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Abstract: This research aims to find the best solution/material interface for improving the performance of alkaline Al-air 

batteries. It is found that the small addition of LiOH to a NaOH solution makes a great change in the electrochemical 

performance dramatically. In both 1M NaOH and 1M (90 percent NaOH + 10 percent LiOH) solutions, the corrosion 

behavior of aluminum and hence the Al-air battery performance were examined. The results reveal that the commercial 

aluminum electrode gains superior electrochemical characteristics under optimized conditions. It has a better 

electrochemical performance in the 1M (90 percent NaOH + 10 percent LiOH) solution. Moreover, higher anodic 

passivation and a lower corrosion rate than the pure 1M NaOH solution were observed. It is found that the corrosion 

products morphology of aluminum progresses from intergranular to uniform corrosion. The results of the scanning electron 

microscope (SEM) and electrochemical impedance spectroscopy (EIS) are in good agreement with electrochemical 

performance. 

 
 

Keywords: Commercial aluminum; corrosion; electrochemical performance; lithium-ions; alkaline batteries. 

1 Introduction 

With the increasing consumption of fossil energy and 

the aggravation of environmental pollution, the metal-air 

battery has aroused great interest in the field of energy. 

This is because of its unique advantages of high theoretical 

energy density, rich energy storage [1], and low cost 

compared with numerous primary and rechargeable 

batteries, such as Li-ion, Ni-Cd, and lead-acid batteries. It 

is well known that aluminum is an attractive candidate 

anode material for metal-air batteries, primarily due to its 

inherent properties, including the high theoretical 

volumetric energy capacity of 8046 mAh cm
-3 

[2-4]. 

Furthermore, its high theoretical gravimetric energy 

capacity of 2980 mAh g
-1

 is higher than those of other 

active metals, such as Mg (2.20 Ah g
-1

) and Zn (0.82 Ah g
-

1
). Also, its negative standard electrode potential (2.31,2.30, 

1.68 V vs. saturated hydrogen electrode (SHE) in alkaline, 

neutral, acid electrolyte). Aluminum is the third most 

abundant element in the earth's crust (8.8 wt. %), as well as 

a production low cost [5-6]. However, Al can be 

automatically oxidized by oxygen in the air and in an 

aqueous solution to form a protective alumina film on its 

surface. Accordingly, the corrosion potential of the Al 

anode shifts positively. Then the discharge performance of 

the Al electrode can be greatly limited, causing a significant 

loss of the available energy. In order to overcome this 

challenging issue, alkaline NaOH solution as an electrolyte 

is often used in the Al-air battery since the oxide film can 

be dissolved easily in an alkaline solution. 

Nevertheless, two main issues are usually associated 

with the usage of alkaline solutions. One is the serious self-

corrosion of Al anode during the discharging process, 

leading to the columbic loss on discharge and fuel loss 

during standby. The other one is forming a passive 

hydroxide layer on the Al anode surface, resulting in the 

decrease of electrochemical activity [7].  oo  mha  row  ih 

owtahvi ioi electrochemical activity and retarding the 

corrosion rate of the commercial aluminum electrode by 

adding a minor percentage of Li ions to the NaOH solution. 

2 Experimental 
 

2.1. Materials and electrolytes preparation 

The fusion method prepared the aluminum electrode, 

where commercial aluminum blocks were placed in a high-

purity graphite crucible at 740
o
C in a muffle furnace. 

Molten metal was cast into a stainless-steel mold (200 mm 

x 180 mm x 25 mm). In comparison, pure Al ingot was also 

cast via the same procedures. Afterward, the as-cast bars 

were given a homogenizing heat treatment at 500 
o
C for 8 h 
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and cooled inside the furnace to room temperature. Al 

plates were produced by hot rolling the ingot to 10 mm at 

420 
o
C and then cold rolling to 3 mm in multi-pass, 

followed by annealing at 400 
o
C for 2 h and subsequent air 

cooling. Annealing is needed to reach the physico-chemical 

equilibrium and improve mechanical properties [8-9]. 

