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Abstract 

A comparative analysis is presented for an aluminum-air battery with a 

carbon-coated and non-coated anode made of 4N pure aluminum with the purpose to 

enhance the stability of the battery. The carbon coating was proven to be quite effective 

which lasted almost two times more than the non-coated cell with little to almost no 

effect on the electrochemical behavior. A method was also proposed to limit the self-

discharge electrode corrosion of the aluminum-air battery by limiting the oxygen 

supply to the cell from atmospheric air. The blockage of the air supply limits the 

oxidation-reduction reaction necessary for cell operation. For that purpose, the cell 

was tested in vacuum condition for 25 days which showed quite impressive results when 

compared with the cell kept in a non-vacuum room condition. It had retained its 

potential as well as resisted the corrosion quite well with almost negligible weight loss 

and byproduct accumulation.  
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Nomenclature 

Al-air          Aluminum-air 

EV        Electric Vehicles  

Li-ion       Lithium ion  

NaCl         Sodium Chloride 

KOH        Potassium Hydroxide 

Al(OH)3     Aluminum Hydroxide 
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I.    Introduction   

Aluminum has a new promising application in the world of batteries instead of 

the conventional construction and manufacturing industry. Aluminum is the third most 

abundant element, as well as the most abundant metal in the earth's crust, and would 

have special use in future electric vehicles (EV) batteries, electronic devices, and even 

grid storage. 

Al-air batteries have a theoretical energy density of 8100 Wh kg-1, far exceeding that 

of Li-ion batteries. They are considered the best alternative among other metal-air 

batteries because of their abundance and low cost. They are suitable for large-scale 

battery production combined with low manufacturing costs and simple recycling 

procedures. 

The fundamental structure of an Al-air battery includes an aluminum anode, an air 

cathode with a gas diffusion layer, a current collector, and a catalytic active layer, as 

well as a suitable electrolyte [VI]. Al-air batteries generate electricity when oxygen 

from the atmosphere reacts with aluminum. Aluminum is oxidized at the anode, while 

oxygen is reduced at the cathode, forming a galvanic cell with aqueous Sodium 

Chloride (NaCl) or Potassium Hydroxide (KOH) usually used as aqueous electrolytes. 

The electrochemical reactions are as follows [XII]. 

            Anode:            Al → Al3  +  3e-          E0 = -2.35V                                   (1) 

            Cathode:         O2 + 2H2O + 4e- → 4OH-           E0 = +0.40V                          (2) 

            Overall:           4Al + 3O2 + 6H2O + 4OH- → 4Al(OH)3      E0 = 2.75 V     (3) 

The fact that atmospheric oxygen is used in the cathodic side instead of a stored reagent 

gives this technology a significant advantage over other batteries resulting in weight 

reduction.  Furthermore, the oxygen supply is limitless and as a result, the specific 

energies of these batteries are only limited by their anode where a parasitic hydrogen 

evolution effect as follows: 

             2Al + 6H2O +2OH- → 2Al(OH)4 + 3H2                                                                       (4) 

This process consumes aluminum to make aluminum hydroxide, resulting in anode 

corrosion, which is one of the battery's major flaws, along with electrolyte degradation 

or evaporation and the accumulation of byproducts that obstruct the air cathode. 

However, many studies have been conducted to reduce these limitations which have 

been successful in many ways. We have achieved a reduced rate of corrosion and 

byproduct formation by using various types of aqueous and non-aqueous electrolytes, 

organic solvents, ionic liquid-based electrolytes, polymer-based gel electrolytes. 

Different electrode materials with various coatings of carbon-based nanomaterials have 

also been investigated to achieve better performance. 

Several strategies for improving the performance of Al-air cells have been investigated. 

Combining an aqueous electrolyte and a polymer gel has recently emerged as a 

promising method for addressing some of these issues. The main problem is that 

in high alkaline concentrations aluminum self-corrosion reactions have become well-

known, resulting in the constant evolution of hydrogen and the uncontrollable loss 

in mass of aluminum. [IX]. Negative electrode alloying [XI], electrolyte additives [III], 
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solid-state electrolytes [XII], non-aqueous electrolytes [VIII], and draining or oil 

displacement of the electrolyte after shutdown [IV] have all been proposed as solutions 

to this problem. 

