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Global energy demand is rising due to the rapid development and adoption of new technologies in every sector. Hence, there is a need to introduce a clean energy source that does not cause damage to the environment. Aluminium-air battery with its high theoretical specific volumetric capacity is an exciting alternative for post-lithium energy storage and has been at the forefront of energy research for years. However, the conventional aqueous electrolyte-based aluminium-air battery with bulky liquid storage, parasitic corrosion of aluminium in contact with the electrolyte, and formation of a passive oxide or hydroxide layer has precluded its widespread application. In order to achieve successful simplification and cost-effectiveness, a novel idea of a polypropylene-based aluminium-air battery is proposed. In this work, a polypropylene-based aluminium-air battery was constructed using aluminium foil as an anode, carbon fiber cloth as an air-cathode, and Polypropylene and Kimwipes as the separator. The effects of the electrolyte concentration on the aluminium-air battery were investigated and analyzed using various discharge currents. The study showed that the performance of the polypropylene separator is better than that of the Kimwipes separator. The battery capacity is negatively correlated with the concentrations of the electrolyte. At a discharge current of 30 mA, the aluminium-air battery has a specific capacity of 375 mAh g−1 when 1 M of potassium hydroxide was used as electrolyte.
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INTRODUCTION
Rapid growth of the world economy has led to an increase in energy demand in daily lives and industries. It is projected that the world energy consumption will grow by 50% between 2018 to 2050, particularly in the Asiatic region. On the other hand, global energy-related CO2 emissions will grow by 0.6% per year from 2018 to 2050. As a result, human-induced climate change is also increasing steadily. Hence, renewable energy sources are being explored to minimize the burning of fossil fuel and creation of environmental pollution. One of the alternative solutions is using electrochemical energy storage systems to replace conventional internal combustion engines to generate electricity for vehicles. There are several advantages associated with electrochemical energy storage systems on fuel-cell-powered vehicles, such as reductions in harmful emissions, less noise pollution, and reduced dependence on fossil fuels (Clark et al., 2018).
The primary energy source of Electrical Vehicles (EVs) is electrochemical energy storage systems such as lead-acid battery, Li-ion battery, NiCd, and NiMH. Among the various batteries used in EVs, the Li-ion battery with its high energy density (7,900 Wh/L) and power density (3,460 Wh/kg) is a popular choice (Clark et al., 2018). Apart from that, Li-ion battery has a longer cycle life and depth of discharge as compared to other types of energy storage systems (Abdin and Khalilpour, 2018). However, the Li-ion battery is very sensitive to operating temperatures and prone to thermal runaway (Tan et al., 2011). On the other hand, EVs equipped with a rechargeable battery will require the construction of a new charging facility. Fast charging of the electric vehicle during peak hours will certainly increase the electric load of the existing electricity networks. In addition, disposal of used Li-ion batteries is also one of the issues that remains unsolved. Hence, research on the energy storage system has been conducted to search for an alternative solution to replace the Li-ion battery; one of the potential solutions is using a metal-air battery.
Metal-air batteries with high energy density are projected as one of the clean energy solutions for the post-Li-ion battery era (Li and Lu, 2017). The operating principle of the metal-air batteries is very simple; the electrochemical reaction occurs when the battery consumes oxygen from the air at the cathode and forms hydroxide ion. At the anode, the metal being oxidized to metal oxide generates the electricity. There are various types of metal electrodes being used, such as zinc, aluminium, magnesium, iron, lithium (Xiang et al., 2020), and sodium (Jiang et al., 2018). Among various types of metal, aluminium is considered to be an attractive candidate because of its unique characteristics such as high specific energy, high conversion rate, low operating cost, good stealth performance, and it being environmentally friendly (Liu et al., 2017). Moreover, aluminium is the most abundant metal element in the world, and it is easy to handle, transport, and recycle through industrial treatment. Aluminium-air battery has the highest theoretical voltage and energy density among various types of batteries, which were recorded at 2.7 V and 8,100 Wh kg−1, respectively (Nestoridi et al., 2008; Schwarz, 2014). However, there are several drawbacks associated with the aluminium-air battery, such as the need to mechanically recharge the battery by replacing the aluminium. Additionally, parasitic corrosion of the anode will further affect the performance of the batteries (Zhang et al., 2018).
