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Abstract

:

The microstructural characteristics of cast Mg-x Sn (x = 0.5, 1.0, 2.5 wt.% and 4.0 wt.%) alloys were systematically evaluated, as well as the electrochemical behavior and discharge properties in 3.5 wt.% NaCl solution. The micro-morphological results show that the grains are obviously refined and the Mg2Sn phase distribution is uniform with the increase of Sn content. In the four tested alloys, the effect of Sn content on the corrosion resistance of the alloys was found to be bidirectional by using the loss-in-weight method and electrochemical measurements. Among them, Mg-2.5Sn exhibits higher corrosion resistance in 3.5 wt.% NaCl solution. The decrease of the self-corrosion rate of Mg-x Sn alloy is mainly due to the formation of a SnO2 protective film, which inhibits the expansion of pitting corrosion. In addition, an appropriate amount of Mg2Sn can weaken the self-corrosion behavior. Mg-1Sn exhibits the highest anode efficiency and discharge capacity of 56.11% and 1245.72 mAh·g−1, respectively. Mg-0.5Sn shows the highest peak energy density, which is 1258.78 mWh·g−1.The maximum average discharge voltage of Mg-2.5Sn is 1.461 V.
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1. Introduction


With the increase of world energy consumption, the emissions of carbon dioxide, dust particles, nitrogen oxides and other environmental pollutants increase. The impact of fossil energy on environmental pollution and climate change will become more and more serious. Therefore, in order to solve the above energy problems, researchers are looking for and developing low-cost, high-efficiency, pollution-free, safe and reliable energy storage systems [1,2]. The metal–air battery is a good choice. The anode is metal alloy and the cathode is oxygen in the air. Therefore, the weight of the battery can be reduced to make room for energy storage. Compared with the lithium (Li)-air battery, the zinc (Zn)-air battery and the aluminum (Al)-air battery, the primary magnesium–air battery is a promising power supply [1,3], because of its high reaction activity, low toxicity, high safety and low density [1,2,4,5,6].



However, the self-corrosion, corrosion and bulk effect of the magnesium anode discharge process may cause capacity loss [2,7,8,9,10]. These are all factors that limit the application of magnesium–air batteries. Alloying is one of the most effective means to improve the performance of magnesium–air batteries. Chen et al. [11] reported that a Mg-0.5Bi anode shows excellent discharge performance. A magnesium–air battery using Mg-0.1wt.% Ca alloy as an anode provides higher cell voltage and specific energy than high-purity Mg, AM50 and AZ31 alloys [12]. The corrosion resistance and discharge properties of Mg-2Zn alloy were reported to be higher than those of recast magnesium [13]. Therefore, there is a continuing need to develop environmentally friendly, low-cost anodes with high discharge activity and anode efficiency.



In recent years, the addition of Sn to magnesium has attracted great attention. Sn element can easily combine with Mg to form a thermally stable Mg2Sn phase. It can promote the formation of micro-cracks on the surface of the alloy during the discharge process, enhance the reactivity of the alloy, realize the self-stripping of the discharge product, act as an activation point to promote the dissolution of the magnesium anode, and finally improve the discharge activity [14,15,16]. However, too much Mg2Sn phase will lead to severe self-corrosion [17,18], which significantly reduces the anode efficiency. Tong et al. [19] studied the discharge performance and electrochemical behavior of as-cast Mg-Sn binary alloys, and found that Sn can improve the overall performance of magnesium anodes, and used impedance modulus to evaluate its corrosion resistance. Generally, Mg-5Sn has the highest impedance modulus and the best corrosion resistance. Han et al. [20] concluded that the best performance and corrosion resistance is achieved for the Mg-1Sn anode. The weight loss, hydrogen evolution, and electrochemical measurements carried out by Yu et al. [21] indicated that Mg-3Al-1Sn had a low corrosion rate. Song et al. [22] found that AM70 magnesium alloy with 2 wt.% Sn addition is more prone to uniform corrosion, but the corrosion resistance of AT72 is worse according to weight loss and hydrogen evolution measurements. Yang et al. [23] showed that Mg-5Sn has higher corrosion resistance than Mg-2Sn, which was attributed to the Sn-rich layer. It could decrease the cathode hydrogen evolution rate, and help to improve corrosion resistance. A study by Jiang et al. [24] found that the effect of Sn addition on the corrosion performance of Mg-4Zn alloys is bidirectional. Li et al. [25] studied four as-cast Mg-xSn alloys, and the Mg-1.5Sn alloy had the best corrosion resistance due to the formation of Mg(OH)2 /SnO2 corrosion product films and Mg(OH)2 /MgSnO3 clusters, in which Mg(OH)2/MgSnO3 clusters are dense, which greatly inhibits the cathodic effect of impurity inclusions. Xiong et al. [26] found that the Mg-6Al-1Sn anode material has excellent discharge performance.



