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Abstract

:

The morphology of phases in magnesium alloys is vitally important for their performance. It is found that improved discharge performance is achieved in AZ72-0.05La alloy via a refining Mg17Al12 phase by means of hot rolling. Before rolling, as-cast AZ72-0.05La alloy has a relatively coarse and strip-like Mg17Al12 phase. After rolling, the Mg17Al12 phase becomes much finer, showing a granulated shape. Due to the refinement of the Mg17Al12 phase, the discharge voltage and energy density of an Mg-air battery with as-rolled AZ72-0.05La alloy as the anode increases by 6% and 3% under a discharge current density of 20 mA·cm−2 in a 3.5% NaCl solution, respectively. The corrosion rate of the as-rolled AZ72-0.05La alloy is slightly larger than the as-cast AZ72-0.05La alloy, but still much lower than as-cast AZ72 alloy. The as-rolled AZ72-0.05La alloy possesses a discharge voltage of 0.74 V and an energy density of 918 mWh·g−1 under a discharge current density of 20 mA·cm−2, and a relatively low corrosion rate of 0.51 mg·cm−2·h−1, demonstrating good overall discharge performance. This work provides a method for improving the discharge performance of Mg-air batteries.
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1. Introduction


The rapid consumption of fossil energy and unpredictable price fluctuations have stimulated researchers to actively explore novel green energy sources and efficient energy storage devices [1]. Metal–air batteries, being an emerging green energy source, possess high theoretical energy density that enables them to store more energy and provide a reliable power supply. By developing and utilizing metal–air batteries, we can reduce dependence on fossil fuels while mitigating environmental pollution [2].



Among all the anode materials for metal–air batteries, magnesium exhibits excellent performance due to its favorable recyclability and superior electrochemical properties, including a large theoretical energy density (6.8 kWh·kg−1 [3,4]) and high theoretical voltage (3.1 V [5]). Moreover, magnesium alloys possess the advantages of being lightweight, abundant in resources, easy to process, and environmentally friendly [6]. However, the practical energy density differs significantly from theoretically predicted values [7], primarily because the oxidation product (Mg(OH)2) that adheres to the anode surface reduces the active electrode area and leads to a significant decrease in discharge activity, operating voltage, and the anode utilization rate. Additionally, the negative difference effects of magnesium can cause severe self-corrosion issues such as block effect or hydrogen precipitation during battery discharge, which further reduces the discharge energy density [8,9].



To solve these problems, alloying and plastic deformation (such as extrusion or rolling) are two common and effective methods. Currently, a variety of elements have been added to magnesium alloys, including Al, Zn, Li, Pb, Sn, Ca, and rare earth elements [10,11,12,13,14]. In particular, rare earth (RE) elements are widely used in magnesium alloys, because they can interact with impurity elements (such as Fe, Ni, Co, etc.), promote the purification of alloy melt, and enhance the stability of magnesium alloy surface oxides [15]. Among rare earth elements, La is a cheap and resource-rich choice, and its negative standard electrode potential is close to that of magnesium, which has attracted extensive attention from researchers, and it is found that it has a positive impact on the discharge performance of magnesium anodes [16]. Feng et al. [17] found that adding an La element can improve the discharge activity and corrosion resistance of Mg−6Al−5Pb (AP65) alloy by grain refinement and increasing the number of RE phases in weak cathodes. Song et al. [18] found that adding La led to a more uniform dissolution of Mg-1%Al-0.3%Mn alloy, thereby limiting the occurrence of bulk effects when used as an anode in Mg-air batteries. Therefore, in this study, we choose the commonly used magnesium alloy system Mg-Al-Zn as the research object, and La as the alloying element, specifically Mg-7Al-2Zn-0.05La (AZ72-0.05La) alloy as the research object.



Plastic deformation can optimize microstructure and thus significantly improve the discharge performance of magnesium alloy anodes. For example, Wang et al. [19] showed that annealed and hot-rolled Mg-6Al-5Pb alloy has stronger discharge activity and higher utilization due to the presence of fine grains, a homogeneous magnesium matrix, and fewer crystalline defects. Yang et al. [20] found that the corrosion resistance and discharge performance of Mg-5Li-3Al-1Zn alloy can be improved by rolling due to the enhanced twin density and changed grain orientation. The plastic deformation of magnesium alloys can modify the microstructure of magnesium alloy, thereby significantly enhancing the discharge performance of magnesium alloy anodes. Plastic deformation allows for the avoidance of toxic elements that may be harmful to human health and environment, while retaining the inherent advantages of lightweight magnesium alloys [21]. To investigate the influence of rolling deformation on the electrochemical and discharge performance of anode materials, we selected as-cast AZ72 alloy, as-cast AZ72-0.05La alloy, and as-rolled AZ72-0.05La alloy for comparative studies. Through these experiments, we hope to gain a clearer understanding of the effects of rolling deformation on the performance of magnesium alloys and provide valuable insights into the optimization of magnesium alloy anode materials.