The performance of aluminium anode in the aluminium-air battery has been extensively studied worldwide by prominent researchers. Wang et al. set up an experiment to investigate the corrosion of aluminium anode in the aluminium-air battery. In this work, aluminium foil was used as the anode and sodium hydroxide (NaOH) was used as the electrolyte (Wang et al., 2013). The result showed that, as the concentration of the electrolyte increased, the utilization efficiency of the aluminium reduced. Besides, the aluminium anode can be infused with other metals to reduce the self-discharge of aluminium (Liu et al., 2017). Other than the aluminium anode factor, the electrolytes in the aluminium-air battery are also an important factor affecting the performance of the battery. Based on previous research, the alkaline electrolyte has shown remarkable results and works well with aluminium-air batteries, such as potassium hydroxide (KOH) and sodium hydroxide (NaOH), which can optimize the performance of aluminium-air batteries (Mori, 2020). In addition, the selection of the air cathode, anode, and electrolyte can affect the cycle life of the batteries (Pei et al., 2014; Xu et al., 2015). Despite all the advantages in the properties of aqueous electrolytes, it also faced some shortcomings, such as corrosion of the carbon-based air cathode which can occur due to the reaction of the highly concentrated alkaline electrolyte in the metal-air batteries. This can cause the electrolyte to change to a brown color from the oxidation of the carbon ion in the air cathode, resulting in the formation of carboxylic acids. Thus, reducing the pH of the electrolyte could be the solution to improve the metal-air battery performance. Sumboja et al. (2016) investigated the durability of zinc-air batteries using neutral salt and manganese oxide catalyst. It was found that the electrolytes with a pH value of 7 can stabilize and produce an acceptable result by reducing the occurrence of carbon corrosion in the air cathode. On top of that, a non-aqueous electrolyte is also one of the solutions to overcome the problem in the aqueous-based metal-air battery system. Other than that, alloying the aluminium anode may also help to improve battery performance. Ou et al. (2020) conducted an experiment by using pre-alloy LiAl alloy as the anode of the battery. It was found that capacity retention of about 79% was achieved in LiAl alloy as compared to 51% achieved by pristine Al foil. Wang and Tang (2020) applied artificial solid electrolyte interphase on the surface of the aluminium anode. The findings showed that the artificial solid electrolyte interphase layer is able to passivate the aluminium anode and prevent the aluminium anode from corroding.
The anode and cathode of the battery are usually separated by a porous separator which is one of the key elements in determining the effectiveness of the battery. The separator separates the anode and cathode to prevent short circuiting and allows the crossing of ions to the other side. The commonly used separators are produced from a polymer, such as olefin which has a low melting point. However, this type of thermally unstable separator could suffer thermal shrinkage when the operating temperature exceeds the melting point, which would further lead to thermal runaway and safety issues of the battery (Song et al., 2019). Therefore, the separator of the battery should have a good porosity property but not affect the thermal stability and mechanical strength at a certain level (Moon et al., 2019). To satisfy these requirements, a cellulose-based separator was introduced for the aluminium-air battery (Pan et al., 2018; Pan et al., 2019b). Pan et al. (2019a) studied the double-sided conductive separator using carbon nanotubes and cellulose nano-fiber composite layers coated with fiberglass. From the experiment, a more stable and longer cycle life has been observed due to the decrease in the local current density provided by the porous and conductive layer. It can be concluded that the double-sided conductive separator can be used for the aluminium-air battery and promote the development of the aluminium-air battery. However, the cellulose-based separator may face several drawbacks, such as swelling when immersed in an electrolyte causing strength weakening and a change of material properties as compared with polymer separators. Xie et al. (2019) investigated the tensile properties of a cellulose separator under the electrolyte-immersed condition and discovered that Young’s modulus of the separator is reduced and the expansion coefficient is increased. This further proved that the strength of the separator is weakening and swelling occurs in electrolyte-immersed conditions (Xie et al., 2019). Although the mechanical properties of the cellulose separator deteriorated in aqueous electrolyte, the swelling of cellulose separators will improve the performance of the separators as well as the electrochemical properties. Hence, the issues of strength weakening need to be overcome to produce a battery with longer life cycles.