However, the effect of Sn content on the electrochemical behavior and the discharge performance of Mg-Sn binary alloys is not clear. The purpose of this work is to investigate the effect of increasing Sn content on the microstructure, corrosion behavior, and discharge performance of the Mg-Sn-based anodes. This research can provide some basis for the performance optimization of Mg-Sn-based alloys as anode materials in the future.




2. Experimental Procedures


2.1. Materials


The magnesium anode materials used in this experiment are all as-cast magnesium alloys, and Mg-x Sn (x = 0.5, 1, 2.5, 4.0 wt.%) binary alloys are prepared by melting and casting. Before smelting, ensure that the surface of ingredients is clean to avoid introducing sundries and moisture. During smelting, the resistance furnace temperature was set to 973 K, and under the protection of CO2 and SF6 gas, pure Mg (99.99%) and an appropriate amount of pure Sn (99.99%) were melted in a graphite crucible in the resistance furnace. After the metal in the crucible is completely melted, the slag is removed, and it is fully stirred, and then allowed to stand for 10–15 min to ensure its uniformity. The molten metal is poured into the mold under a protective atmosphere. After the smelting, two strip-shaped blocks were obtained at the upper, middle and lower positions of the obtained ingot, and then the chemical composition of the alloy was detected by using an inductively coupled plasma analyzer. The composition of the upper, middle and lower positions of the ingot is uniform. The chemical compositions of the alloys were listed in Table 1.




2.2. Microstructure


Specimens for microstructure analysis need to be ground and polished, and etched in picric acid. The microstructure of the magnesium alloy was observed by optical microscopy (OM, DMI5000M, Leica, Wetzlar, Germany) and the grain size was counted in combination with Image-proplus software. The phase structure of each magnesium alloy electrode was analyzed by X-ray diffractometer (XRD, X Pertpro, Japan Shimadzu Co., Ltd., Tokyo, Japan). In addition, the surface morphology of the samples was examined by scanning electron microscopy (SEM, Quanta 250 FEG, FEI Ltd., Eindhoven, The Netherlands) and the composition was characterized by X-ray energy spectrometry (EDS, JXA-8530F, Jieou Road Technology and Trade Co., Ltd., Beijing, China). The samples after immersion testing were also analyzed by X-ray photoelectron spectroscopy (XPS, Kratos-Axis Supra, Manchester, UK).