2. Experimental Section


2.1. Anode Preparation


Commercial pure Mg, pure Al, pure Zn, and Mg-30 wt.% La intermediate alloys were heated to approximately 760 °C in a ZGJL0.01-4C-4 medium–frequency induction furnace to melt the Mg-7Al-2Zn and Mg-7Al-2Zn-0.05La alloys. These magnesium alloys are abbreviated to AZ72 and AZ72-0.05La alloys, respectively. Considering that the rare earth La is prone to loss during melting, the La content in the AZ72-0.05La alloy was measured by an inductively coupled plasma emission spectrometer (ICP-OES) after melting, and the test results are shown in Table 1. The melting process was protected by high-purity argon gas to avoid the oxidation of the rare earth elements. The alloy was evenly melted and then poured into a cast iron mold to cool naturally. The as-cast AZ72-0.05La alloy was homogenized at 400 °C for 12 h and cooled in the furnace (~100 °C/h). The homogenized AZ72-0.05La alloy was rolled through multiple rolling passes (each rolling was reduced by about 10%) into a sheet with a final deformation of 50%. After each rolling, the magnesium alloy was reheated at 400 °C for 0.5 h to maintain plasticity and facilitate processing. The samples were processed with wire cutting to obtain the required sample for subsequent testing.




2.2. Microstructure Characterization


The samples were first polished on sandpaper (grade 240-400-800-1000-2000) and then polished with diamond plaster. The surface of the magnesium alloy was eroded using nitrate alcohol (4 mL nitric acid and 96 mL alcohol) to obtain the characteristics of the grains in each sample, which were then observed with an optical microscope. The phase composition of the magnesium alloy was analyzed using an X-ray diffractometer (D8 Advance, Bruker, Ettlingen, Germany). The test conditions included Cu target Kα radiation, tube voltage of 35 kV, current of 40 mA, scanning speed of 2°/min, and scanning range of 15°–85°. The phase composition and elemental distribution analysis were performed using a scanning electron microscope (SEM) in combination with an energy dispersive spectroscopy (EDS) detector (JSM-5610LV, JEOL, Tokyo, Japan). Thermal analysis was conducted using a thermal analyzer (BCZ-TG/DSC-1650, Tianjin Baichuan, Tianjin, China) with a heating rate of 10 °C/min and a dwell time of 20 min.




2.3. Electrochemical Tests and Corrosion Performance Testing


Electrochemical performance analysis was conducted using an electrochemical workstation (PMC2000 1000 500, AMETEK, Pittsburgh, PA, USA). A three-electrode system was utilized, with graphite serving as the auxiliary electrode, a saturated calomel electrode (SCE) as the reference electrode, and a 3.5% NaCl solution as the electrolyte for testing the samples. The sample size was Φ11.3 mm × 5 mm in a cylinder shape. A working electrode with a surface area of 1 cm2 was prepared by coating the alloy sample with epoxy resin. We first sanded and polished the working surface using sandpaper (grades 240-800-1000-2000), then cleaned the working surface with anhydrous ethanol. Before testing, the samples were kept in solution for 3600 s. The scanning rate of the polarization curve was set to 1 mV/s, with a scanning range of −500 mV to 500 mV (vs. OCP). The electrochemical impedance spectroscopy (EIS) data were recorded with a test amplitude of 5 mV at an open circuit potential from 100 kHz to 0.1 Hz. The corrosion rate was assessed by measuring the mass loss of the sample immersed in a 3.5 wt.% NaCl solution at room temperature (25 °C) for 12 h. Additionally, the hydrogen volume of the sample corroded for 12 h was collected in a burette to measure the hydrogen evolution rate.




2.4. Mechanical Performance Testing


Vickers hardness testing was conducted using a hardness testing system (HV-10MPTA, Laizhou Veiyee, Laizhou, China). Indentation was performed at the center of the specimens, with a load of 500 g and a dwell time of 15 s. To obtain more reliable data, 7 different points were selected for each specimen, and maximum and minimum values were discarded, leaving 5 remaining values. The average of these 5 values was taken as the hardness value. Tensile performance testing was conducted using a tensile testing machine (UTM6104, Shenzhen Suns Technology, Shenzhen, China), and the tensile rate was set at 0.5 mm/s. The dimensions of the tensile specimen are shown in Figure 1.




