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Abstract

Recently, aluminium—air batteries have received great attention because of their high specific capacity and low cost. However,
corrosion of the aluminium (Al) anode is a critical problem limiting their practical applications. In this study, a decrease
in the corrosion and an increase in the discharge performance of the Al anode were demonstrated through the use of nano-
yttrium-stabilized zirconium (nano-YSZ). Three weight ratios of nano-YSZ blended with Al were prepared via mechanical
stir casting. The surface hardness of the new Al alloys was determined using nano-indentation method and phase transition.
Crystallite size measurements were conducted using X-ray diffraction analysis. Subsurface morphologies were conducted
using scanning electron microscopy. Corrosion studies were carried out using electrochemical impedance spectroscopy and
linear sweep voltammetry. The discharge and short-circuit studies of the prepared Al-air battery were undertaken using dif-
ferent Al alloy anodes. The results demonstrated that the Al anode having a higher ratio of nano-YSZ (5 wt%) had the highest
discharge behaviour and excellent corrosion resistance making it a potential candidate as an electrode for the Al-air battery.
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1 Introduction

Recent studies on the use of anode materials for metal-air
batteries focus on materials such as lithium (Li), alumin-
ium (Al), zinc (Zn) and magnesium (Mg) [1-4]. A metal
anode acts as fuel in the battery system. The selection of
proper metal or metal alloys to serve as an anode plays
a vital role in enhancing battery performance [5-8]. Al
can be easily recycled in a metal-air battery compared to
any other anode material [9]. Both the theoretical capac-
ity and cell voltage of Al are 8046 mAh cm™ and 2.4 V,
respectively, which are higher than those of other metals
used in air batteries [9, 10]. The volumetric capacity of an
Al anode is 8.0 Ah cm™ 3, which is four times higher than
that of a Li anode, i.e. 2.0 Ah cm™3. Gravimetric capacity
can also be compared: 2.0 Ah g~! for Al and 3.9 Ah g~!
for Li [11]. This is the only practical battery based on a
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trivalent charge carrier, which means that each ion transfer
is accompanied by three times more charge storage than
Li-ion batteries (LIBs) [12, 13]. On the one hand, a metal-
lic anode consisting of Al or Mg is not an issue due to their
appropriate chemical reactivity [11]. On the other hand, Al
or Al alloys are ideal metal anode materials, considering
their availability and cost-effectiveness [12, 13]. The per-
formance of Al-air batteries and their discharge capacities
are shown in Table 1 [14-18].

Pure Al has excellent electrochemical properties
although it is unstable when used as an anode for an Al-air
battery. A pure Al electrode in aqueous electrolytes causes
corrosion and passivation of the surface of Al due to side
reaction (Al,O5 and A1(OH);), which is the major limita-
tion of pure Al-air batteries [11]. Certain methods such
as changing the composition of the alloying elements and
applying electrolyte additives are used to limit corrosion.
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Table 1 Different Al-air batteries: discharge capacities

Electrode Performance/remarks Reference
Al Capacity 105 mAh g~!, Power density 5.5 mW cm’z’ Higher KOH concentration decreases the cell capacity. [14]
Al alloys Capacity 426 mAh g~ ! [15]
Al alloys Capacity 2590 Ah consist of 10 cells, Power density 577 Wh kg~ !, High capacity due to Ga-Sn-Mg alloying [16]
Al Capacity 1166 mAh g~ !, PAA gel delivered high conductivity nearly equal to aqueous electrolytes. [17]
Al Capacity 800 mAh g~!, Anhydrous hydroxide ion conducting electrolyte [18]

Experimentally done delithiation of different Li Si sur-
faces has determined that delithiation generally occurs at
higher voltages than does the initial lithiation [19]. Li,O
and Li Si forms having an increasing concentration of
Li make a major contribution to the capacity of SiCO.
In essence, the high carbon content of SiCO has a larger
lithium capacity as an anode of a Li-ion battery [20-22].

