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ABSTRACT: Aluminum anodes with various purity grades (2N8, 3N6, 3N8,
4N6, and 5N) are characterized and investigated as anodes for aluminum-air
batteries. The effects of impurity elements (Fe, Si, Ga, Zn, etc.) and the
associated microstructure change on battery performance are evaluated through
microstructure and surface potential analysis and electrochemical and battery
measurements. The results reveal that the decrease in contents of Fe and Si in Al
anodes can alleviate the self-corrosion and boost the anode utilization.
Moreover, the Al anode with a higher purity shows a more negative open-
circuit potential to realize a larger open-circuit voltage for the Al-air battery,
except the 3N6 Al anode. The 3N6 Al anode displays a higher electrochemical
activity than the 4N6 Al anode due to the activation from Zn and Ga elements.
The Al-air batteries with 5N Al and 4N6 Al display large discharge voltages and
specific capacities at 20 mA cm−2. The Al-air batteries with 2N8 Al and 3N8 Al
exhibit better discharge characteristics than those with 5N Al and 4N6 Al at a
higher current density because of smaller polarization resistances. The Al-air battery with 3N6 Al shows larger discharge voltages at
both low and high current densities. Finally, the energy cost of various Al anodes is evaluated, and the result reveals that the 3N6 Al
anode is the most cost-effective anode for Al-air batteries in this study.
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■ INTRODUCTION

Aluminum-air (Al-air) batteries have shown promising
application in power stations, electrical vehicles, and large-
scale energy storage systems with the merits of a high
theoretical energy density (8.1 kWh kg−1), a negative electrode
potential (−1.66 V vs NHE), light weight, and low cost as well
as abundant reserve in the nature of Al.1−5 However, the
commercialization of Al-air batteries is mainly hindered by a
low utilization rate of the Al anode due to the severe self-
corrosion in alkaline electrolytes,6−10 which lowers the energy
density, operating voltage, and safety of Al-air batteries. To
reduce the self-corrosion of Al anodes, Al alloys with designed
alloying elements are applied to achieve enhanced battery
performance. The addition of alloy elements such as Mg, Zn,
Ga, and Pb into pure Al for casting Al alloys is an effective way
to boost the Al-air battery’s performance. However, pure Al
with a high purity is generally needed for alloying, which will
significantly increase the cost.11−16 Recently, Liu et al.
prepared the Al−Sb alloys with different Sb fractions and
studied the role of AlSb precipitates in improving the discharge
performance of Al-air batteries.17 Wu et al. revealed that the
addition of indium in Al−Mg−Sn-based anodes could boost
the electrochemical activity and increase the anodic
efficiency.18 Ren et al. investigated the positive role of Mg
and Sn additions in suppressing the self-corrosion of Al anodes,
which was also confirmed by the ab initio energy calculation

based on the density functional theory.19 Yu et al. prepared the
Al anodes by laser sintering to improve electrochemical
performance of the Al-air battery due to the enhancement of
electrical contacts between Al nanoparticles.20 In addition, Wu
et al. developed a coarse-grained Al-0.5 Mg-0.1Sn-0.05Ga
anode by a directional solidification technique in combination
with a rolling process and subsequent annealing, and the anode
delivered a maximum energy density of 3743.9 Wh kg−1.21

Zheng et al. reported that the Al anode processed by stir
welding displayed a large voltage and energy density.22

Pure Al anodes show diverse battery performance due to
various impurities. Pure Al is also the feedstock to produce Al
alloys, and the purity can also affect performance of the formed
Al alloys. Additionally, it is well known that the production
price of high-grade Al (5N and 6N) is 20−100 times more
expensive than industrial pure Al (2N) and the high cost of
high purity Al is a barrier for commercial application. Doche et
al. investigated and compared the polarization characteristics of
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3N5 and 5N pure Al anodes in a 4 M NaOH electrolyte, and
the 3N5 Al anode exhibited a similar polarization but suffered
from a higher corrosion rate compared with 5N Al.23 Recently,
Cho et al. compared the battery performance of 2N5 and 4N
Al anodes, and the battery performance with 2N5 Al was lower
than that with 4N Al on standby and discharge status due to
the impurity-induced complex layer.24 These studies to some
extent help us to understand the effect of impurity on
electrochemical performance of pure Al. However, the previous
studies only investigate two types of pure Al anodes, and it is
necessary to systematically study pure Al anodes with more
different purities. Meanwhile, the previous studies mainly
evaluated the effect of impurity elements (Fe, Si, Cu,
etc.),23−27 but the effects of the active alloying elements on
electrochemical and battery performance are rarely discussed.
Additionally, the relationship between battery performance and
microstructure change of Al anodes caused by impurities is also
neglected.
In this study, the electrochemical and discharge performance