2.5. Mg-Air Battery Test


The alloy sample size for the discharge performance test was Φ16 mm × 5 mm. We conducted the discharge experiments in a battery test system (CT-3002AU, Wuhan Landian, Wuhan, China). The samples were weighed before testing and then charged at a current density of 2.5 mA·cm−2, 5 mA·cm−2, 10 mA·cm−2, and 20 mA·cm−2 for 5 h. The air electrode consisted of a catalytic layer, waterproof breathable layer, and collector layer. To maintain constant electrolyte concentration, a solution circulation device was used during testing. After discharge, the magnesium alloy samples were washed by ultrasonic shock in boiled chromic acid solution (1 g AgNO3 + 20 g CrO3 + 100 mL H2O) for 5 min to remove the corrosion products. After removing the corrosion products, the samples were weighed again to calculate the anode utilization efficiency and energy density. After removing the corrosion products, the working surface of the sample was characterized using a scanning electron microscope (JSM-5610LV, JEOL, Tokyo, Japan).



The calculation of the anode utilization efficiency is expressed by Formula (1):


  A n o d i c   e f f i c i e n c y   %   =   3.6 × i × t × A ×   M   a     2 F ×     w   a   −   w   b       × 100 %  



(1)







The energy density of the anode is expressed by Formula (2):


  S p e c i f i c   c a p a c i t y   m A h ·   g   − 1     =   i × t × A     w   a   −   w   b      



(2)




where   i  ,   A  ,   t  ,     M   a    , and F are the discharge current density (mA·cm−2), reaction area (cm2), discharge time (h), atomic mass (g·mol−1), and Faraday’s constant (96,485 C·mol−1), respectively.     w   a     and     w   b     are the weights of the magnesium alloys before and after the discharge test.





3. Results and Discussion


3.1. Microstructure Evolution


The XRD patterns of the magnesium alloys are shown in Figure 2a. The analysis of the XRD patterns revealed that both the AZ72 and AZ72-0.05La alloys are predominantly composed of an α-Mg phase and a β-Mg17Al12 phase. Figure 2b presents the differential scanning calorimetry (DSC) analysis results for the three alloys. As seen in Figure 2b, there is an endothermic peak at ~400 °C, corresponding to the eutectic transformation α-Mg+Mg17Al12→L1. This further confirms that the three alloys primarily consist of an α-Mg phase and a β-Mg17Al12 phase. It is noteworthy that in the study by Wu et al. [23], an Al11La3 phase was detected in the XRD patterns of AZ61-0.5La alloy; however, no new phases were observed after the addition of La in this experiment. This may be due to the relatively small amount of the rare earth La added, meaning that the content of the new phase is below the lower limit of the XRD detection resolution. By using the XRD refinement method, the volume fractions of each phase in the magnesium alloys were estimated. The volume fractions of the β-Mg17Al12 phase in the as-cast AZ72 alloy and AZ72-0.05La alloy were ~4.43% of ~4.68%, respectively. After rolling, the crystal orientation changes significantly. According to the XRD analysis, the peak intensity of (101) on the crystal surface of the magnesium alloy is highest (2θ ≈ 36.619°), and the peak with the highest intensity changed to the (002) plane (2θ ≈ 34.398°) after rolling. Simultaneously, the peak (2θ ≈ 32.193°) corresponding to the (110) crystal plane disappears, indicating that the as-rolled sample has a strong texture. In addition, the diffraction peak of the β-Mg17Al12 phase with a network structure is noticeably weakened after the rolling treatment, indicating a reduction in the content of this phase.



Figure 3 displays the microstructure of the as-cast AZ72 and the as-cast and as-rolled AZ72-0.05La alloys. The microstructure of the as-cast AZ72 and as-cast AZ72-0.05La alloys is primarily dendritic, with the second phase distributed in dendrite gaps and grain boundaries [24]. Figure 3a shows the microstructure of the as-cast AZ72 alloy, in which the magnesium alloy grains show a relatively larger size, and the β-Mg17Al12 phase is discontinuously distributed on the grain boundaries of the α-Mg matrix, forming a discontinuous network structure. The eutectic compounds in the as-cast magnesium alloys show an obvious segregation phenomeon at grain boundaries, resulting in an uneven internal structure. Figure 3b demonstrates the effect of the trace La addition to the as-cast AZ72 alloy in the second phase, β-Mg17Al12. After the trace La addition, the second phase becomes more uniform and refined, laying the foundation for enhancing the discharge voltage and energy density of the battery. Figure 3c illustrates the microstructure of the AZ72-0.05La alloy after rolling. After rolling, the grain boundaries of the AZ72-0.05La alloy become clearer, and the β-Mg17Al12 phase becomes much smaller. The second phase is integrated with the matrix, and the aggregation phenomenon near the grain boundary is significantly weakened, with only a small amount of the second phase remaining in the grain boundary and crystal. This ordered metallographic structure is beneficial to the improvement of the anode discharge performance of AZ72-0.05La [25].



