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A novel aluminium–air secondary battery with long-
term stability

Ryohei Mori*

An aluminium–air secondary battery was fabricated by using
an aluminium ion conductor, Al2(WO4)3, and plain salt water
as an electrolyte.
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A novel aluminium–air secondary battery with
long-term stability

Ryohei Mori*
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An aluminium–air secondary battery was fabricated by using an

aluminium ion conductor, Al2(WO4)3, and plain salt water as an elec-

trolyte. The battery functioned for approximately one month. It was

also possible to enhance the cell capacity and suppress the yield of by-

products, by modifying the cell structure.
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There is an urgent need for clean fuel alternatives for energy
supply and storage created by fossil fuel depletion and air
pollution arising from combustion.1,2 To this end, metal–air
batteries have garnered attention as potential high-performance
power sources for electronic devices,3,4 of which lithium–air cells
are the most promising for high-performance applications.5,6

However, lithium is sensitive to ambient conditions such as
humidity and oxygen, and is a scarce natural resource in some
regions.

Aluminium, in contrast, is an abundant, attractive anode
material for energy storage and conversion because of its high
specic capacity, highly negative standard electrode potential
[E� ¼ �1.7 V vs. standard hydrogen electrode (SHE)], and envi-
ronmentally benign characteristics. In addition, aluminium is
the most recycled metal in the world and is relatively inexpen-
sive. When compared with zinc, lithium, and other metals,
aluminium has unique advantages and disadvantages. Its
relatively low atomic weight of 26.98 and trivalence confer it a
gram-equivalent weight of 8.99 and an electrochemical equiva-
lence of 2.98 A h�1 g�1, compared with 3.86 A h�1 g�1 for
lithium, 2.20 A h�1 g�1 for magnesium, and 0.82 A h�1 g�1 for
zinc. Moreover, on a per-volume basis, aluminium yields 8.04 A
h�1 cm�3, compared with 2.06 A h�1 cm�3 for lithium, 3.83 A
h�1 cm�3 for magnesium, and 5.85 A h�1 cm�3 for zinc.7

A major barrier to commercialization is aluminium's high
self-corrosion rate in alkaline solutions, both under open-circuit
conditions and during discharge. To reduce the self-corrosion of
the aluminium anode, two methods are usually employed:
hi-city, Hyogo Prefecture 666-0015, Japan.
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alloying aluminium with other elements8–10 or modifying the
composition of the electrolyte.11–15 However, these research has
been largely unsuccessful for the commercial production of Al–
air cells because by-products such as Al2O3 and Al(OH)3 accu-
mulate at both the anode and cathode. Therefore, we propose to
cover the aluminium anode and the air cathode with ceramic
aluminium ion conductors, preventing anode corrosion result-
ing from direct contact with the electrolyte, while retaining
aluminium ion conduction. In addition, this method may
prevent by-product accumulation and suppress electrolyte
evaporation (the major drawback of all metal–air batteries).

In a previous study of ours, Al2(WO4)3 was used as an
aluminium ion conductor on both the anode and air cathode,
and we succeeded in preparing an Al–air cell with secondary
battery properties that was stable for one week.17 However, by-
products such as Al2O3 and Al(OH)3 still formed on the
aluminium ion conductor at both the anode and the cathode.

In this study, by using a plain salt water as an electrolyte, we
have fabricated an Al–air cell which functioned for approxi-
mately 1 month with the absence of Al2O3 and Al(OH)3.
Furthermore, the cell capacity was largely enhanced by
combining conductive carbon and ceramic aluminium ion
conductor as the air cathode material.

In our previous study, the Al–air cell was termed AFLA as an
acronym of its major components: an aluminium anode, an
Al2(WO4)3 lm, an Al2(WO4)3 lid, and an air cathode17 (Fig. 1).
(We refer to the material which covers the air cathode as the
“lid”.) An aluminium board was used as the anode. The air
cathode was composed of conductive carbon and poly-
vinylidenediuoride (PVDF) dissolved in N-methyl-pyrrolidone
on a nickel mesh current collector. The Al2(WO4)3 lm was
prepared by coating the aluminium anode with a printing slurry
composed of Al2(WO4)3 powder and terpineol, followed by
annealing at 500 �C. A 10% NaCl aqueous solution was used as
the electrolyte. The pH of the electrolyte was adjusted to 6.7–6.8.