2.3. Electrochemical Tests


The experiment samples were cut into small squares of 10 × 10 × 10 mm3 in size. Samples for electrochemical testing also needed to be ground to 4000 mesh (to reduce the effect of scratches on the surface area of the sample). ChenHua CHI660E (Shanghai, China) electrochemical workstation was used for the electrochemical testing of magnesium alloy anode, using a three-electrode system, in which the working electrode is the magnesium alloy anode, a platinum electrode was the counter electrode, and the reference electrode is saturated calomel electrode (SCE). The tests were conducted in 3.5 wt.% NaCl at room temperature, and included testing of the open circuit potential (OCP), electrochemical impedance spectra (EIS) and potentiodynamic polarization. First, the working electrode is soaked in solution for 3600 s, a stable open circuit potential can be obtained, followed by the electrochemical impedance spectra test, and the frequency range should be set to 100 kHz–10 mHz. Before the polarization curve test, the instantaneous open-circuit potential value should be recorded, and then the voltage amplitude should be set to 0.5 V and the scan rate to 1 mV s−1. Equivalent circuit and electrochemical parameters are obtained by fitting the EIS curve using ZSimpWin software (AMETEK SI, Berwyn, Pennsylvania, USA). Tests for weight loss were performed by first immersing the alloy samples in 3.5 wt.% NaCl solution at 25 °C for 110 h. Then, samples were soaked in solution of 20% CrO3 for 10 min to remove corrosion products. Finally, samples were cleaned in alcohol, then dried in air and weighed. The above tests were performed at least five times to ensure repeatability of the results.




2.4. Mg-Air Battery Tests


The NEWARE battery test system (Belleville, IL, USA) can be used to test the performance of magnesium alloy batteries. The preparation of magnesium alloy anode is the same as that of magnesium alloy anode in an electrochemical test. The discharge curve was measured at room temperature, and a constant current density of 1, 2, 5, 10, 20, 40, and 80 ma cm−2 was applied to the magnesium anode during 10 h discharge to measure the change of discharge voltage. Samples after discharge were soaked in solution of 20% CrO3 for 10 min to remove discharge products. The above tests at least three times to ensure repeatability of the results. The discharge morphology was also observed using SEM.





3. Results and Discussion


3.1. Microstructures


Figure 1 shows the optical micrographs of the Mg-x Sn alloys and average grain size statistics. The Sn contents of the alloys were 0.5, 1, 2.5 and 4 wt.%, respectively, and the average grain size decreased from 595.795μm to 508.631 μm, 281.784 μm and 154.185 μm. When the Sn content is ≤1 wt.%, the second phase is hardly seen, and when the Sn content is ≥2.5 wt.%, the distributed second phase can be seen on the grain boundaries and inside the grains.



The XRD results are shown in Figure 2. All four alloys studied contain only α-Mg and Mg2Sn phases. It can be observed from the figure that the intensity of the Mg2Sn phase peaks of Mg-0.5Sn and Mg-1Sn alloys is relatively weak, and it increases gradually with the increasing Sn content. To further confirm the phase composition of the experimental alloys, the morphologies and compositions of the Mg-2.5Sn and Mg-4Sn alloys were examined by SEM and EDS. Figure 3 presents SEM images of Mg-2.5Sn and Mg-4Sn anode, and chemical composition at different positions analyzed by EDS. These are the strips and balls Mg2Sn phase, the chemical composition of which is identified by the EDS, and shown in Figure 3f,j,h,l (Points A, B, C and D). Furthermore, it can be seen from Figure 3a,c that most of the Mg2Sn phase is distributed on the grain boundaries. The distribution of Mg2Sn phase in Mg-2.5Sn is relatively dispersed, while the Mg2Sn phase of Mg-4Sn forms a continuous network. At the same time, the more Mg2Sn phase, the more obvious grain refinement effect.