The most commonly used Al alloys, namely, Al-Zn,
Al-In, Al-Ga and Al-Sn show enhanced battery operation
time with a decrease in the corrosion rate when applied
in air batteries [12]. The combination of AlI-6061/ZrO,
results in excellent corrosion resistance in aqueous elec-
trolytes [13]. Nano-YSZ shows excellent properties such
as high mechanical strength, good chemical stability, high
level of oxygen-ion conductivity, corrosion resistance
and low thermal conductivity [24-28]. The reinforcement
of nano-YSZ in the Al matrix and macro-sized YSZ is
reported elsewhere [29]. Although YSZ-Al alloy offers
significant benefits, it has not been applied as the anode
for an Al-air battery.

In this study, an Al anode material is developed using
three different weight ratios, i.e. nano-YSZ (2.5, 3.5 and
5 wt%), blended with Al-6061 via mechanical stir cast-
ing. The synthesized alloys have been comprehensively
characterized to explore their discharge behaviour in the
Al-air battery.

2 Materials and methods
2.1 Materials

In this study, AR-grade chemicals procured from Merck,
India, were used without any additional purification. The
solutions were prepared using double-distilled (DD) water
(pH 6.99) purified through Milli-Q Ultrapure Water Sys-
tem (6110F; Merck, Germany). The materials used in
this study such as O, permeable hydrophobic Teflon film,
stainless-steel (SS304) mesh with a pore size of 1 mm, an
acrylic sheet (100 mm X 100 mm) and an aluminium sheet
(AI-6061) were obtained from Chemico (India).

2.2 Synthesis of nano-YSZ

A large-scale 8 wt% nano-YSZ powder was prepared by the
Pechini process. The AR-grade materials such as zirconium
oxychloride hexahydrate (ZrOCl,-6H,0; 99% pure), yttrium
nitrate hexahydrate (Y(NO;);-6H,0; 99% pure), citric acid
monohydrate (C4HgO,-H,O; 99% pure) and ethylene glycol
(EG) (all from SRL, India) were used as precursors for this
process. First, zirconium oxychloride and yttrium nitrate
were taken in two distinct beakers and dissolved in DD water
under continuous stirring at 60 °C to obtain perfect dilution.

Next, the obtained solutions were transferred into one
beaker and continuously stirred at 60 °C. In this process,
both the overall weight ratio of Y,0;/ZrO, and their stabili-
zation were maintained at 8:92 (8 wt% YSZ) to prepare citric
acid. The prepared citric acid was added to the precursors
after homogenization of the solution with a molar ratio of
4:1. For the esterification process, the solution was again
mixed with EG at 1:1 ratio. Then, the obtained viscous solu-
tion was continuously stirred at 80 °C for 12 h giving rise to
a gel-like formation. Finally, the gel was heat treated for 2 h
at 1000 °C using a hot-air oven. The obtained precipitates
(Y,05-Zr0O,) were carefully collected after the heat treat-
ment and used for further characterization [30].

2.3 Stir casting

Stir casting is one of the commercial casting techniques used
to blend nanocrystalline powders with the Al matrix alloy at
different concentrations: 2.5, 3.5 and 5 wt% of nano-YSZ.
The optimum lower (2.5 wt%) and higher (5 wt%) concentra-
tions of nano-YSZ additive in this investigation were consid-
ered on the basis of earlier studies [13]. The as-synthesized
nano-YSZ powder was initially preheated up to 300 °C for
30 min. During this process, Al-6061 was used as a base
metal, hereafter termed as Al.

The base metal was melted at 600 °C in a graphite cru-
cible, after which the melted Al was stirred at higher tem-
peratures of 800-900 °C. During the process of stirring, the
prepared nano-YSZ powder, as an inoculant, was slowly
added. Thereafter, the prepared molten metal was poured
into a readymade die to obtain the required shape. Then, the
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prepared composite is solidified and separated from the die.
The experiment was conducted at three concentrations: 2.5,
3.5 and 5 wt% of nano-YSZ. The prepared casting alloys,
which contained different additives viz. 2.5, 3.5 and 5 wt%
nano-YSZ are hereafter termed as Al-1, Al-2 and Al-3,
respectively.

2.4 Al-air battery construction

A rectangular acrylic sheet was used to construct the Al-air
battery. The prepared alloys, namely, Al-1, Al-2 and Al-3
were used as an anode and compared with Al, whereas
$S304 grade SS mesh with an air-exposed area of 10 cm?
was used as an oxygen electrode. Electrolyte leakage was
prevented using air-permeable Teflon film. In Fig. 1, the
image of the prepared Al-air battery cell is shown. The elec-
trochemical studies of the constructed Al-air batteries were
performed in 1 M potassium hydroxide (KOH) electrolyte.