Finally, Al specimens were cut into cuboids of equal sizes 

and wetly polished with 400 - 1500 grit size silicon carbide 

papers before tests. The existing phases were identified 

using an X-ray diffractometer (XRD) and scanning electron 

microscope (SEM). The elements' percentages were 

determined using energy dispersive spectroscopy (EDX). 

The electrolyte solutions were 1M NaOH and 1M (90 

percent NaOH + 10 percent LiOH) solutions. The solutions 

were prepared using double distilled water (specific 

resistance ≥ 18.25 MΩ cm).  

2.2. Characterization 

  The synthesized electrodes' structural phases were 

identified using a Brucker AXS-D8 advanced X-ray 

diffractometer (XRD). The morphology of the working 

electrodes and the percentages of elements in the 

synthesized electrodes was examined by utilizing a JEOL-

5300 scanning electron microscope (SEM) provided with 

EDX unit. 

2.3. Electrochemical measurements 

The electrochemical measurements were 

accomplished in a pyrex glass cell of three electrodes using 

VersaSTAT4 potentiostat/galvanostat. The electrochemical 

experiments were achieved via disk electrodes (Al) 

embedded in an Araldite holder as a working electrode. 

Before immersion in the polarization cell, the electrodes 

were polished with sequacious grades of emery paper, 

degreased in pure ethanol, and washed in running bi-

distilled water. A counter electrode of a platinum sheet has 

been used. A saturated silver/silver chloride (Ag/AgCl) was 

utilized as a reference electrode to which all potentials were 

compared. The surface of working electrodes was cleaned 

from residual grease and other oxides by applying a 

constant potential at -1.5 V for 5 min in both 1M NaOH 

and 1M (90 percent NaOH+10 percent LiOH) solutions. 

Then the electrode was disconnected and shaken to remove 

the adsorbed hydrogen bubbles on the electrode surface. 

After that, the cathodic and anodic polarization 

measurements were recorded [10-12]. 

2.3.1. Tafel and Potentiodynamic polarization 

The cathodic and anodic Tafel plots were performed 

at a potential scan rate of 1 mV/s, within a potential range 

of +0.25 and -0.25 V regarded to the Ecorr (corrosion 

potential). A potential range of 1.6 and -2.5 V regarded to 

the Ecorr was applied for the polarization test. 

 

2.3.2. EIS measurements 

The EIS experiments were accomplished by applying 

direct DC potentials of -100 and +100 mV, Ac potential 

amplitude of 10 mV, and frequencies ranging from 10 kHz 

to 1 Hz. 

2.4. Evaluation of the corrosion parameters   

The working electrodes were allowed to equilibrate in 

1M NaOH and 1M (90 percent NaOH+10 percent LiOH) 

solutions for 30 min at the corrosion potential )Ecorr.(. The 

current densities of corrosion (Icorr.) for the investigated 

electrodes were accurately detected by determining the 

intersection point of extrapolated cathodic and anodic Tafel 

lines. All experiments were achieved by using a recently 

prepared solution and polished electrodes. The experiments 

were repeated two or three times, and reproducibility was 

satisfactory. 

3 Results and discussion 

3.1. Characterization of the prepared electrodes 

 

3.1.1. XRD technique 

Fig. 1 exhibits the patterns of XRD for the 

commercial Al, which indicates six characteristic peaks for 

the aluminum as a cubic crystalline structure. The six 

distinct peaks are convenient with that of JCPDS Cards: 85-

1324 [9]. The values of crystal parameters, Millar indices, 2 

thetas, and displacing are listed in Table 1.  

Fig. 1. Patterns of XRD for Al electrode 

 

Table 1: The XRD data of the Aluminum electrode. 

Electrode 
Crystal 

system 
d (A

o
) 

2θ 

(degree) 
I fix h k l   

    2.33600 38.507 1000 1 1 1   

    2.02300 44.763 470 2 0 0   

Al Cubic 1.43050 65.161 264 2 0 2   

    1.21990 78.314 278 3 1 1   

    1.16800 82.524 78 2 2 2   

    1.01150 99.201 37 4 0 0   
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It is clear from table 1 that phase (111) is the main phase 

and then the (200) phase. 