Figure 4 shows the SEM backscattered electron images and corresponding EDS spectra of the as-cast AZ72, as-cast AZ72-0.05La, and as-rolled AZ72-0.05La alloys. It can be observed from Figure 4a,b that the second phase precipitates in a discontinuous network and chain shape along the grain boundaries, and there are some coarse rod-like regions with poor Mg and rich Al, as seen in the EDS spectra. Combined with the XRD and metallographic analysis, these regions correspond to the β-Mg17Al12 phase. Upon addition of the 0.05 wt.% La, the dendritic area increased and became refined, resulting in a more continuous network. Post-rolling, the β-Mg17Al12 phase fractured and dispersed in the alloy in granular form. Additionally, the Zn and La elements were distributed relatively evenly in the alloy, with no obvious segregation observed in the EDS elemental mapping. The decrease in the content of the β-Mg17Al12 phase after rolling is consistent with the results obtained from the metallographic and XRD analysis.




3.2. Electrochemical Properties and Corrosion Resistance


The potentiodynamic polarization (Tafel) curves of the three Mg alloys were tested in a 3.5% NaCl solution, and the results are shown in Figure 5. The relevant corrosion parameters are shown in Table 2. A Tafel curve consists of two parts: the cathode branch and anode branch. The anode branch is mainly related to the dissolution of the magnesium anode, while the cathode branch is mainly related to the hydrogen evolution reduction reaction on the surface of the magnesium anode [26]. The Tafel curve of the anode branch is complicated due to the complexity of anode corrosion behavior. In addition, the Tafel curve of the anode branch is controlled by concentration polarization under the condition of strong polarization, which makes it difficult to analyze the anode branch in detail. The self-corrosion potential (Ecorr) is the metal potential measured in the absence of an impressed current in a particular corrosion system. The more positive the self-corrosion potential, the smaller the corrosion current density, indicating a reduced tendency to corrosion and improved corrosion resistance. As can be seen from Table 2, the corrosion current densities of the as-cast AZ72-0.05La and as-rolled AZ72-0.05La are 155 μA·cm−2 and 205 μA·cm−2, respectively, which are lower than the corrosion current densities (262 μA·cm−2) of the as-cast AZ72 alloy. With a higher volume fraction of the β-Mg17Al12 phase in the as-cast AZ72-0.05La alloy compared with the as-cast AZ72 alloy, the ‘barrier effect’ of the β-Mg17Al12 phase becomes more pronounced after adding 0.05 wt.% La. A higher volume fraction of β-Mg17Al12 is beneficial for hindering the corrosion of α-Mg. In contrast, the as-rolled AZ72-0.05La alloy exhibits a negative shift in corrosion potential and an increase in corrosion current density, indicating decreased corrosion resistance. This is attributed to the deformation of the alloy lattices, leading to stress concentration at the grain boundaries and promoting intergranular corrosion.



The corrosion behavior of the three anode materials was studied using the electrochemical impedance technique. Figure 6 shows the Nyquist diagram, where each EIS measurement includes a high-frequency capacitor loop and a low-frequency loop. The diameter of the high-frequency and low-frequency loops reflects the corrosion resistance of the magnesium alloy, and the large capacitance loop at a high frequency is associated with double electric layer capacitance at the electrode/electrolyte interface and charge transfer process [27]. Comparatively, the as-cast AZ72-0.05La magnesium alloy exhibits better corrosion resistance than the as-cast AZ72 magnesium alloy. Furthermore, the activity of the AZ72-0.05La increases and the corrosion resistance decreases after rolling. To further elucidate the reaction mechanism, the EIS data were fitted with an equivalent circuit using ZsimpWin software (ZsimpWin 3.6, Ann Arbor, MI, USA), as depicted in Figure 6b.