3.2. Polarization Behavior


The polarization curves of the Mg-x Sn (x = 0.5, 1, 2.5, 4 wt.%) alloys measured in the 3.5 wt.% NaCl solution after 1 h stabilization are presented in Figure 4a, and the fitting results obtained by Tafel extrapolation are shown in Table 2. Anode reactions result from magnesium alloy dissolution, and cathode reactions are related to hydrogen evolution. The corrosion potential of Mg-1Sn is the most negative, which is −1.533 V (vs. SCE), implying the Mg-1Sn alloy has higher electrochemical activity [27]. Mg-2.5Sn has the lowest corrosion current density of 6.315 μA·cm−2. Even though the polarization curve may not give an accurate measurement of the corrosion rate for most magnesium alloys, it can provide a qualitative evaluation [27,28]. Thus, corrosion resistance is affected on both sides by Sn content; the alloy with the lowest corrosion density has the best corrosion performance. The corrosion current density of Mg-4Sn increased to 9.463 μA·cm−2. As described in [24], the Mg-x Sn alloy demonstrates a clear tendency to passivate before meeting the pitting potential (Ept) on the anode side, which means a protective films forms on its surface. The Mg2Sn phase has a higher volt potential than the α-Mg matrix, which leads to galvanic corrosion of the matrix, thereby accelerating the dissolution of the magnesium matrix. However, the Mg2Sn phase can promote grain refinement, resulting in more grain boundaries to act as obstacles for self-corrosion advancement [16]. That is, the Mg2Sn phase has two opposite effect on the corrosive behavior of the Mg-Sn alloys. Figure 1 shows the continuous distribution of Mg2Sn phase and obvious grain refinement in Mg-4Sn alloy. Therefore, the corrosion current density of the Mg-4Sn alloy increases, mainly because the adverse effect of galvanic corrosion caused by the second phase offset the effects of the surface protective film formed by Sn and get rid of the grain boundaries constraint.



Figure 4b shows the average corrosion rate of Mg-x Sn alloys calculated by weight loss after the 110 h immersion test. The corrosion rate from high to low is as follows: Mg-0.5Sn > Mg-1Sn > Mg-4Sn > Mg-2.5Sn. When the Sn content reaches 2.5 wt.%, the self-corrosion rate of the alloy is the lowest. However, when the Sn content reaches 4 wt.%, the corrosion rate starts to increase. For example, the corrosion rates of Mg-2.5Sn and Mg-4Sn alloys are 2.965 × 10−2 mg/cm2·h and 3.380 × 10−2 mg/cm2·h, respectively. This is consistent with the change rule of the corrosion rate determined by polarization curve.




3.3. Surface Analysis


In order to further analyze the corrosion behavior of the Mg-x Sn alloys, after the samples were immersed in the 3.5 wt.% NaCl solution for 1 h at 25 °C, followed by XPS detection. The results are shown in Figure 5. The Sn3d spectrum shows Sn3d3/2 (binding energy ≈ 495.37 eV), which is typically corresponding to SnO2 [29]. As for Mg 1s, it is divided into two peaks, one corresponds to Mg(OH)2 with a binding energy of about 1302.70 eV; the other is MgO with a binding energy of about 1303.90 eV. The content of Sn has a significant effect on the intensity and area of the SnO2 peaks. Among them, the content of SnO2 in the Mg-2.5Sn alloy reaches the maximum value. SnO2 is more stable than MgO and Mg(OH)2 in neutral salt solution, and is dense and insoluble in water. Thus, SnO2 is beneficial to improve the compactness and corrosion resistance of thin films [23]. The SnO2 film on the surface can resist the penetration of corrosion ions into the Mg matrix, weaken the pitting corrosion caused by the Mg2Sn phase, and reduce the corrosion rate. Therefore, this is the main reason why Mg-2.5Sn has the best corrosion resistance.