2.5 Characterization

The phase and structure of Al, Al-1, Al-2 and Al-3 plates
were analysed using an X-ray diffractometer (X’Pert PRO;
PANalytical, the Netherlands) using CuKa (41=1.5406 A)
as a source of radiation. The surface hardness values of
Al, Al-1, Al-2 and Al-3 plates were analysed using a nano-
indenter (Ti 700 Ubi 1; Hysitron, USA). Both the operating
life and the discharge current of the constructed Al, Al-1,
Al-2 and Al-3-air batteries were examined for the discharge
current densities of 1, 2 and 3 mA cm™2. The discharge volt-
age and current were monitored until 0.2 V, at a regular
interval of 5 min. The performance of the battery under
short-circuit conditions was also tested. The surface and
subsurface morphologies of the samples were recorded via
a scanning electron microscope (JSM-6390LV; SEM, Japan)
at 20 kV with a magnification of 10,000x at 1-um scale.

Fig. 1 Schematic representation of the prepared Al-air battery cell
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The Raman spectra of the samples were obtained using
the LabRAHMR-800 (HORIBA, France) spectrometer.
The corrosion behaviour of the anode and EIS were car-
ried out using a three-electrode setup. An electrical poten-
tial between 1.2 and 0.1 V at an amplitude of 100 mV over
the frequency range from 0.01 Hz to 1 MHz was applied
to carry out EIS studies using an electrochemical worksta-
tion (PGSTAT302N; Metrohm Autolab, the Netherlands)
at room temperature. The Al, Al-1, Al-2 and Al-3 plates
were subsequently polished with 9-mm, 3-mm and 1-mm
silicon carbide grit papers and cleaned after each step with
acetone and distilled water. The polished plates were dried
in a hot-air oven at 353 K for 1 h and then used for corro-
sion studies. The applied potential or potential window for
corrosion study was — 1.7 to — 1.4 V at a scanning rate of
5 mV. Corrosion potential (V) and corrosion current (i,,,)
were determined from the extrapolated data of the cathodic
and anodic parts of the potentiodynamic polarization study
or Tafel plot.

3 Results and discussion

The nanoparticles were in narrow size distribution, as
shown by the scanning electron microscopy (SEM) image
in Fig. 2a. Moreover, the observed SEM image shows a
fine morphology with smaller nanoparticle sizes. Figure 2b
shows various X-ray diffraction (XRD) patterns of the as-
synthesized nano-YSZ powder. The 26 values of XRD peaks
indexed at 30°, 34.5°, 49.9°, 59.3°, 62.1° and 73.2° cor-
responding to (111), (200), (220), (311), (222) and (400)
planes match with the JCPDS standard card number 48-0224
[31-33]. The XRD results confirm the characteristic reflec-
tion and diffraction patterns of YSZ in its tetragonal phase,
as reported earlier [34—36]. The absence of additional peaks
in the XRD pattern shows that Y,05 is completely stabilized
in the zirconia dioxide (ZrO,) lattice. The average crystallite
size was calculated using the following Scherrer formula
[37-39]:

D= 094 )
FWHM cos 0

where D is the average crystallite size, 4 is the wavelength
of X-ray, 0 is the diffraction angle and FWHM is the full
width at the half maximum of X-ray peaks appearing at the
diffraction angle 6. The calculated average crystallite size of
YSZ nanocrystalline powder was 7.54 nm.

Raman spectroscopy is a more appropriate technique to
study different modifications of the stabilized zirconia crys-
tal structure due to its high sensitivity of Raman scattering
to both intermediate periodicity and oxygen displacement
compared to the XRD method [37]. On the basis of group
theory, the Raman active modes of cubic, tetragonal and
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Fig.2 a SEM image, b XRD pattern and ¢ Raman spectra of YSZ