Recently, a novel structure of aluminium-air batteries has been developed using a solid electrolyte. It is fabricated using water-absorbing polymers immersed in an alkaline solution to produce a semisolid gel. This method will simplify the battery structure design and eliminate the electrolyte leakage problems (Wang et al., 2019b). Many researchers used a gelling agent as a corrosion inhibitor in the alkaline electrolyte. This will enhance the performance of the solid-state aluminium-air and generate a high power output. However, most of the solid electrolytes exist in bulk and possess rigid physical properties which reduce the energy density of the battery. Therefore, it is necessary to search for a more suitable solid electrolyte for the aluminium-air battery (Zhang et al., 2014; Pino et al., 2015; Di Palma et al., 2017). In view of this, Wang et al. (2019a) introduced the paper-based solid electrolyte to produce low-cost aluminium-air batteries. It was found that a paper-based solid electrolyte aluminium-air battery with mechanical rechargeable capability can power a mini watt device. The battery is capable of producing a power density of 21 mW cm−2 with a specific capacity of 1,273 mAh g−1. By connecting the batteries in series, it can form a battery pack with open circuit voltage of 13.2 V (Wang et al., 2019a). The power output is comparable with the studies from Liu et al. (2016) and Xu et al. (2016) which showed 254.6 mAh g−1 and 935 mAh g−1, respectively. Avoundjian et al. (2017) designed a small paper-based aluminium battery that was only 9 cm2 in size. This small battery can generate a power of 3 mW. By connecting three batteries in series, it can be used to power LED lights and flashlights. On the other hand, Katsoufis et al. analyzed the performance of thin-film aluminium-air battery (Katsoufis et al., 2020). In the study, a maximum power of 28 mW cm−2 is generated by the thin-film aluminium-air battery with 1 cm−2 of the aluminium anode. Shen et al. investigated a paper-based microfluidic aluminium-air battery and measured its electrical performance (Shen et al., 2019). It was found that the battery has an energy density of 2,900 Wh kg−1 and specific capacity of 2,750 Ah kg−1, which is better than that of the non-fluidic configuration battery. All these studies suggested that a paper-based aluminium-air battery is well suitable to be applied in miniature applications.
In view of the above, a low-cost polypropylene-based aluminium-air battery is proposed in this study. Compared to the conventional aqueous aluminium-air battery system, a polypropylene pad is used as a natural microfluidic channel to deliver the electrolyte through capillary action. This design enables the compact design of the aluminium-air battery and reduces the self-corrosion of aluminium. Furthermore, the effect of alkaline electrolyte concentrations is investigated. The performance of the polypropylene-based aluminium-air battery is then compared with the paper-based aluminium-air battery using Kimwipes. Lastly, SEM and XRD analyses are performed to examine the microstructure and composition change on the aluminium anode. The rest of the paper is organized as follows: Section Methodology describes the operation of the aluminium-air battery, battery design, and experimental setup. Following that, Section Results and Discussion presents the performance of the aluminium-air under different concentrations of the alkaline solutions and discharge currents. Finally, conclusions are drawn in Section Conclusion based on the findings obtained.
METHODOLOGY
Discharge Mechanism of Al-Air Battery
The essential components in the aluminium-air battery are the aluminium anode, air cathode, separator, and electrolyte. A separator is used to isolate the anode and cathode to prevent short circuiting. The oxygen reduction reaction (ORR) is the main cathodic reaction at the air cathode. Oxygen is reduced in the alkaline medium to form hydroxyl ions (OH−) as shown in Eq. 1. On the other hand, the aluminium anode will react with OH− to produce Al (OH)4− and electricity is generated (Eq. 2). The overall reaction in the Aluminium-air battery is shown in Eq. 3. There is another reaction taking place in conjunction with the reaction at the anode side, which is known as parasitic loss. This reaction will consume electrons as a side reaction to generate hydrogen, as shown in Eq. 4. A parasitic reaction is a critical issue for aqueous-based aluminium-air batteries that have infinite contact with the aluminium anode and electrolyte. The corrosion of the aluminium anode will seriously affect the efficiency and performance of the battery.
