electrochemical operation, which may
have substantial effects on the output of Mg air because
of their impact on the erosion rate of Mg anode and the

MAFC performance with different Mg alloys

Discharge Volt (V)
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A791
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FIGURE 7. MAFC performance using different Mg alloys

polarization of Mg anode (Zhao et al. 2018). In the
writings of Zhao et al. (2018), the effects of three average
grain size measurements using the Mg alloy of the AZ
series as Mg anode have been studied in terms of anode
utilization as well as average charge voltage.

Electrolyte additive techniques primarily focus
on adding chemical additives which are usually non-
degradable chemicals and stay in the electrolyte (Wong &
Daud 2015). Various chemical electrolyte additives that

could enhance MAFC cell efficiency have been identified
to date, as stated in previous review papers. This study
will concentrate on four potential additives to boost
the efficiency of MAFC and compare them. It included
salicylate, nitriloacetate (NTA), glucoside decyllate (DG),
and sodium dodecylbenzosulfonate (SDBS). The capacity
to boost efficiency is outlined in Figure 9 and Table 2
for better comparison.
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FIGURE 9. MAFC performance by using difference electrolyte additives
TABLE 2. Summary of MAFC performance using chemical electrolyte additive
.. R Precipitate inhibition Average discharge volt e
0,
Electrolyte additive ~ Anode utilisation (%) efficiency (%) V) Durability (h)
Reference NaCl 13.5 - 1.47 4.1
Salicilate 272 94 1.61 5.7
NTA 6.5 - 1.68 1.9
DG 39.4 - 1.39 6.1
SDBS 49.1 65.1 1.15 6.3
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The efficiency of highlighting chemical electrolyte
additives that include anode usage, corrosion inhibition
efficiency and peak voltage discharge, are the main
parameters used in the determination of MAFC
performance. The operating conditions of almost all
alloys using Mg anode series AZ alloy with 3.5 wt. %
NaCl electrolyte were compared with those additives at
room temperature and pressure. The result in Table 2
showed that salicylate is the perfect electrolyte additive
to enhance MAFC autonomy. It is because this agent
demonstrates high medium usage of the anode with a
small output volume. Furthermore, it has been shown that
salicylate prevents the formation of sediment inhibiting
cell flow compared to SDBS and DG, which do not offer
such properties (Hoche et al. 2018). The ideal MAFC cell
needs a high anode consumption and a high energy output.
Still, the limitations of the MAFC cell themselves mean
that both features are inconsistent and difficult to achieve.
The selection of the most efficient electrolyte additives
must, therefore, match the anode usage characteristics and
energy production rate (Li et al. 2018).

CONCLUSION

This article analyses various parameters to increase the
MAFC’s power generator performance. Based on the
results obtained, it can be concluded that using a 10% NaCl
solution as a MAFC electrolyte produces higher power
density. By contrast, having the highest concentration lead
to the highest corrosion rate due to higher Cl- compared
to lower NaCl concentration. However, incorporating
anti-deposition like Tiron obviously improves the
performance of Mg-air fuel cells by suppressing deposition
of the discharge product and increasing anode surface
area, although it reduces the optimum current density.
Comparing Mg plate, AZ31,AZ61 and AZ91 as an anode,
AZ61 provides high current density compared to other
plates. It is due to the precipitate product released that
inhibits Mg anode active erosion due to the Mg AZ61
anode’s hydrogen evolution reaction, which shows higher
anodic efficiency than pure Mg anode and Mg AZ31 and
AZ91 alloys. However, due to cost consideration, AZ31
is highest in generating performance per cost. Fine-grain
size has a significant impact on corrosion behaviour in
Mg anode and Mg anodynes electrochemical activity
compared to rough and medium. Finally, in additive
research, salicylate displays the most excellent additive
in preventing the development of sediment-inhibiting cell
flow compared to SDBS and DG that do not exhibit these
properties.