monoclinic phases of zirconia are expected to have 1T 2 g,
6(1 Alg +2B et 3Eg) and 18 (9Ag + 9Bg), respectively [37,
38]. Figure 2¢ shows typical Raman spectra of the as-synthe-
sized nano-YSZ. The peaks observed at 143.9, 256.7, 323 .4,
467.2 and 635.7 cm™! correspond to Eg, Eg, Bg, Eg and Ag
modes, respectively, which confirm the tetragonal phase of
the obtained nano-YSZ [41, 42]. The observed result is in
line with the confirmation of X-ray analysis (Fig. 2b).
Figure 3 displays low-magnification SEM images of sur-
face morphology and cross section of Al-1, Al-2 and Al-3.
These results revealed that in all cases, YSZ particles were
distributed uniformly in the Al matrix, indicating an excel-
lent interfacial bonding between YSZ particles and the Al

matrix. Only a small fraction of agglomerated YSZ particles
was observed on the matrix.

Figure 4a shows the XRD patterns of Al-6061 and three
YSZ weight ratios present in the Al alloys: namely, Al-1,
Al-2 and Al-3. The XRD patterns of the starting specimen
(Al-6061 plate) and Al alloys are depicted with diffraction
peaks at 39° for (111), 44° for (200), 66° for (220) and 78°
for (311) planes (JCPDS card no. 04-0787), indicating the
presence of Al [43]. The XRD patterns of Al-3 clearly indi-
cate YSZ peaks indexed at 30°, 34°, 49°, 59°, 62° and 73°
corresponding to (111), (200), (220), (311), (222) and (400)
planes, respectively, compared to those of other composites
such as Al-1 and Al-2.
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¢ Al-3

d Al3

Fig.3 Low-magnification SEM images of a Al-1, b Al-2, ¢ Al-3 and d Al-3

As electrochemical reactions occur only on the electrode
surface, an electrochemical property is oriented with the
mechanical property of the electrodes and it is closely con-
nected to the surface layer of the electrode [44]. In order to
understand the electrochemical responses of the electrode
surface because of the mechanical modification, an appropri-
ate technique such as nano-indentation can be used. Nano-
indentation affords a good approach for this intention. The
surface morphology of the Al-6061 metal plate and its Al
alloys were studied using nano-indentation.

Surface roughness and hardness are important proper-
ties to avoid electrochemical damage happening. The typi-
cal load-indentation depth curves for the Al-6061 metal
plate and its Al alloys are shown in Fig. 4b. In Fig. 4, the
load/unload curves for the entire specimen without the
alloy Al metal plate show greater indentation depth than
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the other alloy Al metal plates. An increase in the weight
concentration of YSZ leads to a decrease in the indentation
depth, particularly at 5 wt% YSZ; the Al metal plate (Al-
3) shows very low indentation depth. Figure 5 shows the
hardness values of Al-6061 and Al alloy plates using a 3D
surface topography. The change in the surface morphology
of the Al-6061 alloy shows the changes taking place dur-
ing the alloying treatment with the nano-YSZ. The hard-
ness of the metal surface increases with the addition of
nano-YSZ [45]. In the case of Al-3, the surface hardness
is higher than that of Al, Al-1 and Al-2. The increase in
the surface hardness of the Al alloys is in line with the
increase in crystallite size (Table 2).

The discharge performances of the Al-air batteries for
the four Al electrodes in 1 M aqueous KOH electrolytes
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Fig.4 a XRD patterns, b Nano-indentation load/unload curves, ¢ Nyquist plots, d Tafel plots of Al-6061 and YSZ-ALl alloys

obtained for the three current densities, i.e. 1, 2 and 3 mA
cm™2, are shown in Figs. 6a—d, respectively.

Battery discharge performance was determined by plot-
ting current densities under various load conditions rather
than the total battery drain current. The operating life of the
battery in hours was determined using the discharge current
data. In addition to the above variable load conditions, the
Al-air battery was tested further under short-circuit condi-
tion [5]. The short-circuit studies of the prepared air batter-
ies using different alloy formulations are given in Table 3.