 

3.1.2. SEM imaging and EDX analysis 

 

Fig. 2 shows the scanning electron microscope image 

of the Al surface electrode. The surface seems to be 

scratched with vertical lines due to polishing. It could be 

shown that the entire Al surface was rough and consisted of 

irregular spots. Furthermore, from the images at different 

magnifications, it can be noted that there are many phases 

on the surface of the electrode. These phases may be 

attributed to the formation of oxides due to the activity of 

the Al electrode surface and other impurities [13-15]. 

(EDX) analysis for the Al sample is shown in Fig. 2 and 

Table 2. From these data, it can be noted that the presence 

of Al is the major content of about 86%, and oxygen is the 

second major element of percent, about 12%. 2% for the 

other elements as Cl, Na, and Ca are shown in Table 2 and 

Fig. 2. This confirms the interpretation of the SEM images 

and XRD data.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. SEM images of the pure surface of Al (a) at a 

magnification of × 1000, (b) at a magnification of × 2000, 

and (c) at a magnification of × 5000. 

 

 

 

Fig. 3. EDX analysis for the commercial Al surface. 

 

3.2. Electrochemical measurements 

 

3.2.1. Tafel plot and the potentiodynamic polarization 

 

     The effect of sodium hydroxide and the addition of 

lithium hydroxide medium on the corrosion rate of the 

commercial aluminum sample was studied using Tafel 

polarization and the potentiodynamic techniques. Fig. 4 a 

and b represent the commercial aluminum's Tafel and 

potentiodynamic polarization curves in two percent (0 and 

10) of 1M LiOH medium at 25 °C and in a sodium 

hydroxide solution of concentration 1M, respectively. 

Corrosion parameters such as corrosion potential (Ecorr), 

and corrosion current density (icorr) are obtained from the 

Tafel polarization curves. Results are tabulated in Table 3. 

The corrosion rate can be calculated using Eq. (1):  

 

𝑈𝐶𝑜𝑟𝑟 =
3270×𝑀×𝑖𝐶𝑜𝑟𝑟

𝜌×𝑍
                       (1) 

 

where 3270 is a constant that defines the unit of corrosion 

rate, icorr is the corrosion current density in A cm
−2

, ρ is the 

density of the corroding material (g cm
−3

), M is the atomic 

mass of the metal, and Z is the number of electrons 

transferred per atom [16-18].  

The negative shift in the corrosion potential (Ecorr) 

with the increase in the presence of 10% LiOH indicates 

that the cathodic process is much more affected than the 

anodic process. 

It should be noted that in the potentiodynamic 

Table 2: EDX analysis for the Al surface. 

Electrode Element Mass% Atom% 
  

Al 

O 7.27 ± 0.18 11.74 ± 0.29 

Na 0.73 ± 0.05 0.82 ± 0.05 

Al 89.80 ± 0.39 85.98 ± 0.37 

Cl 0.50 ± 0.05 0.37 ± 0.04 

Ca 1.70 ± 0.08 1.10 ± 0.05 

  Total 100.00 100.00 

(a) 

(b) 

(c) 
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technique, the Al electrode is fully passivated in the case of 

10% LiOH and not in the pure NaOH. This may be 

attributed to that the ionic mobility of Li is larger than that 

of Na.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

fig. 4. (a) Tafel polarization behavior of Al electrode in 

solutions of 1 M NaOH and 1M (90 percent NaOH+10 

percent LiOH) at 25
o
C, (b) Potentiodynamic polarization 

behavior of Al electrode in solutions of 1 M NaOH and 1M 

(90 percent NaOH+10 percent LiOH) at 25
o
C. 

 

 

 

It should be noted from calculating the value of the 

corrosion rate that the rate of corrosion decreases when 

using a solution of 10%LiOH compared with using pure 

NaOH, which is possible due to the Al electrode being fully 

passivated in the case of 10% LiOH and not in the pure 

NaOH. Furthermore, the effect of LiOH may be returned to 

the Li-ion activity and mobility compared to Na ions. This 

enables Li ions to be attracted to the polarized electrode 

more than Na. 