of Al anodes with five different grades (2N8, 3N6, 3N8, 4N6,
and 5N) is systematically investigated, and the contents of
impurities and the associated microstructure change are
discussed in detail. The aim of this study is to clarify how
impurities in a pure Al anode affect the battery performance.

■ EXPERIMENTAL SECTION
Self-Corrosion Evaluation. Pure Al specimens (Nantong Taide

Electronic Material Technology Co. Ltd.) with a size of 10 × 10 × 10
mm3 were polished with silicon carbide sandpaper from 240 to 2000
grit and cleaned with ethanol and then immersed in a 4 mol L−1 KOH
solution for 60 min. The weight of each specimen was measured by a
high sensitivity balance (0.01 mg resolution) before and after
immersion. After immersion, the corrosion products on the aluminum
surface were removed by immersing in a solution containing 2 wt %
CrO3 and 5 wt % H3PO4 at 80 °C for ∼5 min.28 The corrosion rate
was calculated using eq 1

=
×

· ·− −

corrosion rate
weight loss

surface area immersion time
(mg min cm )1 2 (1)

Electrochemical Measurements. The specimens were prepared
from commercial 2N8 Al, 3N6 Al, 3N8 Al, 4N6 Al, and 5N Al. The Al
anodes were machined and insulated with epoxy resin to expose only
a working surface of 10 × 10 mm2. Before testing, the working surface
was polished with the silicon carbide sandpaper from 240 to 2000 grit
followed by ultrasonic cleaning in water and ethanol in turn. The
open-circuit potential (OCP) and Tafel polarization were carried out
in a 4 M KOH solution with a standard three-electrode configuration
in a potentiostat (CHI 660E) at 25 °C. The mercury/mercury oxide
electrode (Hg/HgO) was selected as the reference electrode, while a
platinum sheet (25 × 25 mm2) was used as the counter electrode. The
OCP measurement was performed for 1 h, while the potentiodynamic
polarization was measured at a scan rate of 1 mV s−1. Electrochemical
impedance spectroscopy (EIS) was carried out at an open-circuit
potential with a 5 mV sine perturbation from 100 kHz to 0.1 Hz with

Gamry potentiostat (Gamry Ref 600). All electrochemical tests were
repeated more than three times.

Materials Characterizations. Elemental analysis of the various
pure Al samples was conducted by an inductively coupled plasma
optical emission spectrometer (iCAP 7600, Thermo Scientific).
Morphologies of the specimens before and after immersion were
characterized by a scanning electron microscope (TESTAN MIRA3
and VEGA3) equipped with an energy dispersion spectrum detector.
SKPFM (scanning Kelvin probe force microscopy) measurement was
conducted to acquire the Volta potential mappings using a Dimension
FastScan Bio atomic force microscope (Bruker). The dual-scan mode
was carried out for the acquisition of accurate surface potential
mapping. Topography data were recorded at the first scan. In the
second step for Volta potential mapping, a lift scan height of 100 nm
was needed to avoid the topography impact on the Volta potential
mapping. All mappings were acquired in air at ambient temperature
under the controlled relative humidity. The specimen with a size of 10
× 10 mm2 for SKPFM measurement was wet-ground with SiC paper
of up to 2000 grit and then mechanically polished using a
monocrystalline diamond paste to remove the polishing scratch.
Finally, specimens were ultrasonically cleaned with acetone, alcohol,
and deionized water in sequence and then dried under vacuum before
testing.

Battery Testing. The Al-air batteries were housemade (Figure
S1). The anodes were the pure Al specimens with different purities,
while the cathodes were self-prepared air electrodes decorated with a
modified MnO2 catalyst, which were prepared following the previous
research (details are in the Supporting Information).29 The as-
fabricated Al-air batteries were galvanostatically discharged at 20, 60,
and 100 mA cm−2 using a battery discharge system (LAND,
CT2001A) at 25 °C. The weight before and after discharge was
measured to calculate the discharge efficiency. The anode utilization
and specific capacity were calculated using the following equations
(eqs 2 and 3)

= ×It
mF

anode utilization
9

100%
(2)

= It
m

specific capacity
3.6 (3)

where I is the current (A), m is the weight loss (g) during the
discharge time, F is the Faraday constant, and t is the discharge time
(s).