The different weight percentages of nano-YSZ added
with Al(6061) alloy greatly improved anode performance,
as shown in Fig. 5. The prevention of self-corrosion by nano-
YSZ can be a reason behind the increased efficiency of the
constructed battery that uses nano-YSZ-added anodes. The
Al-3 alloy demonstrates 31%, 58% and 9% higher discharge

lifetime compared to Al-2 (21%, 33% and 6%) and Al-1
(17%, 13% and 12%) in comparison to the bare Al electrode
at 1,2 and 3 mA cm™2. These results suggest that the higher
alloying percentage of YSZ with the Al plate yields higher
shelf life for the constructed battery (Al-3 alloy anode).
When a high discharge current density is 3mAhcm™? at air
battery, the active material is restricted by a slower elec-
trode kinetics. So the discharge life becomes smaller as a
consequence [46].

The EIS shown in Fig. 4c and inset demonstrate the elec-
trical equivalent circuit model of the reaction process. In
the EIS diagram, a semicircle was attained at low frequen-
cies (from 0.83 to 1.49 Hz), which is linearly related to the
charge transfer resistance of the reaction (associated with the
corrosion process). R1 is the charge transfer resistance value,
attained from the arc of the semicircle at low frequencies;
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Table 2 Capacity, crystallite

) Processing ~ Current density Open-circuit ~ Discharge  Capacity Crystallite ~ Hardness
size and hardness of Al-6061 condition (mA cm™) voltage (V) time (h) (mA hg™!)  size (nm) (MPa)
and YSZ-Al alloys (+0.32)

Al 1 1. 41 15.25 462 32.99 817.85
2 1. 41 09.00 582
3 1. 41 8.25 720

Al-1 1 1.42 16.50 510 34.25 851.00
2 1.42 10.75 648
3 1.42 08.50 756

Al-2 1 1.43 17.00 519 35.49 969. 20
2 1.43 12.25 756
3 1.43 08.00 684

Al-3 1 1. 44 20.00 600 36.99 1030.0
2 1.44 14.25 882
3 1.44 09.00 810
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Fig.6 Discharge and short-circuit studies of Al-6061 and YSZ-Al alloys

it is directly proportional to the material’s corrosion resist-
ance. The R1 value and corrosion resistance are very high
for Al-1 and Al-3 and are greater than Al. The R1 value
steadily increases with the increase in the ratio of nano-YSZ
in the Al alloy. From the results achieved, it is clear that the

addition of nano-YSZ in the Al alloy can enhance its corro-
sion resistance; resistance to corrosion can also be enhanced
with the increase in concentration levels [47].

In Fig. 4d, Tafel plots were used to analyse the corro-
sion resistance for Al, Al-1, Al-2 and Al-3 in 1 M KOH
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Table 3 Short-circuit studies of Al-6061 and YSZ-Al alloys
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Al-3

Al-2

Al-1

Duration Al

(min)

Observed Observed Current den- Observed Observed Current den- Observed Observed Current

Current den-

Observed

Observed

current (mA) density (mA
cm™?)

current (Ma) sity (mA cm™?) voltage (V) current (Ma) sity (mA cm™?) voltage (V)

current (mA) sity (mA cm_z) voltage (V)

voltage (V)

30.90
27.21

68.0

1.30
1.15
0.96
0.91
0.86
0.84
0.80

29.54

65.0
57.0
9.0
3.0
8.0
8.3
38.1

4
4

1.20
1.10
0.96
0.91
0.86
0.84
0.80

25.00
20.90
18.18

55
46

1.10
0.95
091
0.88
0.86
0.84
0.79

22.70

50
43

0.90
0.86
0.80
0.76
0.70
0.68
0.61

60.0

25.90
22.27

19.54
16.36
15.90
15.45

15.31

22.72

50.0
4

40
38
37
36
35

36
35
34

10
15
20
25

19.54
17.72
17.45
17.40

3.0

19.54
17.27
17.40

17.31

17.27
16.81

.0
38.4

16.36
15.90

33.7
3

38.3

15.18

34

30

Table 4 Corrosion parameters derived from IE plots or Tafel Plots

Sample TE 0 (V) Jeor(A cm™?)
Al 1.49521 2.25
Al-1 1.50101 2.87
Al-2 1.50899 3.01
Al-3 1.56607 4.12

Table 5 Weight loss of Al

Sampl Weight 1
electrodes after discharge ampe name cight loss ()