Some similar approaches were made in this study by assembling a paper-based Al-air 

battery with a non-aqueous gel-based electrolyte and carbon-coated electrode materials 

to prevent electrode corrosion and byproduct generation. The adherence of the 

aluminate was significantly slowed by incorporating carbon-coated electrodes on the 

surface, as also described [X], allowing the formed gel to precipitate. This effective 

method allows for more aluminum mass to be used, the following section details the 

electrolyte preparation and Al-air battery fabrication processes. Furthermore, the 

electrochemical characteristics of the electrolyte are discussed. In addition, discharge 

tests of the Al-air battery are performed, A method is proposed to inhibit the aluminum 

corrosion when the battery is not in use. 

II.   Experimental 

Materials 

All the materials used in this study were used as provided without further 

treatment. The anode used was a carbon-coated 99.9% 4N grade pure aluminum while 

for the cathode a nickel mesh was used coated with a carbon paste. For the electrolyte, 

the reagents used were Poly-acrylic acid (PAA), N, N´ - methylene-bisacrylamide 

(MBA) from Sigma Aldrich, and KOH, ZnO, K2S2O8, were purchased from HAQ 

Chemical (Pvt. Ltd). For cathodic paste activated carbon, poly( vinylidene fluoride) 

(PVDF),  and a catalyst manganese dioxide (MnO2) was also purchased from HAQ 

Chemical (Pvt. Ltd). 

Electrolyte gel synthesis 

A small amount of gel electrolyte was prepared to replicate the method as discussed in 

[XII] containing a mixture of alkaline solution, gel agent, and a polymerization 

initiator. At first, KOH (6g) was dissolved in 9.5mL distilled water to form an alkaline 

solution with pH 14. ZnO (0.2g) powder was added to the alkaline solution as a 

corrosion inhibitor. Now to make the gelling agent 0.15g of N,N´ - methylene-

bisacrylamide (MBA) was mixed with 1mL of Poly-acrylic acid (PAA). Both the 

gelling agent and alkaline solution were mixed through a magnetic stirrer and added 

with 1mL of 16wt% Potassium persulphate (K2S2O8) solution for polymerization 

initiation. The gel was left for 24 hours at room temperature to take a transparent gel 

form (Fig. 1).  
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Fig 1. Preparation of gel electrolyte. 

Fabrication of electrodes and battery assembly 

The electrodes were cut into 2cm2 pieces where the carbon-coated anode was used as 

provided without further addition while the air cathode made of nickel foam was coated 

with a cathodic paste of activated carbon, PVDF, manganese dioxide in NMP solution. 

The coating was applied as a thin layer and then pressed at 80o C to form a 0.04mm 

thin cathode plate. To assemble the battery a paper towel was soaked in the gel 

electrolyte which was sandwiched between the aluminum anode and nickel mesh air  

cathode (Fig. 2). 

    

     

Fig 2. Preparation of electrodes (a) Aluminum anodes and paper towel cut into 2cm2 

pieces. (b) Cathodic paste prepared by mixing carbon black, MnO2, PVDF in NMP 

solution (c) Application of cathodic paste onto nickel foam cathode (d) Nickel foam 

electrode pressed to 0.4mm at 80oC. 
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III.   Electrochemical measurement 

Two types of Al-air cells were assembled, one cell with a carbon-coated pure 

aluminum anode while the other cell was non-coated pure aluminum used as provided; 

Table 1 reports their compositions. An electrochemical discharge test was carried out 

using NEWARE (BTS 8000, 5V10mA) workstation at room temperature (Fig. 3). 

Once the battery was assembled, it was left for up to 10mins for the open-

circuit voltage (OCV) to stabilize and wetting of the air cathode. The following 

parameters were set on BTS for the Charge discharge tests. 