■ RESULTS AND DISCUSSION
Microstructure and Self-Corrosion Analysis. The

elemental compositions of the various pure Al anodes obtained
by inductively coupled plasma optical emission spectrometry
(ICP-OES) are shown in Table 1. The 2N8, 3N6, 3N8, 4N6,
and 5N Al anodes representing the content of Al are 99.8,
99.96, 99.98, 99.996, and 99.999%, respectively, and the purity
corresponds to the content of the Al element. With the
increase in purity, the total content of impurities gradually
decreases. The main impurity elements in 2N8 Al are Fe, V,
Zn, Si, and Ga, while the main impurity elements in 3N6 Al are
Fe, Ga, and Zn. There is a significant increase of Cu in 3N8 Al,
and there are less impurities in 4N6 Al and 5N Al. It is
considered that the impurity elements can drastically affect the

Table 1. Elemental Compositions of Pure Aluminum with Different Grades (wt/ppm)

sample Mg Si V Mn Fe Ni Cu Zn Ga Al

2N8 10.4 168.7 322.5 7.2 670.5 32.1 1.1 170.6 148.8 bal
3N6 1.2 52.9 2.8 4.7 144.4 10.8 0.9 78.0 76.7 bal
3N8 15.7 8.3 <0.1 <0.05 18.4 0.7 37.9 0.3 0.3 bal
4N6 3.9 13.6 0.2 <0.1 2.8 0.1 4.5 1.7 0.2 bal
5N 2.3 2.2 <0.1 <0.1 2.0 <0.1 1.6 0.2 <0.05 bal
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self-corrosion behavior and electrochemical performance of
pure Al anodes.
Figure 1 shows the scanning electron microscopy (SEM)

images of pure Al anodes with various purities. The SEM

image of 2N8 Al displays that there are a lot of precipitates at
the grain boundaries caused by the high content of impurities
(Figure 1a). The energy-dispersive spectroscopy (EDS)
mappings show that the precipitate is mainly an Fe-rich
phase, and the Fe-rich precipitates with an uneven micro-
structure can act as corrosion centers to accelerate the
corrosion. With the increase in purity, there are almost no
precipitates in 3N6, 3N8, 4N6, and 5N Al, and also, there are
less and less porosities or holes in the Al anodes.
Table 2 shows the self-corrosion rates of the Al anodes

evaluated by weight loss and hydrogen evolution in a 4 M

KOH solution at room temperature. As illustrated, the self-
corrosion and hydrogen evolution rates are highly related to
the purity of the Al anode with the following order: 2N8 >
3N6 > 3N8 > 4N6 > 5N. The decrease in self-corrosion rate is
explained by the decrease of negative impurity elements,
especially Fe and Si.30 The 2N8 Al anode displays the largest
self-corrosion rate (0.519 mg·min−1·cm−2) due to the highest
impurity content, while the corrosion rate of 5N Al (0.057 mg·
min−1·cm−2) is the smallest. The self-corrosion rate of the 3N6

Al anode (0.246 mg·min−1·cm−2) is significantly smaller than
that of the 2N8 Al anode. Meanwhile, the 3N6, 3N8, and 4N6
Al anodes show similar self-corrosion rates, meaning that the
increase in purity from 3N6 to 4N6 Al does not significantly
affect the self-corrosion rate.
The SEM images of the Al anodes after immersion are

shown in Figure 2. The surface of 2N8 Al shows non-uniform

corrosion morphology with a large amount of very deep
corrosion pits, demonstrating the most severe corrosion
damage. Noticeably, the surface of 2N8 Al contains two
significantly different corrosion morphology features: deeper
and larger “short strip” corrosion pits and many small
corrosion pits. The length of the short strip etch pit is 0.5−2
mm, which might be due to the superposition of the adjacent
pits. The small etch pits with diameters ranging from tens of
micrometers to several millimeters are densely distributed. The
EDS result shows that the particles near the etch pits are iron-
rich phases (Figure 3 and Table 3), and these iron-rich phases
with low hydrogen evolution overpotentials can accelerate the
self-corrosion rate. The 3N6, 3N8, 4N6, and 5N Al anodes
after corrosion show smaller and shallower corrosion pits with
relatively uniform distribution, and no large pits are noticed.
EDS of 3N6 Al shows that the contents of Ga, Zn, and Fe in
corrosion pits and the inclusions are much higher than those in
the matrix (Table 3). The enrichment of Ga is ascribed to the
activation process via dissolution and redeposition, which is
helpful to improve the electrochemical activity.5 Particularly,
the 5N Al anode displays a fairly smooth surface with the