 

3.2.2. EIS measurements 

The corrosion behavior of the commercial aluminum 

electrode was also investigated by EIS techniques in 

various alkaline solutions of lithium hydroxide and sodium 

hydroxide mixture and pure sodium hydroxide medium. 

The impedance spectra were recorded and illustrated as 

Nyquist plots for the two cases. Nyquist plots for the 

commercial Al at the two different solutions at ambient 

temperature are shown in Fig. 5. The EIS results are 

tabulated in Table 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. The EIS measurements behavior of Al electrode in 

solutions of 1 M NaOH and 1M (90 percent NaOH+10 

percent LiOH) at 25
o
C were accomplished by applying 

direct DC potentials of -100 and +100 mV, Ac potential 

amplitude of 10 mV, and frequencies ranging from 10000 

Hz to 1 Hz, the equivalent electrical circuit used to emulate 
the impedance spectra are shown in the figure. 
 

Table 4: EIS parameters for Al electrode in the 

solution of 1 M NaOH and 1M (90 percent NaOH+10 

percent LiOH) at 25
o
C. 

 

Aluminum Rs Rp Rct 

100% NaOH 8.66 17.35 8.69 

90% NaOH + 10%        

LiOH 

9.88 21.32 11.44 

 

As shown in Fig. 4, the impedance plot shows semicircles, 

indicating that the corrosion process is mainly charge 

transfer controlled. The depressed semicircles of the 

Table 3: Electrochemical corrosion parameters derived 

from Tafel polarization for the Al electrode in the 

presence of 1 M NaOH and 1M (90 percent NaOH+10 

percent LiOH) at 25
o
C. 

 

Aluminum Ecorr (V) Icorr (µA / cm2) UCorr (mmy-1) 

100% NaOH -1.53 2730.7 29.76 

90% NaOH + 

10% LiOH 

-1.55 2511.8 27.37 
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Nyquist plots suggest the distribution of capacitance due to 

the inhomogeneous surface associated with the metal 

surface. The shapes of the curves are identical, and it 

contains a considerable capacitive loop at higher 

frequencies. The capacitive loop is attributed to the 

presence of a protective oxide film covering the surface of 

the aluminum metal. According to previous research, the 

capacitive loop corresponds to the interfacial reactions [19], 

particularly the reaction of aluminum oxidation at the 

interface of metal/oxide/electrolyte. The process includes 

the formation of Al ions at the metal/oxide interface and 

their transportation through the oxide/solution interface, 

where they are oxidized to Al
3+

. At the oxide/solution 

interface, OH
− 

or O
2−

 ions are also formed. 

On the other hand, the capacitive loop is attributed to the 

formation of the oxide film itself. Thereby, the origin of the 

inductive loop has often been attributed to the surface or 

bulk relaxation of species in the oxide layer. Also, the 

inductive loop may be attributed to the relaxation process 

obtained by adsorption and incorporation of hydroxide ions 

into the oxide film. 

 

4 Conclusion 

 
This work is devoted to studying the impact of adding 

a minor percentage of lithium-ion to sodium hydroxide 

solution on the electrochemical and corrosion behavior of 

aluminum electrodes to be applied for Al-air batteries. The 

study was accomplished using different techniques, such as 

EIS, Tafel, and Potentiodynamic polarization. The 

Potentiodynamic polarization manifested that the anodic 

line is shifted to a region for 10% LiOH than this of pure 

NaOH. At Tafel polarization Ecorr. was negatively shifted in 

the case of 10% LiOH, and accordingly, a decrease in the 

corrosion rate for 10% LiOH compared to the pure NaOH 

was observed. EIS data of both solutions show that the Rct 

values decrease with pure NaOH. The SEM, EDX, and 

XRD analyses confirm the aluminum electrode's 

morphology, percentage, and phases.  
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