The equivalent circuit in Figure 6b was used to analyze the EIS. The fitting results are shown in Table 3, where Rs is the solution resistance, L and RL correspond to the low-frequency induction loop, and Rct and CPEdl are the charge transfer resistance and double-layer capacitance at the interface between the metal and electrolyte [7]. Rct represents the charge transfer resistance during the electron transfer from a solid (electrode) to a liquid (electrolyte) phase. A larger Rct indicates a lower likelihood of corrosion for the magnesium alloy. RL and L describe an inductive character of impedance found in the fourth quadrant, which is associated with the ion exchange on the anode surface without the cover of film or products. The value of L represents the desorption ability. A larger value of inductance reflects that more areas on the anode surface are not covered by corrosion products, indicating a good desorption ability [27,28]. The as-rolled AZ72-0.05La alloy exhibits the highest value of L, indicating a stronger desorption ability and easier detachment of corrosion products. This helps enhance contact between the Mg and electrolyte, facilitating discharge in a magnesium–air battery. The charge transfer resistance of the as-cast AZ72 and as-cast AZ72-0.05La anodes is 130 Ω·cm2 and 799 Ω·cm2, respectively, and decreases to 330 Ω·cm2 after rolling for the AZ72-0.05La alloy, indicating that the corrosion resistance of the β-Mg17Al12 phase is improved by La microalloying. After rolling, the microstructure of magnesium alloy changes from dendrites to equiaxed crystals, and the preferred corrosion site changes from the β-Mg17Al12 phase to the grain boundary. Grain boundaries are the places in a crystal where different grains meet, with high surface energy and distortion. These unique structures act as active sites and play a crucial role in electrochemical reactions, providing additional sites for reactions and expanding reaction opportunities, thus driving reactions. Therefore, the corrosion resistance of the as-rolled AZ72-0.05La is lower than that of the as-cast AZ72-0.05La alloy.



Figure 7 shows the hydrogen evolution and self-corrosion rates of the three alloys in a 3.5% NaCl solution. The specific parameters are shown in Table 4. There is a potential difference between the β-Mg17Al12 phase and α-Mg matrix, in which the α-Mg matrix and β-Mg17Al12 phase are the anode and cathode, respectively. Galvanic corrosion occurs between the α-Mg matrix and β-Mg17Al12 phase. As depicted in Figure 7, the self-corrosion rate and hydrogen evolution rate of the as-cast AZ72 alloy are 11.12 ± 5.47 mg·cm−2·h−1 and 1.24 ± 0.30 mL·cm−2·h−1, respectively. Upon incorporating 0.05 wt.% La, a significant reduction is observed in the self-corrosion rate and hydrogen evolution rate, measuring 2.70 ± 1.34 mg·cm−2·h−1 and 0.34 ± 0.12 mL·cm−2·h−1. After rolling, the self-corrosion rate and hydrogen evolution rate increases a little to 3.40 ± 1.57 mg·cm−2·h−1 and 0.51 ± 0.24 mL·cm−2·h−1 for the as-rolled alloy, respectively. Notably, the measured values exhibit significant fluctuation, attributed to the relatively heterogeneous microstructure (grain size, β-Mg17Al12 phase, Figure 3 and Figure 4) of the magnesium alloys. The β-Mg17Al12 phase undergoes refinement and homogenization upon introduction of the La element. Simultaneously, the discontinuous strip structure is transformed into a more continuous network structure. This network structure exhibits an enhanced corrosion resistance in a 3.5% NaCl solution, leading to a reduced self-corrosion rate in the magnesium alloy anodes. The addition of the La element also acts as an inhibitor of the NDE (negative difference effect) [29]. After rolling, the second phase undergoes refinement while the grain structure is transformed from dendrites to equiaxed crystals. Deformation leads to an increase in the grain boundary area, enhancing the probability of corrosive medium infiltration into the alloy. Furthermore, the alteration in the grain boundaries may elevate the alloy’s corrosion sensitivity.




3.3. Mechanical Properties


Mechanical performance testing was conducted on the magnesium alloys. From Figure 8a, it can be seen that there is little variation in tensile strength and yield strength between the as-cast AZ72 and as-cast AZ72-0.05La alloys, but there is a significant improvement in elongation. Compared with the as-cast AZ72 and as-cast AZ72-0.05La alloys, the as-rolled AZ72-0.05La alloy exhibits improved yield strength and tensile strength, along with a noticeable enhancement in elongation. The tensile strength, yield strength, and elongation of the as-rolled AZ72-0.05La alloy were 281 MPa, 233 MPa, and 8.50%, respectively. Figure 8b shows the hardness values of the three alloys. The as-cast AZ72 magnesium alloy had a hardness value of 65.34 HV, while the as-cast AZ72-0.05La magnesium alloy and as-rolled AZ72-0.05La alloy had hardness values of 66.60 HV and 77.06 HV, respectively. The addition of a small amount of La to the as-cast AZ72-0.05La alloy resulted in minimal change in hardness compared with the as-cast AZ72 alloy. However, the as-rolled AZ72-0.05La alloy exhibited a significant increase in hardness.