Cathode reaction:
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Anode reaction:
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Overall reaction:
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Parasitic reaction at anode:
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Al-Air Battery Design
The design of the polypropylene-based aluminium-air battery is illustrated in Figure 1. The battery reaction area is about 5 cm × 5 cm. The battery consists of four major parts: two acrylic plates used as the enclosure of the aluminium-air battery, an anode which is made of aluminium foil (98.2% Al and 0.01 mm thick), an air cathode which is made of carbon fiber cloth (0.167 mm), and the separator of the battery which is made of a polypropylene absorbent pad (100% Polypropylene, 2 mm thick, Crisben). An acrylic-based material is chosen as the enclosure of the battery due to its inert properties that do not affect the reaction of the aluminium-air battery. An air-breathing window of 5 cm × 5 cm was cut on the air cathode side of the enclosure to facilitate oxygen transport. Wire mesh was cut into the desired size to provide support for the air cathode and ensure tight contact of the air cathode with the separator. Potassium hydroxide (KOH) was used as the electrolyte in this study with concentrations varying from 1 to 3 M. The electrolyte is prepared by dissolving the KOH pellet into deionized water and 1.5 ml of KOH solution is injected into the polypropylene separator. The aluminium foil was also cut into the reaction area of 5 cm × 5 cm and inserted into the enclosure. The advantages of this type of battery are its low-cost and simple fabrication process. Moreover, the parasitic reaction at the anode can be controlled by limiting the amount of electrolytes present in the battery and does not require a bulky electrolyte recirculation system.
[image: Figure 1]FIGURE 1 | (A) Conceptual design of Al-air battery (B) Al-air battery prototype.
Experimental Analysis
Three different concentrations of KOH electrolyte—1, 2, and 3 M—were prepared in this study. 1.5 ml of electrolyte was dropped on the absorbent pad (polypropylene) to activate the battery. The battery open circuit was recorded when the reaction area was fully wetted with the electrolyte. An electrochemical workstation (ZIVE SP1) was used to analyze the battery. Linear sweep voltammetry was used to obtain the polarization curve of the battery. A scan rate of 5 mV s−1 was used to sweep the open-circuit voltage to 0 V of the battery. Characterization of the performance of the Aluminium-air battery was conducted by discharging the battery under a constant current. Various discharge currents in the range of 10 mA to 50 mA were used to discharge the battery with various concentrations of KOH electrolyte.
Next, Kimwipes was used to replace polypropylene as the separator. The performance of the paper-based aluminium-air battery was recorded and compared with a polypropylene-based aluminium-air battery. All tests were repeated three times to obtain an average value. All the tests were conducted under room temperature of 25°C. After the cyclic performance test, the battery was disassembled to measure the weight loss of the aluminium anode. Then, scanning electron microscope was used to observe the surface morphologies of the anode and separator before and after the experiment. In addition, X-Ray diffraction analysis was also conducted; the scan range was set from 10 to 90 degrees with a scan speed of 2 degrees per minute. The XRD patterns were then interpreted using X’Pert HighScore Plus.
A wettability test was conducted to analyze the hydrophobic properties of the separator by dropping 1, 2, and 3 M KOH solution on the surface of the separator. The contact angle was measured to study the wettability performance. ImageJ was used to measure the contact angle. Figure 2 showed the contact angle of the separator. The results showed that the contact angle tends to increase as the concentration of electrolyte increases from 1 to 3 M. The contact angles were 70.1°, 76.5°, and 97.6° for 1, 2, and 3 M respectively. This suggested that, as the concentration increases, the hydrophobic properties of the separator improves. However, only the 3 M electrolyte achieved true hydrophobic potential as the contact angle was greater than 90° (Doshi et al., 2018). The hydrophobicity properties of the separator can limit the flow of water molecules from the cathode to the anode which helps to prevent corrosion.
[image: Figure 2]FIGURE 2 | Contact angle on the polypropylene.