ACKNOWLEDGEMENTS

Universiti Kebangsaan Malaysia funded this research
under Research University Grant GUP-2018-039 and PP-

SELFUEL-2020. We also appreciate the fruitful cooperation
by Persatuan Nelayan Sepang.

REFERENCES

Abdullah, M.F., Abdullah, S., Omar, M.Z., Sajuri, Z. & Risby,
M.S. 2015. Analysis of variable strain amplitude response
caused by impact loading of carbon nanotube reinforced
magnesium alloy AZ31B. Procedia Engineering 101: 10-17.

Dhanapal, A., Boopathy, S.R. & Balasubramanian, V. 2012.
Influence of pH value, chloride ion concentration and
immersion time on corrosion rate of friction stir welded
AZ61A magnesium alloy weldment. Journal of Alloys and
Compounds 523: 49-60.

Fadzillah, D.M., Kamarudin, S.K., Zainoodin, M.A. & Masdar,
M.S. 2019. Critical challenges in the system development
of direct alcohol fuel cells as portable power supplies: An
overview. International Journal of Hydrogen Energy 44(5):
3031-3054.

Fadzillah, D.M., Rosli, M.1., Talib, M.Z.M., Kamarudin, S.K. &
Daud, W.R.W. 2017. Review on microstructure modelling
of a gas diffusion layer for proton exchange membrane
fuel cells. Renewable and Sustainable Energy Reviews 77:
1001-1009.

Hahn, R., Mainert, J., Glaw, F. & Lang, K.D. 2015. Sea water
magnesium fuel cell power supply. Journal of Power Sources
288: 26-35.

Hamlen, R.P., Jerabek, E.C., Ruzzo, J.C. & Siwek, E.G. 1969.
Anodes for refuelable magnesium-air batteries. Journal of
The Electrochemical Society 116(11): 1588.

Hannan, M.A., Hoque, M.M., Mohamed, A. & Ayob, A. 2017.
Review of energy storage systems for electric vehicle
applications: Issues and challenges. Renewable and
Sustainable Energy Reviews 69: 771-789.

Hoche, D., Lamaka, S.V., Vaghefinazari, B., Braun, T.,
Petrauskas, R.P., Fichtner, M. & Zheludkevich, M.L.
2018. Performance boost for primary magnesium cells using
iron complexing agents as electrolyte additives. Scientific
Reports 8(1): 1-9.

Kim, J.H., An, B.M., Lim, D.H. & Park, J.Y. 2018. Electricity
production and phosphorous recovery as struvite from
synthetic wastewater using magnesium-air fuel cell
electrocoagulation. Water Research 132: 200-210.

Li, Y., Ma, J., Wang, G., Ren, F., Zhu, Y. & Song, Y.
2018. Investigation of sodium phosphate and sodium
dodecylbenzenesulfonate as electrolyte additives for AZ91
magnesium-air battery. Journal of the Electrochemical
Society 165(9): A1713-A1717.

Liang, S., Teng, F., Bulgan, G., Zong, R. & Zhu, Y. 2008. Effect
of phase structure of MnO, nanorod catalyst on the
activity for CO oxidation. Journal of Physical Chemistry C
112(14): 5307-5315.

Ma, J., Wang, G., Li, Y., Ren, F. & Volinsky, A.A. 2019a.
Electrochemical performance of Mg-air batteries based on
AZ series magnesium alloys. lonics 25(5): 2201-2209.

Ma, J., Qin, C., Li, Y., Ren, F.,, Liu, Y. & Wang, G. 2019b.
Properties of reduced graphene oxide for Mg-air battery.
Journal of Power Sources 430: 244-251.



Majlan, E.H., Rohendi, D., Daud, W.R.W., Husaini, T. & Haque,
M.A. 2018. Electrode for proton exchange membrane fuel
cells: A review. Renewable and Sustainable Energy
Reviews 89: 117-134.

Mokhtar, M., Talib, M.Z.M., Majlan, E.H., Tasirin, S.M.,
Ramli, WM.F.W., Daud, W.R.W. & Sahari, J. 2015. Recent
developments in materials for aluminum-air batteries: A
review. Journal of Industrial and Engineering Chemistry
32(25): 1-20.