3.4. Electrochemical Impedance Spectra


Figure 6a presents the EIS Nyquist plots for Mg-x Sn. Figure 6b shows the Bode plot in terms of the modulus value of impedance vs. frequency. According to general theory, the higher the modulus of an alloy, the higher its corrosion resistance. Mg-2.5Sn has the highest modulus, showing a high corrosion resistance, which is consistent with Icorr in Table 2. The equivalent circuit was fitted to further quantitatively elucidate the corrosion mechanism of the Mg-x Sn alloys. The equivalent circuits fitted to the EIS results are shown in Figure 6c. All four alloys have one high frequency capacitive loop, two mid-frequency capacitive loops and one inductive loop. Rs is the solution resistance. Rct is a charge transfer resistance, and it forms a high-frequency capacitor circuit with capacitor C1. The capacitor circuit at high frequency is caused by the charge transfer resistance, and the diameter of the capacitor circuit related to Rct determines the size of the impedance and corrosion resistance. Generally, the mid-frequency capacitance loop is related to the accumulation of corrosion products and the surface film on the sample surface. A double-layer capacitance CPEdl is associated with the mid-frequency capacitive loop. The dispersion coefficient n of CPEdl represents how smooth the electrical double layer is, which varies from 0 to1. The inhomogeneity of the surface due to the accumulation of corrosion products causes dispersion effects, and this capacitive behavior is represented by CPEdl instead of an ideal capacitor. C2 and R2 also form an intermediate frequency capacitor circuit, which is related to the corrosion product film formed on the surface. RL and L describe the induced behavior at low frequencies, indicating the appearance of pitting or cracking of the film.



Table 3 presents the electrochemical parameters after equivalent circuit fitting. The charge transfer resistors are listed in their descending order:



Mg-2.5Sn (1233 Ω·cm2) > Mg-4Sn (867.6 Ω·cm2) > Mg-1Sn (457.3 Ω·cm2) > Mg-0.5Sn (334.6 Ω·cm2), the reduction of the capacitance loop radius and the reduction of the charge transfer resistance means that the self-corrosion rate is accelerated [30]. This result is in good agreement with the fitting of the polarization curve and the results obtained by the weight loss method. Table 4 summarizes the electrochemical performance of several Mg-Sn-based anode materials. Corrosion resistance of Mg-Sn-based alloys changes significantly with increasing Sn content. In this work, Mg-2.5Sn has the highest corrosion resistance and Mg-0.5Sn has the worst corrosion resistance.




3.5. Discharge Behavior


Figure 7 presents the discharge curves for the Mg-x Sn alloys in 3.5 wt.% NaCl solution for 10 h at different applied current densities. Table 5 exhibits average discharge potential of the Mg-air batteries discharged for 10 h. In contrast, the discharge voltage of Mg-2.5Sn anode is more stable, and the average discharge voltage can reach up to 1.461 V. When the Sn content is ≤1%, the content of the Mg2Sn phase is small, and its uniform distribution cannot be guaranteed during the casting process. The grain size of the matrix is different, and there are many coarse grains. Therefore, the dissolution rates of the magnesium matrix differ in the discharge process, which will lead to severe corrosion in local areas and the formation of a large number of corrosion products, and the discharge products formed by coarse grains are more difficult to self-stripping [14]. It means that the discharge product Mg(OH)2 of Mg-0.5Sn and Mg-1Sn accumulates faster than Mg-2.5Sn and Mg-4Sn when the current density is ≤5 mA cm−2, resulting in lower operating voltage. In addition, with the increase of Sn content, the volume fraction of Mg2Sn phase increases, which can improve its discharge activity by promoting the self-exfoliation of discharge products, however, this phenomenon is particularly pronounced at small current densities. Figure 8 shows the surface of macroscopic products formed after Mg-x Sn anode was discharged at different current densities for 10 h. When the current density is ≤5 mA cm−2 and Sn ≥ 2.5%, Figure 8c1–c3,d1,d2 can be seen, after 10 h of discharge, the discharge products are not completely covered on the anode. On the surface, there are still active areas that can participate in the discharge, and the formation and exfoliation of discharge products can achieve a dynamic balance at this time.



The cast Mg-2.5Sn and Mg-4Sn anodes have dense saw tooth voltage fluctuations starting from a current density of 20 mA cm−2, and the fluctuation range increases with the applied current density. With the increase of current density, the formation rate of discharge products is also accelerated, which has offset the effect of Mg2Sn phase on improving the discharge activity of the alloy. Moreover, the average discharge voltages of all alloys showed a downward trend, which may be due to the fact that insoluble SnO2 closed the porous Mg(OH)2 to a certain extent, making Mg(OH)2 accumulate on the surface of the matrix, resulting in a decrease in battery voltage. The average discharge voltages of Mg-0.5Sn and Mg-1Sn show a gentle downward trend with increasing current density. The drop of Mg-2.5Sn and Mg-4Sn fluctuates greatly.