RESULTS AND DISCUSSION
Activation Test
An activation test was performed before a full-scale experiment was conducted. Activation tests are important because they can help to improve the performance of the battery. In the activation test, a multiple polarization test for the battery was conducted. In each polarization test, the carbon fibre cloth remained unchanged while the Al anode and the polypropylene were changed. The concentration of KOH used is 1 M. Figure 3 shows the polarization test for the study. As shown in Figure 3, the battery performance improved each subsequent test. At 10 cycles of the polarization test, the maximum power achieved was 4 mW. This value was improved to 7.3 mW at 20 cycles of the polarization test. The test was continued until the maximum power increased to 25.6 mW at 30 cycles of the polarization test. There was a sharp increase in power density after 30 cycles of the activation test. However, further continuing the experiment to 40 cycles did not show a significant improvement as the power density reached 26.9 mW at 40 cycles. There was about 6.7 times improvement in power density when comparing the test result at 10 cycles and 40 cycles. There was also no significant change of the open-circuit voltage of the battery. The open-circuit voltage remained constant at 1.45 V for all the polarization tests. The improvement in power density suggested that an activation test is necessary to improve the performance of the battery. This improvement occurs mainly on the air-cathode. As the polarization test continued, the PTFE coating at the carbon fibre cloth was removed due to the electrochemical process as suggested in the work by Wang et al. (2019a). Furthermore, the study also suggested that a hydrophilic cathode is favourable to enhance the liquid-electrode contact and increase the performance of the battery.
[image: Figure 3]FIGURE 3 | Polarization curve of the activation test.
Battery Performance Under the 1 M of KOH
The performance of the aluminium-air battery was investigated with different discharge currents and concentrations of KOH electrolyte. The Aluminium-air battery was tested until the voltage of the battery dropped to 0 V to capture the battery capacity. The discharge currents used in this study were 10, 20, 30, and 50 mA. Figure 4 shows the discharge performance of the Aluminium-air battery with 1 M of KOH. It indicated that the battery discharge with 10 mA took a longer time to become completely exhausted. It could last for about 1 h and 36 min before the battery dried out. The discharge duration is inversely proportional to the discharge current. At a discharge current of 50 mA, the battery could last for about 20 min only. During the discharge process, the aluminium and hydroxyl ions will be consumed and lead to a reduction of battery voltage. When the remaining hydroxyl and aluminium ions are fully consumed and unable to fulfill the required discharging current, the battery voltage will drop to 0 V. This phenomenon is more obvious when a high current is used to discharge the battery and leads to a quicker drop in battery voltage. Based on the result, an aluminium-air battery with a small current load will produce a higher initial cell voltage and longer discharge period as compared to high discharge current loads. The initial voltage achieved by 10, 20, 30, and 50 mA of discharge current is about 1.1, 1.0, 0.8, and 0.3 V, respectively. This is because the electrochemical reaction at the battery is positively correlated with the discharge current and more ions are involved in the reaction. Rapid consumption of ions available in the battery will cause a sudden drop in the battery voltage. Therefore, increasing the amount of electrolyte present in the battery or increasing the size of the aluminium anode can further increase the capacity of the battery and prolong the discharge period. Besides, increasing the thickness of the polypropylene is directly proportional to increasing the amount of electrolyte stored in the polypropylene separator. Using a better electrocatalyst to enhance the oxygen reduction reaction will also help to improve the performance of the battery.
[image: Figure 4]FIGURE 4 | Discharge performance of Al-air battery with 1M KOH electrolyte.
Battery Performance with Different Concentrations of Electrolyte
The performance of the battery discharging characteristics were compared with different concentrations of electrolytes. In this study, the discharge current was fixed at 20 mA. Strong alkaline solution will certainly reduce the performance of the battery. As shown in Figure 5, as the concentration of the electrolyte increases, the capacity of the battery is reduced. For high concentrations of KOH, the battery takes a shorter time to discharge. The discharge time was about 28 min for 3 M of electrolyte. On the other hand, the discharge time was improved to about 59 and 64 min for 2 and 1 M of electrolyte, respectively. The concentration of electrolyte is negatively correlated with the discharge performance of the aluminium-air battery. This observation is coherent with the work by Mohammad (2008) The reduction of discharge time is due to the corrosion rate of the battery. As the concentration of the electrolyte increases, the concentration of OH− ions increased as well. This will favor the formation of aluminium hydroxide, Al (OH)3, and hydrogen as a by-product, as shown in Eq. 4. Most of the aluminium at the anode was consumed in the side reaction rather than used in the electrochemical reaction. As the discharging process continues, the aluminium will be covered by the aluminium hydroxide during the electrochemical process and reduce the battery performance. The evidence of the formation of aluminium hydroxide will be presented in Section XRD and SEM Results. Hence, using a high concentration of electrolytes will increase the frequency of replacing the anode in the aluminium-air battery.