The reasons for the improved strength, elongation, and hardness after rolling are discussed below. During hot rolling, increasing deformation results in a more uniform microstructure in the matrix and a higher recrystallization degree. Refinement of the recrystallized grains, in accordance with the Hall–Petch relationship, contributes to increased strength. Regarding improved elongation, during hot rolling, the recrystallization mechanism undergoes a transition from discontinuous dynamic recrystallization to continuous dynamic recrystallization, greatly consuming the substructure in deformed grains and enhancing the alloy’s plasticity [30].




3.4. Discharge Performance of Alloy-Based Anodes


To evaluate the impact of rolling on Mg-air battery performance, three magnesium alloys were employed as anodes and assembled into batteries. Figure 9 depicts the discharge curve of the three magnesium alloy anodes at various current densities in a 3.5 wt % NaCl solution for 5 h. The average discharge voltage is shown in Table 5. The AZ72-0.05La alloys showed excellent performance in terms of battery voltage, which was significantly higher than the AZ72 alloy. At a low current density (2.5 mA·cm−2 as an example), the discharge voltage of the as-cast AZ72 decreases with time, while the discharge voltage of the as-rolled AZ72-0.05La is more stable. At a high current density (20 mA·cm−2 as an example), the as-cast AZ72 showed a trend of continuous decline, and the discharge curve became unstable and zigzagged, while the as-rolled AZ72-0.05La still maintained a high voltage and stable discharge process. During discharge performance testing prior to rolling, the corrosion initiated from the β-Mg17Al12 phase, resulting in non-uniform corrosion. After rolling, the grain boundary becomes more prominent, and corrosion starts from the grain boundary rather than the β-Mg17Al12 phase. Grain boundary corrosion exhibits a higher degree of uniformity compared with β-Mg17Al12 phase corrosion, thus resulting in a more stable discharge performance for the as-rolled AZ72-0.05La alloy. Moreover, the grain boundary represents the junction of different grains inside the crystal, possessing high surface energy and distortion. These special structures and energies are active sites for electrochemical reactions, providing additional reaction sites and increasing reaction opportunities, thus promoting reaction. Therefore, the as-rolled AZ72-0.05La alloy has a higher discharge voltage. For example, at a discharge current density of 20 mA·cm−2, the discharge voltage of the as-rolled AZ72-0.05La is 6% higher than that of the as-cast AZ72-0.05La, respectively, and 9% higher than that of the as-cast AZ72 alloy.



In general, the discharge performance of the AZ72-0.05La alloy anode in both the cast and rolled state is better than that of the as-cast AZ72. It is worth noting that the working voltage of the as-rolled AZ72-0.05La alloy anode is higher than that of other anodes under high discharge current density conditions.



Magnesium–air batteries utilize magnesium or magnesium alloys as anode materials, where the cathode consists of an air electrode, and a neutral salt solution is employed as the electrolyte. The reaction in the neutral electrolyte is represented by Equations (3)–(5).


  Anode :   M g − 2   e   −   =   M g   2 +    



(3)






  Cathode :     1   2     O   2   +   H   2   O + 2   e   −   = 2   O H   −    



(4)






  Overall :   M g +   1   2     O   2   +   H   2   O = M g   ( O H )   2    



(5)







Mg-based anodes suffer from self-corrosion due to the anodic hydrogen reaction (also known as the negative difference effect) [31] chemical step, as follows:


    M g   +   +   H   2   O =   M g   2 +   +   O H   −   +   1   2     H   2    



(6)







This chemical step produces no electrons for the Mg-air battery, leading to poor anodic efficiency and poor discharge capacity. This chemical step is part of the overall Mg corrosion reaction, as shown in Equation (7).