The performance of Mg-x Sn anode in a magnesium–air battery under different current densities is shown in Figure 9. Discharge capacity, anode efficiency and specific energy are important criteria to evaluate the discharge performance of magnesium anode. According to the average weight loss before and after discharge, the discharge capacity (C) and anode utilization efficiency can be calculated (η). The specific energy is related to discharge capacity and average discharge voltage.



For all anodes, Mg-1Sn exhibits the highest discharge capacity and anode efficiency among the four anode materials, which are 1245.72 mAh·g−1 and 56.11%, respectively. Figure 9b (right) shows the specific energy of the four anodes, presenting the energy output capability. The specific energy of Mg-0.5Sn reaches a peak value of 1258.78 mWh·g−1 when the current density is 40 mA cm−2.




3.6. Anode Surface Analysis after Battery Discharging


In order to further understand the discharge behavior of the Mg-x Sn anode, the discharge products after 10 h anode discharge were removed, and then the discharge morphology was analyzed, as shown in Figure 10. At a current density of 1 mA cm−2, the surface of Mg-0.5Sn is mostly relatively flat, but locally shows deep pits and a step-like layered structure, that is, there is severe local dissolution, which may be caused by the crystal orientation of [31,32]. There were many grooves with the same shapes in the cast Mg-2.5Sn anode, and the smooth surface is conducive to the exfoliation of discharge products. Mg-0.5Sn and Mg-1Sn have no obvious cracks on the surface after discharge. On the contrary, cracks are formed on the surface of Mg-2.5Sn and Mg-4Sn, which the red arrows in Figure 10g,j refer to. As the Sn content increases, the second phase increases, and the Mg2Sn secondary phase and the segregation of Sn along the dendritic region lead to a faster dissolution rate than the Mg matrix, resulting in the separation of intermetallic compounds and the formation of deep cracks at the grain boundaries. The formation of cracks helps to form a larger active area, and the electrolyte also penetrates easily, thereby improving the discharge activity.



It can be seen from Figure 10c,f,i,l that when the current density increases to 40 mA cm−2, the depth and density of pits formed after discharge increase significantly. Uniform and flat pits are formed on the surface of the Mg-1Sn anode, which helps to improve the discharge performance. Mg-0.5Sn and Mg-2.5Sn showed larger deep pits and voids on the surface after discharge, while Mg-4Sn showed more high convex structures. In aqueous magnesium batteries, the bulk effect is unavoidable, especially at small current densities [2]. The formation of the bulk effect is closely related to the applied current density and the microstructure of the magnesium anode [31]. As the current density increases, the dissolution rate of the anode gradually increases, which can weaken the influence of the bulk effect; however, at a current density of 40 mA cm−2, there are still many uneven areas on the surface of Mg-0.5Sn, Mg-2.5Sn and Mg-4Sn, and wasteful dissolution, which reduces the discharge performance.





4. Conclusions


The electrochemical behavior of the Mg-x Sn alloys was investigated by a weight loss method and electrochemical measurements. The results show that Mg-2.5Sn has the best corrosion resistance. The SnO2 film on the surface has a protective effect, which can effectively inhibit the expansion of pitting corrosion, and improve the corrosion resistance. In addition, an appropriate amount of Mg2Sn phase can also reduce the self-corrosion rate.