[image: Figure 5]FIGURE 5 | Discharge performance of Al-air battery with different KOH concentration with discharge current of 20 mA.
Although a high concentration limits the discharge capacity of the aluminium-air battery, the voltage stabilizes at a higher value for high concentrations of electrolytes. At 20 mA, the voltage stabilized at 0.8 V when 3 M electrolyte was used in the study, whereas it dropped to about 0.5 V when 1 M of electrolyte was used. This is because a strong alkaline has better ionic conductivity and facilitates better ionic movement. Higher amounts of OH− ions are available in the electrolyte solution and react with the aluminium at the anode to produce electricity. It also helps to reduce the resistance of ion movement in the separator. Hence, there exists a compromise between the concentrations of electrolyte, discharge capacity, and operating voltage of the aluminium-air battery. However, increasing the concentration of the electrolyte does not affect the open-circuit voltage of the battery. As shown in Figure 5, the open-circuit voltage tends to remain the same at about 1.1 V for 1, 2, and 3 M of KOH whereas the effect of concentration of the electrolyte on open circuit voltage is insignificant.
Specific Discharge Capacity of Aluminium-Air Battery
Figure 6 showed the specific capacity of the aluminium-air battery for different concentrations and discharge currents. As shown in the figure, 1 M of the electrolyte always showed the highest specific capacity for discharge currents of 10, 20, 30, and 50 mA. Due to the low corrosion rate of 1 M electrolyte, most of the aluminium was consumed in the electrochemical reaction rather than the parastitic loss in the side reaction. Hence, the specific capacity increased as the anode utilization improved. Specific discharge capacities of 228 and 375 mAh g−1 were obtained for discharge currents of 10 and 30 mA respectively. However, this improvement is not observed at a discharge current of 50 mA. The specific capacity for 1 M electrolyte tends to reduce at 50 mA. This is due to the limitation of OH− ions in the 1 M electrolyte. There was insufficient OH− supplied to the anode and, hence, the electrochemical reaction reduced and led to a drop in specific capacity.
[image: Figure 6]FIGURE 6 | Specific discharge capacity of various concentrations and discharge currents.
In 2 and 3 M electrolytes, the specific capacities were always lower than 1 M. As the concentration increases, the corrosion rate increases which leads to poor anode utilization. Some of the aluminium was consumed by reacting with OH− ions to form aluminium hydroxide, causing a reduction in anode utilization which led to the specific capacities dropping. 3 M electrolyte always showed the lowest specific capacity. This suggested that the effect of corrosion is very serious for the battery using 3 M of electrolyte.
Among all the tests, the best performance was achieved by 1 M electrolyte at a discharge capacity of 30 mA in which a specific capacity of 375 mAh g−1 was recorded. The performance is better than previous research on the aluminium-air battery: 65 mAh g−1 (Elia et al., 2017), 239 mAh g−1 (Yu et al., 2018), and 350 mAh g−1 (Wang et al., 2016).