  M g +   H   2   O = M g   ( O H )   2   +   H   2    



(7)







Figure 10 summarizes the discharge performance parameters at different current densities. Anode utilization efficiency increases with increasing current density; this is due to the fact that self-corrosion occurs as the anode dissolves, and its mass loss is greater than predicted by Faraday’s law at a low current density. As the discharge current density increases, the percentage of the mass loss of the magnesium due to self-corrosion becomes smaller, thus resulting in a dominant anodic reaction [24]. Therefore, at higher current densities, the three anodes exhibit higher anode utilization efficiency. The as-cast AZ72-0.05La alloy showed high anode utilization efficiency at different current densities. In the as-cast AZ72 alloy, the β-Mg17Al12 phase has a large volume fraction, which acts as a barrier and reduces the contact area between the electrolyte and magnesium matrix [32]. In addition, the large volume of β-Mg17Al12 will also have a ‘barrier effect’ during the battery discharge performance test, preventing the corrosion products from falling off [33], which is not conducive to effective magnesium anode discharge. In addition, the large β-Mg17Al12 phase acts as the cathode and reacts with the magnesium matrix to cause local corrosion, so that part of the magnesium matrix is used for self-corrosion [34]. This is the reason for the increase in the anode utilization efficiency and energy density of the as-cast AZ72-0.05La compared with the as-cast AZ72. After rolling, the grain structure is transformed from dendrites to equiaxial crystals, and the discharge process becomes more stable. At the same time, the grain boundary serves as the active site for the electrochemical reaction, providing additional reaction sites and enhancing reaction opportunities, thus promoting the reaction. Owing to the self-corrosion rate of the as-rolled AZ72-0.05La being larger than that of the as-cast AZ72-0.05La alloy (Figure 6), the anode utilization efficiency of the as-rolled AZ72-0.05La is relatively lower than that of the as-cast AZ72-0.05La alloy (Figure 8a). Regarding energy density, increased discharge voltage (Figure 7) leads to higher energy density. For example, at a discharge current density of 20 mA·cm−2, the energy density of the as-rolled AZ72-0.05La is 3% higher than that of the as-cast AZ72-0.05La, and 10% higher than that of the as-cast AZ72 alloy.



Figure 11 shows the surface morphologies of the three anodes after removing the discharge products after 5 h of discharge at a current density of 2.5 mA·cm−2 and 20 mA cm−2. The microstructure of the alloy is closely related to the quantity, morphology and distribution of the second-phase particles. Large and deep holes appear on the surface of the as-cast AZ72 alloy (Figure 11a,d). These holes are formed by the shedding of β-Mg17Al12 during the discharge process. Due to the potential difference between the β-Mg17Al12 phase and α-Mg matrix, where the α-Mg matrix and β-Mg17Al12 phase are anode and cathode, the anode α-Mg matrix in contact with the Mg17Al12 phase tends to dissolve preferentially [35]. After the α-Mg matrix around the β-Mg17Al12 phase dissolves, the β-Mg17Al12 phase loses support and peels off from the α-Mg matrix, resulting in the formation of large corrosion pits. The contact area between the pits and electrolyte increases, the pits continue to expand, and finally large and deep corrosion holes are formed. The as-cast AZ72-0.05La has a relatively smooth corrosion plane (Figure 11b,e), and the disappearance of the large and deep corrosion pits is attributed to the refinement and homogenization of the β-Mg17Al12 by the alloying trace La. For the as-rolled AZ72-0.05La alloy surface, bare leakage areas in most of the Mg matrix were observed (Figure 11c), indicating unhindered and stable dissolution (Figure 11f) [34]. Rolling leads to easier shedding of discharge products from the surface, resulting in more uniform corrosion. This can be attributed to the transformation of the β-Mg17Al12 phase changes from a coarse network to fine particles, and the ‘barrier effect’ is reduced. After rolling, the self-corrosion rate of the AZ72-0.05La alloy increases a little, but the discharge voltage becomes higher and more stable.





4. Conclusions


	(1)

	
The as-cast AZ72-0.05La alloy has a relatively coarse and strip-like β-Mg17Al12 phase, while the β-Mg17Al12 phase becomes much finer and shows a granular state after rolling.




	(2)

	
After rolling, the microstructure of the Mg matrix changes from dendrites to equiaxed crystals. The corrosion of the Mg anode initiates from the β-Mg17Al12 at the grain boundary for the as-cast AZ72-0.05La alloy. After rolling, the corrosion of the Mg anode initiates from the grain boundary, and the discharge activity is enhanced.