The cutoff voltage was set at 0.025V and a constant current discharge of 

0.05mAcm-2 while discharging time was initially set at 24hours which would 

eventually be stopped when the voltage and current reach their minimum voltage of 

0.025V and a maximum voltage of 1.7V with a scan rate of 10mVsec-1 

 

Fig. 3. NEWARE (BTS 8000, 5V10mA) workstation. 

Table 1: Specification of the aluminum anode sheet 

 

Anode material Carbon coated aluminum Non –coated 

aluminum 

coating double side coating of carbon none 

Purity of aluminum 99.9% 3(N) 99.9% 

thickness 18 microns 16 microns 

density 0.5gm-2 2.7gm-3 

IV.   Results and Discussion 

Discharge Performance  

A comparison of discharge curves of carbon-coated and non-coated pure 

aluminum anodes is shown in (Fig. 4). Both cells were tested under the same room 

conditions. 
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Fig. 4. Discharge curve for (a) Carbon-coated aluminum anode (b) Non-coated 

aluminum anode 

 

As seen in the figure it was observed that the carbon-coated cell showed almost two 

time’s longer discharge and relatively higher open-circuit voltage (Voc), 1.25V in 

comparison to the non-coated cell 0.989V.and a specific capacity of 3.48mAhg-1 

against 3.14mAhg-1. Some similar results were observed in [X] which used Al coated 

with carbon black. Considering the energy density values there doesn’t seem to be 

much of a difference but when the aluminum anodes were observed we see that the 

non-coated aluminum had almost been consumed due to anodic oxidation while the 

coated aluminum was observed to have resisted the corrosion as can be seen in (Fig.5). 

But the cell could not deliver any more performance as seen in the charge-discharge 

test.  

   

Fig. 5. A corrosion comparison between aluminum anodes (a) carbon-coated   

(b) non-coated  
 

As studied in [XI] the discharge current also affects the available capacity and energy 

density hence the current capacity was taken at a minimum of 0.05mA. However, 

during low current density, two different mechanisms occur. At 0.05mAcm-2 for 

example, two mechanisms occurred simultaneously, one is kinetic discharge drain and 

the other is the Aluminum anode self-discharge. The latter is due to prolong touch 

between aluminum and electrolyte resulting in less aluminum being used for discharge 

drain [VII].  
 

(a) (b) 

(a) (b) (b) 
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The consumption ratio of the aluminum electrodes was calculated according to the 

formula [II]. 
 

K = ( m1-m2 )/ m1  x 100% 

Where k is the consumption ratio, m1 is the weight of the aluminum sheet before 

assembly, and m2 is the remaining aluminum sheet weight.  
 

The consumption ratio of Al-air battery with carbon-coated aluminum anode where m1 

is 0.01435g and m2 is 0.01157g was found to be 19.3%, while the consumption ratio of 

the Al-air battery with non-coated aluminum anode where m1 is 0.01547g and m2 is 

0.00671g was found to be 56.6%. 

Charge-Discharge Performance  

A charge-discharge test was also carried out for the carbon-coated Al-air cell that was 

already tested for the discharge capacity test to see if the cell had any potential to be 

used for a second cycle. As seen in (Fig. 6) it was observed to have almost no 

performance left. Hence, only a potential of 0.58V was obtained followed by a very 

short discharge time and minimized electrochemical reaction mainly because of 

electrochemical corrosion, increased polarization, and the deposition of aluminum 

hydroxide Al(OH) in the electrolyte reducing the flow of charge.  

 

Fig. 6. The charge-discharge curve of the carbon-coated aluminum anode. 

Reusability of the air cathode   

A discharge test was performed to check the reusability of the air cathode, for that 

purpose the electrolyte and the carbon-coated aluminum anode were replaced. We 

obtained a reduced open-circuit voltage of only 0.11V,  as we can see in the discharge 

curve obtained (Fig. 7).  The cut-off voltage of 0.025V was reached in just 20 minutes 

at a constant current drain of 0.05mA, which shows the reduced capacity of the cell. 

The possible cause for the reduced capacity which had affected the cell performance 

may be due to the influence of discharge products i.e Aluminum hydroxide Al (OH)3  

being deposited on the air cathode while blocking the micropores that suck in oxygen 

from the atmosphere [V] as can be seen in (Fig. 8) in the form of white precipitates. 