Al 0.864
Al-1 0.431
Al-2 0.271
Al-3 0.201

electrolyte. In Table 4, LSV measurements are described.
It shows the corrosion parameters obtained from potentio-
dynamic polarization tests. A reduction peak appears at a
negative value in Al-3 (ranging from — 1.5 to — 1.6) than Al,
Al-1 and Al-2. One of the most common ways to improve
anode behaviour is to dope other elements to Al to condense
it, thereby making it less corrodible in the electrolyte. While
measuring the corrosion characteristics, weight loss during
the potentiodynamic test is a very important parameter to
consider [48]. Physical retainability after electrochemical
functionalities is an important factor for continuous perfor-
mance and reusability, so the weight loss of the electrode is
measured after the completion of electrochemical analysis
by the digital weighing balance. The measured weight loss
of the Al electrode is given in Table 5.

In the context of corrosion, polarization indicates the
shift of potential from the open-circuit potential. The shift
in potential can be categorized into anodic and cathodic
potentials. If the potential shifts to a more positive region,
it is known as anodic polarization, and when it shifts to a
more negative region, it is known as cathodic polarization.
Cathodic polarization always reduces the rate of corrosion
for all metals and alloys in aqueous conditions, accompanied
with the formation of a passivation film on the surface of the
electrode [49]. In this study, the higher oxidation resistance
of Al-1, Al-2 and Al-3 is associated with the alloying of
YSZ with Al. The increase in the rate of oxidation resist-
ance could be due to the Zr** cations, as they react with the
growing oxide films on the electrode surface and form pairs
with vacancies [50]. The higher YSZ alloying percentage of
Al-3 helps a higher number of Zr** cations react with the
oxides; thus, it keeps control over the dissolution of ions to
the electrolyte.

The above-mentioned results indicate that the surface cor-
rosion resistance increases at a higher alloying percentage
of YSZ in Al. The Tafel plot strongly supports that Al-3 has
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higher corrosion resistance than Al, Al-1 and Al-2 alloys.
The observed high corrosion resistance strongly helps to
increase discharge lifetime and average capacity of the
Al-air batteries. The nano-YSZ can be attributed to the high
hydrogen over voltage or low exchange current density for
hydrogen evolution reaction. In addition, decrease in E_,,
significantly increases cell life elsewhere [51-54]. The dis-
charge capacity of the Al-air battery is calculated by the
following formula [50, 55, 56], and the calculated values
are tabulated in Table 2:
VdVP-q

E= , (@)

m

where Vg, is the discharge voltage plateau, g is the charge
passing in the reaction and m is the material weight.

The short-circuit study of the Al-air battery used in Al,
Al-1, Al-2 and Al-3 in 1 M KOH electrolyte over 0.5 h is
shown in Fig. 6. The short-circuit voltages, currents and
current densities measured during the short-circuit test are
shown in Table 3. The short-circuit voltages for Al, Al-1,
Al-2 and Al-3 are 1.11, 1.14, 1.18 and 1.20 V, respectively.
The Al-3—air battery exhibits an increase in the current den-
sity and open-circuit potential than others, and the current
plateau decreases from 68.7 to 39 mA (Fig. 6e).The reduced
self-corrosion of the Al-3 anode in the electrolyte reduces
the breakdown of the anode.

A comprehensive analysis of the observed results indi-
cates that the distribution of YSZ nanoparticles plays an
important role in the Al matrix. With 5% concentration of
YSZ in Al-6061, a better crystalline structure arrangement in
addition to high corrosion resistance and improved discharge
behaviour was obtained in the Al-air battery.

4 Conclusion

A new type of Al-air battery was constructed having three
nano-YSZ weight-ratios in Al alloys as electrodes, and their
discharge performance was comprehensively analysed. The
electrode having a higher weight percentage of nano-YSZ
in the Al matrix: namely, Al-3 (YSZ 5 wt. % with Al-6061)
demonstrated encouraging discharge behaviour when used
as an anode in the Al-air battery compared with the Al-1
and Al-2 electrodes. The SEM, XRD and nano-indentation
studies confirmed that Al-3 had the greatest crystallite size
and surface hardness than Al, Al-1 and Al-2. The Nyquist
plot and Tafel plot for the Al-3 plate exhibited higher cor-
rosion resistance than the Al-1 and Al-2 plates. This shows
that Al-3 (YSZ 5% with Al-6061) is a potential candidate
for use as an electrode in the Al-air battery.
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