In this study we prepared Al–air cells with two different lid
compositions. The rst lid was made of Al2(WO4)3 (AFLA-A cell);
the second lid was amixture of Al2(WO4)3 and conductive carbon
RSC Adv., 2014, xx, 1–6 | 1



Fig. 1 A schematic figure of AFLA cell: (a) AFLA-A cell and (b) AFLA-AC
cell.

RSC Advances Communication

1

5

10

15

20

25

30

35

40

45

50

55

1

5

10

15

20

25
(AFLA-AC cell). The powders were mixed in respective ratios of
9 : 0 : 1 and 8 : 1 : 1 (Al2(WO4)3 : carbon : PVDF), and pressed
into disks. The structure of the prepared cells can be summa-
rized as Al | Al2(WO4)3|NaCl | Al2(WO4)3| air cathode (AFLA-A,
Fig. 1(a)) and Al | Al2(WO4)3|NaCl | Al2(WO4)3 + carbon | air
cathode (AFLA-AC, Fig. 1(b)).

Fig. 2 show een discharge curves of the prepared Al–air
cells at an applied current of 0.2 mA (cm�2) for the AFLA-A
Fig. 2 Discharge curve of Al–air cells: (a) AFLA-A cell and (b) AFLA-AC
cell.
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cell and 0.1 mA (cm�2) for the AFLA-AC cell. The cut-off
potential was 0.2 V. for AFLC-A cell, the capacity was initially
8.96 mA h cm�2, but dropped to 8.85 mA h cm�2 and 8.29 mA
h cm�2 at the 5th and 15th cycles, respectively. Capacity is
smaller than previous study when NaOH was used as an
electrolyte (Fig. 3).17

Generally, cell capacity is larger when NaOH was used as an
electrolyte.7 However. at the AFLA-AC cell, even with NaCl
electrolyte, the initial capacity was 3.12mA h cm�2, but dropped
to 3.04 mA h cm�2 and 2.95 mA h cm�2 at the 5th and 15th
cycles, respectively. This large capacity difference is responsible
for the applied current differing between the AFLA-A and AFLA-
AC cells. It is obvious that the cell capacity is much larger in the
AFLA-AC cell.

However, we had observed that capacity and voltage faded
with cycle number. We suggest this fading is due to deteriora-
tion of the AFLA cell itself. The AFLA cell is under development
as a secondary battery and not yet robust enough. We especially
suggest that the “lid” needs to be strengthened in order to
maintain high capacity and voltage even aer long-term use.

At the air cathode, the water in the electrolyte reacts with
oxygen from the air:

O2 + 2H2O + 4e� / 4OH�

This reaction is accelerated by the close proximity of the
electrolyte to the conductive carbon, which is an active air
cathode material. In other words, existence of conductive
carbon as electron conductor in the lid, electron migration was
accelerated in the AFLA-AC cell. We propose that this is the
main reason for the enhanced capacity. However, as the
reviewer points out that this is only a suggestion. In order to
investigate this issue, we will need to conduct more-detailed
future research. For example, we could see the effect of varying
carbon content in the lid. Furthermore, we could attempt to use
other types of air cathode materials such as active carbon,
Mn2O3 and LaFeO3 to investigate variation in conductivity and
performance even further.18–20 In addition, both the AFLA-A and
ALFA-AC cells exhibited stable discharge capacity for een
Fig. 3 Discharge curve of Al–air cell from previous article ref. 17.
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cycles, suggesting that they were quite stable when NaCl was
used as the electrolyte.

Fig. 4(a)–(d) display charge–discharge curves collected over
twenty-eight days at an applied current of 0.2 mA (cm�2) for
the AFLA-A cell and 0.1 mA (cm�2) for the AFLA-AC cell. Each
Fig. 4 Charge–discharge curve of AFLA cell. (a) 1st four days of AFLA-
A cell. (b) Last four days of AFLA-A cell. (c) 1st four days of AFLA-AC cell.
(d) Last four days of AFLA-AC cell.