At low current density, the presence of an appropriate amount of Mg2Sn phase can promote the dynamic balance between the formation and exfoliation of the discharge products, and conversely, the influence of galvanic corrosion and bulk effect is aggravated. Compared with other alloys, the average discharge voltages of Mg-0.5Sn and Mg-1Sn decreased steadily with increasing current density. Mg-1Sn exhibits the highest anode efficiency and discharge capacity of 56.11% and 1245.72 mAh g−1, respectively. The maximum average discharge voltage of Mg-2.5Sn is 1.461 V.
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Figure 1. Optical microscopy metallographs of as-cast: (a) Mg-0.5Sn, (b) Mg-1Sn, (c) Mg-2.5Sn, (d) Mg-4Sn and (e) statistic of average grain size. 
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Figure 2. XRD patterns of the investigated alloys: (a) Mg-0.5Sn, (b) Mg-1Sn, (c) Mg-2.5Sn and (d) Mg-4Sn. 
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Figure 3. SEM images of (a) Mg-2.5Sn, (c) Mg-4Sn and (b,d) the marked region of Mg-4Sn; and EDS images of (e,i) Mg-2.5Sn; (g,k) Mg-4Sn; (f) EDS from spot A; (j) EDS from spot B; (h) EDS from spot C; and (l) EDS from spot D. 
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Figure 4. (a) Polarization curves in 3.5 wt.% NaCl solution of the Mg-x Sn. (b) Weight loss rates of the Mg-x Sn alloys after immersion in a 3.5% NaCl solution for 110 h. 
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Figure 5. XPS surface analysis results of Mg-x Sn: (a,e) Mg-0.5Sn; (b,f) Mg-1Sn; (c,g) Mg-2.5Sn; and (d,h) Mg-4Sn. 
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Figure 6. (a) EIS Nyquist plots for Mg−x Sn; (b) Bode plots of impedance modulus vs. frequency; and (c) equivalent circuits used for fitting the EIS spectra. 
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Figure 7. Discharge curves of the Mg−x Sn alloys anodes in 3.5 wt.% NaCl solution for 10 h at a current density of: (a) 1 mA cm −2, (b) 2 mA cm−2, (c) 5 mA cm−2, (d) 10 mA cm−2, (e) 20 mA cm−2, (f) 40 mA cm−2 and (g) 80 mA cm−2. 
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Figure 8. Macroscopic surfaces of the four studied anodes after 10 h of discharge at different current densities in 3.5 wt.% NaCl solution: (a1–a7) Mg-0.5Sn, (b1–b7) Mg-1Sn, (c1–c7) Mg-2.5Sn, and (d1–d7) Mg-4Sn. 
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Figure 9. The discharge performance of Mg-x Sn anode in magnesium–air battery under different current densities: (a) anodic efficiency, and (b) discharge capacity and specific energy. 
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Figure 10. The surface morphologies of (a,b) Mg-0.5Sn, (d,e) Mg-1Sn, (g,h) Mg-2.5Sn and (j,k) Mg-4Sn anodes after 10 h of discharge at 1 mA cm−2 without the discharge products; surface morphologies of (c) Mg-0.5Sn, (f) Mg-1Sn, (i) Mg-2.5Sn, and (l) Mg-4Sn anodes after 10 h of discharge at 40 mA cm−2 without the discharge products. 
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Table 1. Chemical compositions of experimental alloy (wt.%).
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	Alloy
	Sn





	Mg-0.5Sn
	0.46



	Mg-1Sn
	0.94



	Mg-2.5Sn
	2.47



	Mg-4Sn
	3.87
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Table 2. Fitting results of polarization curves.
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	Alloy
	Ecorr (vs. SCE)/V
	Jcorr/(μA·cm−2)





	Mg-0.5Sn
	−1.452
	15.187



	Mg-1Sn
	−1.533
	10.131



	Mg-2.5Sn
	−1.506
	6.315



	Mg-4Sn
	−1.471
	9.463
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Table 3. Electrochemical parameters of the fitted equivalent circuits.
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Alloy