Performance of Polypropylene Against a Paper-Based Separator
This study compared the discharge performance of the aluminium-air battery using a polypropylene separator and paper-based separator-Kimwipes. In this study, 1 M KOH was used as the electrolyte. Kimwipes was cut into a square with 5 cm × 5 cm and used as the separator in the aluminium-air battery. From the results shown in Figure 7, it can be seen that the polypropylene separator performed better than the paper-based separator for all discharge currents. At a discharge current of 10 mA, the polypropylene separator maintained a discharge duration of about 97 min while the paper-based separator was only able to maintain a discharge duration of about 33 min. There was about a 3 times improvement for the polypropylene separator as compared to the paper-based separator. There was a sharp drop of voltage in the paper-based aluminium-air battery. At 10 mA, the open circuit voltage dropped from 1.18 V to about 0.82 V, and maintained a constant discharge voltage at about 0.8 V. On the other hand, the polypropylene-based separator showed an initial voltage drop from 1.1 to 0.9 V and was able to provide a constant discharge voltage of 0.9 V before a sudden drop in voltage due to the electrolyte drying out. This suggested that the electrical performance of the polypropylene separator is better than the kimwipes. At a higher discharge current of 20 and 30 mA, a paper-based separator does not produce a good stability in voltage output. The voltage tends to fluctuate, as shown in Figure 7. The discharge duration also tends to reduce as the discharge current increases. At 30 mA, the paper-based aluminium-air battery can only survive for 18 min. There is no obvious constant discharge voltage plateau in the discharging curve. On the other hand, using polypropylene as a separator can achieve a discharge duration of 52 min while keeping a constant discharge voltage of about 0.4 V. The discharge duration was improved 3-fold.
[image: Figure 7]FIGURE 7 | Discharge performance of polypropylene against kim wipes as the separator.
The performance of the paper-based aluminium-air battery at a discharge current of 20 mA is similar to the performance of the polypropylene-based aluminium-air battery at a discharge current of 30 mA. Both the batteries showed a constant discharge voltage of 0.4 V. However, the discharge duration of the paper-based aluminium-air battery was about 28 min and shorter than the polypropylene-based aluminium-air battery which was recorded at 52 min. The discharge performance indicates that the polypropylene separator was able to provide a better battery performance at a higher discharge current as compared to the paper-based separator at a lower discharge current.
Besides that, the polypropylene separator did not suffer a severe sharp drop in voltage as compared to kimwipes for all discharge currents. The sharp drop in the initial voltage of the kimwipes separator will produce a lower discharge voltage. The effects of fluctuation in voltage and the large drop in initial voltage suggested that kimwipes does not provide a stable electrical performance. This may be due to the higher internal resistance of the paper-based separator. A polypropylene separator can provide a stable discharge performance for a longer period of time. Although kimwipes possess a better chemical absorbent property than the polypropylene, it does not show a good performance when used as a separator in aluminium-air battery. This may be due to the physical microstructure of the Kimwipes. Kimwipes is a cellulose-based material while polypropylene is a fiber-based material. When a cellulose-based material is used as a separator in the battery, it can cause swelling when immersed in the electrolyte. This will alter the material properties of the separator. Nevertheless, the geometry of the fiber-based polypropylene does not distort when it is immersed in the electrolyte. Hence, the polypropylene separator will produce a better battery performance. This observation agrees with the work by Xie et al. (2019).
Weight of the Aluminium Foil
During the electrochemical reaction, an aluminium anode was consumed to generate energy and aluminium hydroxide was produced as a by-product. Measuring the weight of the aluminium anode before and after the electrochemical process can help to understand the corrosion rate of the aluminium anode. Since the density of the aluminium hydroxide (2.42 g cm−3) is lighter than that of the aluminium (2.70 g cm−3), the weight loss can be attributed to the formation of aluminium hydroxide during the electrochemical process. The corrosion rate is positively correlated with the weight loss of the aluminium anode. The initial weight of the aluminium anode was measured before the experiment and after the discharge process. Table 1 shows the weight of the aluminium anode before and after the experiment with 12.50 mA of discharging current.
TABLE 1 | Weight loss of Aluminium anode under three different concentrations of KOH.
[image: Table 1]Based on the difference between the weights of the aluminium anode, it was shown that more aluminium is consumed as the concentration of KOH is increased. This is due to the large amount of OH− ion present in the electrolyte, promoting the parasitic reaction and causing severe corrosion on the aluminium anode. In addition, this also suggested that more aluminium hydroxide is formed during the process. The aluminium hydroxide will block the surface of the aluminium anode, preventing the pristine aluminium from involving in the electrochemical process. The removal of aluminium hydroxide is necessary before fresh aluminium is ready for electrochemical reaction again. As a result, there is a need to replace aluminium anodes more frequently when higher electrolyte concentrations are used.