Figure 1. SEM images of (a) 2N8, (c) 3N6, (d) 3N8, (e) 4N6, and
(f) 5N Al anodes and (b) elemental mappings of 2N8 Al.

Table 2. Self-Corrosion Rates of the Various Pure Al
Anodes in 4 M KOH

aluminum
weight

loss (mg)
rate of weight loss
(mg·min−1·cm−2)

rate of hydrogen evolution
(mg·min−1·cm−2)

2N8 31.14 0.519 0.820
3N6 14.76 0.246 0.446
3N8 12.12 0.202 0.379
4N6 10.86 0.181 0.321
5N 3.42 0.057 0.107

Figure 2. SEM images of (a, b) 2N8 Al, (c, d) 3N6 Al, (e, f) 3N8 Al,
(g, h) 4N6 Al, and (i, j) 5N Al after immersion in 4 M KOH for 60
min.
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smallest corrosion pits. Overall, the corrosion morphology
agrees well with the self-corrosion rate results (Table 2).
To further evaluate the influence of impurity on the self-

corrosion rate of Al anodes, the surface potential maps of Al
anodes using atomic force microscopy (AFM)/SKPFM are
shown in Figure 4. The 2N8 Al anode shows an uneven

distribution of surface potential, and the precipitate has the
largest potential difference (ΔE = 150 mV) across the matrix.
The galvanic interactions between the intermetallic particles
within the Al matrix can form galvanic cells to accelerate the
self-corrosion rate.31,32 With the increase in purity, the surface
potential becomes relatively uniform with smaller difference.

The 5N Al anode shows the smallest surface potential
difference (ΔE = 30 mV). The small surface potential
difference can alleviate the self-corrosion rate.
It is deduced that the significant difference in the self-

corrosion rate of the Al anodes is ascribed to various
impurities. The main impurities in 2N8 Al are Fe, V, and Si.
Fe tends to precipitate at grain boundaries to cause large
surface potential difference within the matrix, which can lead
to galvanic corrosion and accelerate the self-corrosion of Al.
Meanwhile, iron-rich phases have a relatively low hydrogen
evolution overpotential, which also facilitates hydrogen
evolution.30,33 Therefore, the 2N8 Al anode with the highest
impurity demonstrates the largest self-corrosion rate and the
roughest corrosion morphology. The 3N6 Al anode also has a
high iron content but little precipitates. Thus, the 3N6 Al
anode shows a much smaller self-corrosion rate than the 2N8
Al anode. The 3N8 Al anode has a higher copper content than
the 4N Al anode, and the copper impurity also has a low
hydrogen evolution overpotential.34 Meanwhile, the total
content of Zn and Ga in the 3N8 anode is lower, and the
total content of Fe and Si is similar. Therefore, the 4N6 Al
anode shows a smaller self-corrosion rate and flatter corrosion
surface. The 5N Al anode exhibits the lowest self-corrosion
rate and the smallest amount of corrosion pits.

Electrochemical Performance. Figure 5 presents the
open-circuit potential (OCP) curves and Tafel plots of the
various Al anodes. Each open-circuit potential curve shows a
relatively stable potential, and the OCP values of all Al anodes
are shown in Table 4. The 2N8 Al anode displays the most
positive open-circuit potential, while the 5N Al anode displays
the most negative potential. Namely, the open-circuit potential
negatively shifts along with the increase in purity, except the
3N6 Al anode. It is reported that the accumulation of surface
hydrides and impurities (such as Fe, Si, and Cu) on the Al
surface is the key factor to shift the open-circuit potential.35,36