This journal is © The Royal Society of Chemistry 2014
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gure displays the charge–discharge curves of the rst and
last four days of the measurement period. To the best of our
knowledge, this is the longest measurement period reported
for charge–discharge curves of an Al–air cell.21,22 Previous
studies regarding Li–Air battery performance similarly
provided data of charge–discharge voltage against time to
evaluate secondary battery functionality.23–25 However, it
should be noted here that due to evaporation of the elec-
trolyte, the NaCl solution was relled once every ve days to
ensure sufficient electrical contact. We suggest that the
electrolyte evaporation was attributable to macro- and micro-
pores formed in the lid because of the simplicity of the lid
preparation technique. This issue needs to be further inves-
tigated and improved for future study.26

Fig. 5 shows the voltage proles of the AFLA-AC cell as a
function of the time. The cell was discharged galvanostatically
under different rates from 0.05 mA cm�2 to 0.5 mA cm�2. The
cut-off voltage was 0.1 V in all cases. At discharge rates
Fig. 5 Discharge curves of AFLA-AC cell at different discharge rates.

Fig. 6 Cyclic votammograms of AFLA-AC cell.

RSC Adv., 2014, xx, 1–6 | 3
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Fig. 7 X-ray diffraction pattern of materials prepared in this study: (a)
Al2(WO4)3 powder purchased for this study, (b) the lid after charge–
discharge reaction for one month with NaCl electrolyte for AFLA-A
Cell. (c) The lid after charge-discharge reaction for one month with
NaCl electrolyte for AFLA-AC Cell. (d) The film after charge-discharge
reaction for one month with NaCl electrolyte for AFLA-A Cell. (e)
Magnified image of Fig. 4(d) between 10 and 40 degrees in 2q. (f) The

4 | RSC Adv., 2014, xx, 1–6
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between 0.05 and 0.2 mA cm�2, the voltage proles were kept
almost constant. With increasing discharge rates, the
progressive decline of discharge voltage was observed. When
discharge current was 0.05 mA cm�2, the capacity was 1.572
mA h cm�2. As discharge current increases as 0.1,and 0.2 mA h
cm�2, the capacity were 2.904 and 5.472 mA h cm�2, respec-
tively. But for 0.5 mA cm�2, the discharge curve of cell became
a slope instead of plateau, and discharge capacity decreased to
4.68 mA h cm�2.

Fig. 6 is the cyclic voltammograms of the AFLA-AC cell for
the rst, 3rd, 5th, 10th and 20th cycles measured between
0 and 2.0 V to characterize the redox reactions. Anodic current
increases largely at the 3rd cycle compared to 1st cycle,
although anodic current lowers as cycle number increases and
become similar to the 1st current (at 20 th cycle). The reduc-
tion and oxidation peak positions for every cycle's are relatively
the same at 1.2–1.3 V and 1.4–1.5 V respectively. This
demonstrates that the redox pairs contribute to the gain and
loss of electrons in AFLA-AC cell during cell charge–discharge
reaction. The reason for high intensities at 3–10 th cycle is
unknown, however this fact indicates the higher electro-
chemical reactivity at 3–10 th cycle.

Fig. 7 shows X-ray diffraction patterns of the Al2(WO4)3
powder, lid, and lm, before and aer each experiment.
Fig. 7(a) shows the X-ray diffraction pattern of the commer-
cially available Al2(WO4)3 powder used in this study, which was
composed of Al2(WO4)3 and WO3 phases. Aer one month of
charge–discharge experiments, the lid composed of Al2(WO4)3
still exhibited both Al2(WO4)3 and WO3 phases (Fig. 7(b)). On
the other hand, the lid composed of Al2(WO4)3 and carbon had
a NaCl phase aer the same period (Fig. 7(c)). Fig. 7(d) shows
the X-ray analysis result of the Al2(WO4)3 lm of the AFLA-A.
The Al2(WO4)3 lm had dissolved and an Al metal phase
originating from the substrate was detected. Fig. 7(e) displays
the magnied image of Fig. 7(d) between 10 and 40 degrees in
2q. NaAl23O35(b-alumina), Na11WO3, AlO (aluminium oxide (II))
and Al(OH)3 phases were observed, and Al2(WO4)3 was still
detectable. When the lid was composed of Al2(WO4)3 and
carbon, the Al anode substrate also was exposed due to
Al2(WO4)3 dissolution and AlO(OH) (aluminium hydroxide
oxide) was observed on the substrate lm (Fig. 7(f) and (g)).
However, typical by-products such as AlOH3 and Al2O3 that
inhibit the secondary battery reaction were not observed. One
might infer that this is why we were able to run charge–
discharge measurements for one month with a higher cell
capacity than for the AFLA-A cell.