	(3)

	
At a high current density of 20 mA·cm−2, the as-rolled AZ72-0.05La alloy has a discharge voltage of 0.74 V and an energy density of 918 mWh·g−1, which are 6% and 3% higher than the as-cast AZ72-0.05La alloy, respectively. In addition, the as-rolled AZ72-0.05La alloy possesses a relatively low corrosion rate of 0.51 mg·cm−2·h−1, showing good comprehensive discharge performance.
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Figure 1. Tensile specimen dimensions. 
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Figure 2. (a) XRD patterns and (b) DSC heating curves of the three magnesium alloys. 
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Figure 3. Metallographic photos of (a) as-cast AZ72 alloy, (b) as-cast AZ72-0.05La alloy, and (c) as-rolled AZ72-0.05La alloy. 
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Figure 4. SEM morphologies and EDS elemental mapping. (a) as-cast AZ72 alloy, (b) as-cast AZ72-0.05La alloy, and (c) as-rolled AZ72-0.05La alloy. 
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Figure 5. Polarization curves of three magnesium alloys in 3.5 wt.% NaCl solution. 
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Figure 6. (a) EIS in Nyquist plots of three magnesium alloys in 3.5 wt% NaCl solution, (b) Equivalent circuit for fitting the EIS. 
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Figure 7. Corrosion rate and hydrogen evolution rate. 
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Figure 8. (a) Room temperature mechanical properties (b) Hardness performance. 
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Figure 9. Discharge curves of the investigated anodes in 3.5 wt % NaCl solution at current density of: (a) 2.5 mA·cm−2, (b) 5 mA·cm−2, (c) 10 mA·cm−2, (d) 20 mA·cm−2. 
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Figure 10. Discharge performance of assembled Mg-air batteries with different anodes: (a) Anodic efficiency, (b) Energy density. 






Figure 10. Discharge performance of assembled Mg-air batteries with different anodes: (a) Anodic efficiency, (b) Energy density.



[image: Metals 14 00344 g010]







[image: Metals 14 00344 g011] 





Figure 11. The surface morphologies of as-cast AZ72 (a,d), as-cast AZ72-0.05La (b,e), and as-rolled AZ72-0.05La (c,f) alloy after the removal of discharge products. The experiments were conducted in a 3.5 wt% NaCl solution for 5 h, with discharge current density of 2.5 mA·cm−2 (a–c) and 20 mA·cm−2 (d–f). 
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Table 1. Chemical composition of the experimental alloys (wt.%) (Adapted from Ref. [22]).
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	Alloys
	Al
	Zn
	La
	Mg





	AZ72
	9.470
	2.152
	0.000
	Bal.



	AZ72-0.05La
	8.566
	1.831
	0.043
	Bal.










 





Table 2. OCP stability value and polarization curve fitting results.
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	Sample
	Ecorr/V
	Icorr/μA·cm−2





	as-cast AZ72
	−1.52
	262



	as-cast AZ72-0.05La
	−1.42
	155



	as-rolled AZ72-0.05La
	−1.41
	205










 





Table 3. The results of fitting EIS based on the equivalent circuit of Figure 5.






Table 3. The results of fitting EIS based on the equivalent circuit of Figure 5.





	Sample
	Rs/Ω·cm−2
	CPEdl/F·cm−2
	n1
	Rct/Ω·cm2
	L/H·cm2
	RL/Ω·cm2
	χ2/10−3





	as-cast AZ72
	15.31
	0.23 × 10−6
	0.93
	130.30
	47.70
	128.80
	6.30



	as-cast AZ72-0.05La
	9.84
	8.79 × 10−6
	0.94
	799.10
	322.20
	735.00
	14.00



	as-rolled AZ72-0.05La
	9.05
	8.90 × 10−6
	0.93
	330.60
	392.60
	734.70
	17.70










 





Table 4. Corrosion rate and hydrogen evolution rate.
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	Corrosion Parameters
	As-Cast AZ72
	As-Cast AZ72-0.05La
	As-Rolled AZ72-0.05La





	Corrosion rate/mg·cm−2·h−1
	11.12 ± 5.47
	2.70 ± 1.34
	3.40 ± 1.57



	Hydrogen evolution rate/mL·cm−2·h−1
	1.24 ± 0.30
	0.34 ± 0.12
	0.51 ± 0.24










 





Table 5. Average discharge voltage of the Mg-air battery using three different magnesium alloys as anodes.
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Current Density (mA cm−2)

	
As-Cast AZ72

	
As-Cast AZ72-0.05La

	
As-Rolled AZ72-0.05La






	
Average discharge voltage (V)

	
2.5

	
1.340

	
1.323

	
1.350




	
5

	
1.128

	
1.243

	
1.280




	
10

	
1.009

	
1.064

	
1.136




	
20

	
0.681

	
0.703

	
0.742
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