Accordingly, the 5N Al anode displays the most negative open-
circuit potential due to the minimum accumulation of
corrosion products. The open-circuit potential of 3N6 Al is
more negative than that of 3N8 Al or 4N6 Al. This may be
related to Ga and Zn in the 3N6 Al anode, which can help to
lower the aluminum anodic polarization and negatively shift
the electrode potential.37,38 Therefore, the open-circuit
potential of the Al anode is not only related to the purity of
Al but also related to the type and content of some specific
impurity elements.
The Tafel plots and corresponding corrosion parameters of

the various Al anodes are shown in Figure 5b and Table 4. Ecorr
here reflects the electrochemical activity of anodic dissolu-
tion,39,40 and the more negative Ecorr of the pure Al anode
signifies better electrochemical activity. The Ecorr of the Al
anode is close to the respective open-circuit potential, and the
Ecorr shifts negatively with the increase in purity, except the
3N6 Al anode. It is deduced that the 5N Al anode shows the
highest electrochemical activity. The self-corrosion current
density (Icorr) is also related to the content of the cathodic
phase elements in the Al anode. The 5N Al anode displays the
smallest self-corrosion current density, while the 2N Al anode
displays the largest self-corrosion current density, which are
consistent with the weight loss results in Table 2. The 3N6 Al
anode shows a more negative corrosion potential than the 3N8
Al or 4N6 Al anode due to the Ga and Zn elements. The Zn
element can increase the hydrogen evolution overpotential,37

and the Ga element is beneficial for activation.41 However, the

Figure 3. SEM images of the marked corrosion pits in Figure 2 for (a)
2N8 Al and (b) 3N6 Al.

Table 3. Elemental Compositions of the Labeled Regions in
Figure 3

elements wt %

region Al Fe Ga Zn Ni

1 83.85 0.39 4.31 11.45
2 20.04 65.87 2.57 8.48 3.04
3 99.79 0.06 0.18 0.03
4 65.25 32.27 0.39 2.08

Figure 4. SKPFM images and Volta potential difference profile of (a,
b) 2N8 Al, (c, d) 3N6 Al, and (e, f) 5N Al.
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relatively high total content of cathodic phase elements still
contributes to a higher corrosion current density of the 3N6 Al
anode.
Electrochemical impedance spectroscopy was also used to

characterize the various pure Al anodes at an open-circuit
potential. Figure 6a shows the obtained Nyquist plots, which

are fitted using the equivalent circuit in Figure 6b, where Rs
represents the solution resistance, Rct is the charge-transfer
resistance, CPE1 and CPE2 are constant phase elements, and
R1 and R2 are resistances corresponding to the inductive arc at
the medium frequency region and the capacitive arc at the low
frequency region, respectively. All plots are composed of two
capacitive semicircles at high and low frequency regions and an
induction arc at the intermediate frequency region. All the
Nyquist plots show similar shapes, indicating the same reaction
mechanism for the Al anodes with various purities. The loop at

high frequency is related to the Al dissolution reaction (Al →
Al3+),42 while the loop at low frequency is related to the surface
film growth reaction (Al3+ + 3OH− → Al(OH)3).

43 The
inductive loop corresponds to the relaxation and adsorption of
OH− on the electrode surface (Al(OH)3 ↔ Al(OH)4

−). The
diameter of the loop at high frequency reflects the charge-
transfer resistance (Rct in the equivalent circuit) of Al
dissolution associated with hydrogen evolution. Table 5 lists
the extracted parameter values of the fitted Nyquist plots via
Gamry Echem Analyst. The chi-squared (χ2) values in Table 5
indicate the good suitability of the model and precision of the
fitted data. Rct values for the 2N8, 3N6, 3N8, 4N6, and 5N Al
anodes are 1.13, 2.18, 2.33, 2.79, and 4.28 Ω, respectively. A
small charge-transfer resistance is beneficial to the dissolution
process. The polarization resistance (Rp) values calculated by
the sum of Rct, R1, and R2 for the 2N8, 3N6, 3N8, 4N6, and 5N
Al anodes are 1.35, 2.8, 3.29, 3.85, and 6.39 Ω, respectively.
The Rct and Rp increase with the increase in purity. The larger
the Rp, the smaller the self-corrosion rate. Therefore, the Al
anode with a higher purity displays a larger corrosion
resistance. This is consistent with the trend of weight loss
(Table 2) and Tafel plot results (Table 4).