XRD and SEM Results
SEM was performed to characterize the aluminium anode surface morphology. The change of the microstructure before and after the experiment was observed. The physical observation of the aluminium anode after the experiment for different concentrations of electrolytes are shown in Figure 8. The aluminium anode tends to undergo corrosion after the discharge test. The severity of the corrosion increases as the concentration of the electrolyte is increased. Powder was observed in the aluminium anode with 2 and 3 M of electrolyte. For 1 M of electrolyte, no obvious powdery structure was formed after the discharge process.
[image: Figure 8]FIGURE 8 | Images of aluminum anode after more than 2 hours of discharging with 1 M (A), 2M (B), and 3M (C) of KOH concentration respectively.
Figure 9 shows the SEM images of the aluminium anode after discharging the battery for more than 2 h with different concentrations of KOH. For the aluminium anode with 1 M of KOH, there were minor changes in the microstructure. Pits were observed and the surfaces tend to be coarse. This showed that aluminium is consumed and there is no obvious formation of aluminium hydroxide. This observation was further analyzed using XRD analysis. The XRD pattern of the aluminium anode after testing with 1 M of KOH solution is shown in Figure 10. The XRD pattern indicated that aluminium was the sole candidate in the test, hence it can be concluded that corrosion of the aluminium anode is not severe and formation of aluminium hydroxide is not apparent.
[image: Figure 9]FIGURE 9 | SEM images 1000x magnification of (A) aluminium before discharging (B) aluminum after discharging over 2 hours using 1 M KOH (C) aluminum after discharging over 2 hours using 2 M KOH (D) aluminium.
[image: Figure 10]FIGURE 10 | Graphic comparing the XRD pattern (red line) on aluminum foil after tested with 1 M of KOH solution with the standard aluminum XRD pattern (blue line).
For the study involving 2 and 3 M of KOH, it was observed that the aluminium anode undergoes severe corrosion as shown in Figure 8. Powdery structure was formed on the surface of the aluminium anode. This can be proved by SEM and XRD tests. Figure 9 shows the SEM images of the aluminium anode after the test and that the surface of the aluminium anode was severely damage. The surface of the aluminium anode was coarse and there were impurities formed. The formation of the impurities was more severe for the battery using 3 M of KOH electrolyte as compared to 2 M of KOH electrolyte. Hence, a high concentration of KOH promotes the growth of impurity substances. XRD was then conducted to identify the content of the impurity’s substance formed on the surface.
The XRD pattern of the aluminium anode after testing with 2 and 3 M of KOH electrolyte were shown in Figures 11, 12, respectively. In the analysis, it was found that aluminium hydroxide is the main component in the powder formed after the discharging test, suggesting that aluminium was consumed and reacted with hydroxyl to form aluminium hydroxide. High concentrations of KOH will accelerate the corrosion of the aluminium anode.
[image: Figure 11]FIGURE 11 | Graphic comparing the XRD pattern (red line) of aluminum foil after tested with 2 M of KOH solution with the standard aluminum hydroxide XRD pattern (blue line).
[image: Figure 12]FIGURE 12 | Graphic comparing the XRD pattern (red line) of aluminum foil after tested with 3 M of KOH solution with the standard aluminum hydroxide XRD pattern (blue line).
CONCLUSION
The performance of the polypropylene separator and paper-based separator in the aluminium-air battery was benchmarked with different discharge currents and different concentrations of KOH electrolyte. An aluminium-air battery was designed and constructed using aluminium foil as the anode, carbon fiber cloth as the air cathode, polypropylene pad and Kimwipes as the separator, and potassium hydroxide (KOH) as the electrolyte. An open circuit test was conducted and the results showed that the Aluminium-air battery with a polypropylene separator is able to generate an open circuit voltage of 1.1 V. The concentration of electrolytes used in the separator is important in determining the performance of the battery. High concentration will cause a higher corrosion rate at the aluminium anode which deteriorates the performance of the battery. The best specific discharge capacity for the battery equipped with a polypropylene separator is about 375 mAh g−1 for 30 mA of discharge current at 1 M electrolyte. The study also reveals that polypropylene is a suitable candidate to be used as a separator as compared to Kimwipes. Compared to a paper-based separator, a fiber-based separator is more suitable for the aluminium-air battery. Extensive research is required to promote the polypropylene-based separator as one of the key solutions in future energy storage systems.
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