	
RS

	
C1

	
Rct

	
CPEdl

	
R1

	
C2

	
R2

	
L

	
RL




	
Ω·cm2

	
μF·cm−2

	
Ω·cm2

	
Y0 × 10−5Ω−1 cm2 Sn

	
n

	
Ω·cm2

	
μF·cm−2

	
Ω·cm2

	
H

	
Ω·cm2






	
Mg-0.5Sn

	
4.509

	
0.295

	
334.6

	
0.718

	
0.966

	
7.790

	
5.844

	
66.94

	
1294

	
121.1




	
Mg-1Sn

	
4.436

	
2.513

	
457.3

	
1.152

	
0.909

	
0.771

	
3.272

	
58.38

	
1753

	
164.2




	
Mg-2.5Sn

	
4.835

	
0.643

	
1233

	
1.707

	
0.917

	
1.070

	
321.7

	
2928

	
108,000

	
2465




	
Mg-4Sn

	
4.904

	
0.395

	
867.6

	
1.866

	
0.915

	
4.222

	
204.9

	
5279

	
4449

	
537.9
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Table 4. Literature survey of electrochemical performance of several Mg-Sn-based anode materials.
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	Alloy
	Fabrication
	Solution
	Corrosion Resistance (from High to Low)
	Ref.





	Mg-x Sn (x = 0.5, 1.0, 2.5 wt.% and 4.0 wt.%)
	Casting
	3.5 wt.% NaCl
	Mg-2.5Sn > Mg-4Sn > Mg-1Sn > Mg-0.5Sn
	This work



	recast Mg, Mg-x Sn (x = 1.0, 3.0, 5.0 wt.%)
	Casting
	3.5 wt.% NaCl
	Mg-5Sn > Mg-3Sn > recast Mg > Mg-1Sn
	[19]



	Mg-x Sn (x = 1.0, 5.0, 9.0 wt.%)
	Casting
	3.5 wt.% NaCl
	Mg-1Sn > Mg-5Sn > Mg-9Sn
	[20]



	Mg-3Al-xSn (x = 0, 1.0, 1.5, 2.0 wt.%)
	Homogenization + hot extrusion
	3.5 wt.% NaCl
	Mg-3Al-1Sn > Mg-3Al > Mg-3Al-1.5Sn > Mg-3Al-2Sn
	[21]



	AM70, AT72
	Casting
	5 wt.% NaCl
	AM70 > AT72
	[22]



	Mg-x Sn (x = 2.0, 5.0 wt.%)
	Solution-heat-treated + water cooled
	0.6 M NaCl
	Mg-5Sn > Mg-2Sn > Mg
	[23]



	Mg-4Zn-x Sn (x = 0, 1.0, 1.5, 2.0 wt.%)
	Saltwater quenching + extrusion
	PBS (37 ± 0.5 °C)
	Mg–4Zn–1.5Sn > Mg–4Zn–1.0Sn > Mg–4Zn–2.0Sn > Mg–4Zn
	[24]



	Mg-x Sn (x = 0.5, 1.0, 1.5, and 2.0 wt.%)
	Casting
	3.5 wt.% NaCl
	Mg-1.5Sn > Mg-2.0Sn > Mg-0.5Sn > Mg-1.0Sn
	[25]



	Mg-6Al-xSn (x = 1.0, 5.0 wt.%)
	Homogenization + hot-rolling
	Artificial sea water
	Mg-6Al-5Sn > Mg-6Al-1Sn
	[26]
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Table 5. Average discharge voltage of the studied anode at different current densities.
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Current Densities/mA cm−2

	
Average Discharge/V




	
Mg-0.5Sn

	
Mg-1Sn

	
Mg-2.5Sn

	
Mg-4Sn






	
1

	
1.422

	
1.394

	
1.461

	
1.437




	
2

	
1.391

	
1.378

	
1.403

	
1.379




	
5

	
1.384

	
1.348

	
1.365

	
1.303




	
10

	
1.333

	
1.293

	
1.298

	
1.192




	
20

	
1.217

	
1.172

	
1.076

	
1.05




	
40

	
1.086

	
1.023

	
0.994

	
0.878




	
80

	
0.815

	
0.963

	
0.793

	
0.765
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