Battery Performance. Figure 7a shows the open-circuit
voltage (OCV) and galvanostatic discharge curves of the
assembled Al-air batteries with the various Al anodes. The Al-
air battery with the 5N Al anode displays the highest working
voltage, and the Al-air battery with the 3N6 Al anode displays
the second largest open-circuit voltage due to a large amount
of active elements inside. The open-circuit voltages of the Al-
air batteries with 2N8 and 3N8 Al anodes are lower than those
with 4N Al or 5N Al owing to a high content of impurities.
The OCV of the Al-air batteries with various Al anodes
compared with those reported in literature is shown and
discussed in Table S1. Figure 7b−d shows the discharge curves
of the Al-air batteries at various current densities of 20, 60, and
100 mA cm−2, respectively. At a low current density of 20 mA
cm−2, the order of discharge voltage is as follows: 5N > 3N6 >
4N6 > 3N8 > 2N8. The anode electrochemical activity plays a
key role in achieving a high discharge voltage. The Al-air
battery with 5N Al maintains a stable and high discharge
voltage, which explains that the smallest content of impurity
and the highest corrosion resistance lead to less accumulation
of corrosion products. The second highest discharge voltage of
the Al-air battery with 3N6 Al is related to Ga and Zn active
elements, which can shield the active cathodic sites on the
anode surface and increase the contact area between the anode
and electrolyte through a dissolution and deposition process.
As explained, the Al anode with a low purity possesses smaller

Figure 5. (a) Open-circuit potential curves and (b) Tafel plots of the Al anodes with various purities.

Table 4. Open-Circuit Potentials, Self-Corrosion Potentials,
and Self-Corrosion Current Densities of the Various Al
Anodes

2N8 3N6 3N8 4N6 5N

OCP (V vs Hg/
HgO)

−1.382 −1.653 −1.518 −1.583 −1.728

Ecorr (V vs Hg/
HgO)

−1.399 −1.598 −1.538 −1.579 −1.638

Icorr (mA cm−2) 57.27 23.93 22.51 16.76 11.40

Figure 6. (a) Nyquist plots of the various Al anodes and (b)
equivalent circuit for EIS.
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charge-transfer and polarization resistances, leading to a low
resistance of the full cell. Hence, the Al-air battery with the
2N8, 3N6, or 3N8 Al anode shows a higher discharge voltage
when the discharge current density reaches up to 60 mA cm−2.
The voltage difference of the Al-air batteries becomes smaller
at a high current density. When the discharge current densities
are 60 and 100 mA cm−2, the voltages of all Al-air batteries
display a sharp voltage drop, which is explained by the formed
passive film on the Al surface to increase the resistance. The

voltage of the Al-air battery with the 3N6 Al anode gradually
increases along discharging and keeps the highest discharge
voltage. The Al-air battery with 5N Al shows a relatively low
discharge voltage similar to that with 2N8 Al.
Figure 8a displays the anodic utilization and energy density

of the Al-air batteries at different discharge current densities,
and the results are listed in Table 6. The specific capacity of
the Al anode gradually increases with the increase in current
density. Both the discharge reaction and self-corrosion reaction

Table 5. Fitted Parameter Values from the Nyquist Plots

2N8 3N6 3N8 4N6 5N

Rs (Ω) 1.147 1.221 1.067 0.911 1.143
CPE1 (Fcm

−2) 6.88 × 10−4 1.19 × 10−5 2.30 × 10−5 2.59 × 10−5 2.11 × 10−5

a1 0.88 0.93 0.96 0.93 0.94
L (H) 4.84 × 10−3 7.17 × 10−4 1.17 × 10−3 4.56 × 10−4 1.62 × 10−3

R1 (Ω) 0.32 0.39 0.45 0.52 0.59
CPE2 (Fcm

−2) 12.48 × 10−2 4.46 × 10−2 6.07 × 10−2 7.03 × 10−2 4.73 × 10−2

a2 1 0.73 1 1 1
R2 (Ω) 0.18 0.23 0.51 0.54 1.52
Rct (Ω) 0.85 2.18 2.33 2.79 4.28
Rp (Ω) 1.35 2.8 3.29 3.85 6.39
goodness of fit 1.64 × 10−4 5.73 × 10−4 8.24 × 10−4 9.27 × 10−4 1.21 × 10−4

Figure 7. Discharge curves of the various Al-air batteries at (a) open-circuit status and current densities of (b) 20, (c) 60, and (d) 100 mA cm−2.