We attempt to explain the yield of the different crystalline
phases on the anode as compared to when a NaOH electrolyte
was used in our previous study, by analyzing the reactions
taking place using a NaCl electrolyte.27

OH� is produced at the cathode as in the following reaction:

O2 + 2H2O + 4e� / 4OH�
film after charge-discharge reaction for one month with NaCl elec-
trolyte for AFLA-AC Cell. (g) Magnified image of Fig. 4(f) between 10
and 40 degrees in 2q.

This journal is © The Royal Society of Chemistry 2014
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Then, OH� migrates through the electrolyte to reach the Al
anode, where the following discharge reaction occurs:22

Al + 4OH� / Al(OH)4
� + 3e�

However, OH� must rst transit the Al2(WO4)3 thin lm
before reaching the Al metal anode. We reason that the porosity
of the Al ion conductor due to our nano-size particle dispersion
preparation method is responsible for allowing OH� to travel
through pores in the Al ion conductor lm and reach the Al
anode in order to continue the reaction.

Hence, the overall Al–air cell reaction is:

4Al + 3O2 + 6H2O + 4OH� / 4Al(OH)4
�

Eventually, aluminium hydroxide precipitates:

Al(OH)4
� /Al(OH)3 + OH�

In our previous study, when NaOH was used as the electro-
lyte, AlOH3 and Al2O3 were observed in the lm and the lid.
When NaOH was used as an electrolyte, Al(OH)3

� is the charge-
carrying ion species.28 On the other hand, when NaCl is used as
an electrolyte, Al(OH)3

� and transitory compounds such as
Al(OH)2Cl, Al(OH)Cl2, and AlCl3 are the charge carriers.29 These
different charge-carrying species may be the reason for the
yields of different crystalline phases at the anode. Thus far, the
typical by-products of the aluminium ion battery that inhibit
the cell reaction have been reported to be Al(OH)3 and Al2O3.30

In this study, various types of other chemicals were detected,
including NaAl23O35, Na11WO3, AlO and AlO(OH). For example,
b-alumina is known to be a good sodium ion conductor and has
been used as a solid electrolyte in NaS batteries.31 However, the
inuence of these chemicals needs to be claried since their
effects on aluminium air batteries have not yet been studied.7

On the other hand, a different crystalline phase precipitated on
the lid aer the measurement. In fact, when the lid was soaked
in aqueous NaCl without applying an electrical bias, the X-ray
diffraction showed evidence of phases of Al2(WO3)4 in the AFLA-
A cell and NaCl in the AFLA-AC cell, respectively (data not
shown). One can infer that NaCl tends to precipitate on carbon
more readily than on Al2(WO3)4.
45

50

55
Conclusions

We successfully assembled a functional Al–air cell with an
AFLA structure using plain salt water as an electrolyte. More-
over, by combining the air cathode active material and the
solid electrolyte, we were able to achieve a higher cell capacity.
Future work will be required to fabricate a cell in which the
aluminium ion conductor lm does not dissolve at the anode,
by using either another electrolyte or another aluminium ion
conductor with better Al3+ conductivity.32,33 Importantly, we
have shown that aluminium is a reasonable option for a
secondary cell material, as it is more abundant, safer, and
This journal is © The Royal Society of Chemistry 2014
easier to handle than other candidate metals such as lithium,
zinc, magnesium, and sodium.
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