Muhammad, W.N.A.W., Sajuri, Z., Mutoh, Y. & Miyashita,
Y. 2011. Microstructure and mechanical properties of
magnesium composites prepared by spark plasma sintering
technology. Journal of Alloys and Compounds 509(20):
6021-6029.

Shi, Y., Peng, C., Feng, Y., Wang, R. & Wang, N. 2017.
Microstructure and electrochemical corrosion behavior of
extruded Mg—Al-Pb-La alloy as anode for seawater-activated
battery. Materials and Design 124: 24-33.

Vaghefinazari, B., Hoche, D., Lamaka, S.V., Snihirova, D. &
Zheludkevich, M.L. 2020. Tailoring the Mg-air primary
battery performance using strong complexing agents as
electrolyte additives. Journal of Power Sources 453:
227880.

Wang, C., Yu, Y., Niu, J., Liu, Y., Bridges, D., Liu, X., Pooran,
J., Zhang, Y. & Hu, A. 2019. Recent progress of metal-air
batteries-a mini review. Applied Sciences 9(14): 2787.

Wong, W.Y. & Daud, W.R.W. 2015. Density functional theory
study of oxygen reduction mechanism at nitrogen-doped
carbon nanotubes for fuel cell applications. Journal of
Engineering Science and Technology 10(8): 68-77.

Wong, W.Y., Daud, W.R.W., Mohamad, A.B. & Loh, K.S. 2015.
Effect of temperature on the oxygen reduction reaction
kinetic at nitrogen-doped carbon nanotubes for fuel cell
cathode. International Journal of Hydrogen Energy 40(35):
11444-11450.

Yang, L., Lin, C., Gao, H., Xu, W., Li, Y., Hou, B. & Huang,
Y. 2018. Corrosion behaviour of AZ63 magnesium alloy
in natural seawater and 3.5 wt.% NaCl aqueous solution.
International Journal of Electrochemical Science 13: 8084-
8093.

3115

Yang, L., Jiang, Q., Zheng, M., Hou, B. & Li, Y. 2016. Corrosion
behavior of Mg—8Li-3Zn—-Al alloy in neutral 3.5% NaCl
solution. Journal of Magnesium and Alloys 4(2016): 22-26.

Zhang, Z.,Li, Z., Sun, C., Zhang, T. & Wang, S. 2017. Preparation
and properties of an amorphous MnO,/CNTs-OH catalyst
with high dispersion and durability for magnesium-air
fuel cells. Catalysis Today 298(2017): 241-249.

Zhao, Y., Huang, G., Zhang, C., Peng, C. & Pan, F. 2018.
Performance of Mg-air battery based on AZ31 Mg alloy
sheets with different grain sizes. International Journal of
Electrochemical Science 13: 8953-8959.

Zheng, T., Hu, Y., Zhang, Y., Yang, S. & Pan, F. 2018.
Composition optimization and electrochemical properties
of Mg-Al-Sn-Mn alloy anode for Mg-air batteries. Materials
& Design 1375: 245-255.

Sahriah Basri*, Nurul Shahzira Hazri, A.M. Zainoodin, S.K.
Kamarudin & S.U. Zakaria

Fuel Cell Institute

Universiti Kebangsaan Malaysia

43600 UKM Bangi, Selangor Darul Ehsan

Malaysia

S.K. Kamarudin & Shanjeva Rao Selladurai
Faculty of Engineering and Built Environment
Universiti Kebangsaan Malaysia

43600 UKM Bangi, Selangor Darul Ehsan
Malaysia

A.R. Hashim

Persatuan Nelayan Kawasan Sepang
Bagan Lalang, Sungai Pelek

43950 Sepang, Selangor Darul Ehsan
Malaysia

*Corresponding author; email: sahriah@ukm.edu.my

Received: 5 August 2020
Accepted: 11 September 2020