Figure 8. (a) Anode utilization and energy density as a function of current density and (b) energy cost of various Al anodes for Al-air batteries.
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consume the Al anode. When the self-corrosion reaction is
suppressed, the Al anode is mainly consumed by the discharge
reaction, achieving high anode efficiency. Moreover, when the
applied current density exceeds 60 mA cm−2, the specific
capacities of the 3N6, 3N8, and 4N6 Al anodes increase
significantly. The 5N Al anode shows the largest specific
capacity and the highest anode utilization at current densities
of 20 and 60 mA cm−2. However, the 3N6, 3N8, and 4N6 Al
anodes show higher anode utilization at a higher current
density of 100 mA cm−2. The specific capacities of 3N6, 3N8,
and 4N6 Al anodes are 1836, 1906, and 1870 Ah kg−1,
respectively. The energy density and power density were also
calculated. The energy density of the Al anode with a high
purity (4N6 and 5N) decreases with the increase in current
density. The energy density of the Al anode with a low purity
(2N8, 3N6, and 3N8) gradually increases with the increase in
current density. The power densities of all the Al anodes
increase with the increase in current density. The 5N Al anode
displays the largest power density at a low current density of 20
mA cm−2, while the 3N6 Al anode displays the largest power
density at a high current density of 100 mA cm−2.
To understand the cost-effectiveness of the various Al

anodes, a rough cost evaluation is analyzed following eq 4

= ‐energy cost
unit price

energy density
(USD kWh )1

(4)

The prices of 2N8, 3N6, 3N8, 4N6, and 5N Al quoted by a
local supplier (Nantong Taide Electronic Material Technology
Co. Ltd.) are 2.07, 2.28, 2.71, 3.56, and 10.68 USD per
kilogram, respectively, and the corresponding energy cost is
shown in Figure 8b. The Al anodes with low and high purities
demonstrate higher energy cost. The energy cost of 5N Al is
higher than the others as the cost of 5N Al is the highest.
Meanwhile, the energy cost of 2N8 Al is also quite high due to
the low utilization rate. Interestingly, the 3N6 Al anode
displays the lowest energy cost at all the discharge current
densities. Although this is a very rough cost evaluation, it is
demonstrated that the 3N6 Al anode is the best cost-effective
choice among all the pure Al anodes for Al-air batteries by
comprehensive consideration of battery performance and cost.

■ CONCLUSIONS

Five kinds of pure Al anodes have been studied to evaluate the
effect of impurities on electrochemical and battery perform-
ance, where the contents of impurities and the associated
microstructure change are discussed in detail. With the
increase in purity of aluminum, impurities such as Fe and Si
are less. When the purity of Al is above 99.9%, the impurity
enrichments disappear in the microstructure, which is
beneficial to suppress the self-corrosion reaction so as to
achieve high anode efficiency. The Al-air battery with the 5N
Al anode displays the largest discharge voltage and anode
efficiency at 20 mA cm−2. The Al-air battery with 3N6 Al
shows a larger discharge voltage and higher anode efficiency
than that with 4N6 Al at 100 mA cm−2. The 3N6 Al anode has
been demonstrated as the best cost-effective choice for Al-air
batteries.
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Table 6. Discharge Performance of the Al-Air Batteries at
Different Current Densities

anodes
current density
(mA cm−2)

anode
utilization

power density
(mW cm−2)

energy density
(kWh kg−1)

2N8 20 12.79% 21.49 0.40
60 34.74% 67.36 1.16
100 61.62% 79.02 1.45

3N6 20 21.67% 24.93 0.80
60 36.97% 74.89 1.37
100 63.96% 104.54 1.99

3N8 20 23.57% 23.39 0.83
60 38.75% 68.29 1.32
100 62.77% 91.11 1.76

4N6 20 30.53% 24.82 1.13
60 55.20% 72.65 1.98
100 57.90% 84.16 1.44

5N 20 51.66% 27.29 2.10
60 56.76% 67.76 1.91
100 58.16% 83.46 1.45
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■ LIST OF SYMBOLS

2N8, 3N6, 3N8, 4N6, and 5N grade of pure aluminum
(contents of aluminum are 99.8, 99.96, 99.98, 99.996, and
99.999 wt %, respectively)
NHE normal hydrogen electrode
OCP open-circuit potential
OCV open-circuit voltage
CPE constant phase element
EIS electrochemical impedance spectroscopy
M molar/mol L−1
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