Aluminum hydroxide Al(OH)3 gets accumulated on the surface of the negative air 

electrode impeding the flow of hydroxyl ions [X]. 
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Fig. 7. Discharge curve of Al-air battery cell with a reused air cathode. 

 

 

Fig. 8. Al-air battery reused air cathode.  

The proposition to reduce the self-discharge in Al-air batteries 

It’s a known fact that metal Al-air battery starts to discharge the moment when the 

electrolyte and electrode get in contact in the presence of atmospheric oxygen. Hence 

to stop the self-discharge i.e the utilization of aluminum anode through oxidation-

reduction reaction (ORR) converting into aluminum hydroxide Al(OH)3, we tested two 

Al-air cells with carbon-coated anode under vacuum and non-vacuum conditions.  

Hence, for the following test two Al-air cells were assembled with the same procedure 

and materials. The first cell was assembled measuring an open-circuit voltage of 

1.022V was put into a vacuum dryer under vacuum condition for 25 days at room 

temperature to check cell degradation when no oxygen is available for oxidation-

reduction reaction (ORR). While the second cell was assembled measuring an open-

circuit voltage of 0.955V was put in non-vacuum condition for 25 days. The cells were 

tested after 25 days for the open-circuit voltage and weight. The results are shown in 

Table 2. 

The weight of the anode sample was calculated after extracting the anode material from 

the cell. As the electrolyte was soluble in water, it was therefore cleansed with water 

with the help of a cotton bud. For the battery cell kept in a vacuum, we saw a slight 

reduction in the weight of the aluminum anode and minimum corrosion which could 
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not be observed with naked-eye while the battery cell kept in non-vacuum condition 

was observed to have higher corrosion and weight reduction Table 2. 

Table 2: Comparison of the cell under vacuum and open-air conditions. 

 

Parameters Cell kept in vacuum cell kept in non-vacuum 

 Before After Before After 

Open-circuit 

voltage 

1.022V 0.22V 0.955V 0.08V 

Weight 0.01426g 0.01361g 0.01475g 0.01164 

To further check the performance of these Al-air battery cells, a charge-discharge test 

at a constant current capacity of 0.1mAcm-2 between a potential of 0.025V to1V was 

carried out. Some unusual discharge curves were obtained as shown in (Fig. 9). We 

observed that the cell kept in the vacuum can achieve a charge potential of 1V while 

the cell kept in non-vacuum condition could only achieve a potential of 0.36V. But it 

was observed that the cell kept in non-vacuum condition has relatively stable charge-

discharge curves as compared to the cell kept in a vacuum. The possible cause for such 

a phenomenon was observed to be the relative condition of the electrolyte. It was 

observed that the electrolyte of the cell kept in non-vacuum condition had completely 

dried up with the paper towel forming a white precipitate layer while the electrolyte of 

the cell kept in vacuum was still moist which resulted in such short charge and 

discharge curves. 

      

Fig. 9. A comparison of charge discharge-cycle for Al-air battery cell kept in 

(a) vacuum and (b) non-vacuum environment. 

V.   Conclusions 

A comparative study was performed on a paper-based Al-air battery which was 

fabricated with carbon-coated and non-coated aluminum anodes. It was observed that 

the carbon-coated anode was quite resistive to anode corrosion or self-discharge. This 

allowed the anode to be active for more than two times longer as compared to the non-

coated anode however no such difference was seen in the specific capacities of 

(a) (b) 
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3.48mAhg-1 (coated) against 3.14mAhg-1 (non-coated). The carbon coating had almost 

no influence on the electrochemical behavior of the cell however byproducts 

accumulation was seen on the air cathode thereby clogging up the pores and blocking 

the transfer of charge and hence decreasing its performance.  

A proposition was also presented to reduce the self-discharge of Al-air 

batteries by comparing two samples kept in a vacuum and non-vacuum condition which 

showed that the sample kept in non-vacuum condition had almost lost its potential after 

charge-discharge test and a weight reduction was observed while the sample kept in 

vacuum was able to retain its potential and weight 
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