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Abstract

:

The effects of Bi content (0–0.12 wt.%) on the self-corrosion properties, the open-circuit potential, the electrochemical impedance spectroscopy, the potentiodynamic polarization curves, and the battery performances of Al-0.4Mg-0.05Sn-0.015Ga alloys were investigated; meanwhile, the microstructures and the post-discharge surfaces of the alloy were also examined by SEM. The results show that Bi can increase the amount of the precipitated phase containing Bi. The Al-0.4Mg-0.05Sn-0.015Ga-0.10Bi alloy exhibits the optimum electrochemical properties; it has the greatest negative open circuit potential of −1.780 V, the highest constant current discharge voltage of 1.287 V, and a minimum self-corrosion rate of 0.132 mL cm−2 min−1; a uniform corrosive surface is obtained after discharge.
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1. Introduction


With the continuous depletion of fossil energy, clean energy has become a relevant topic. Metal-air batteries [1,2,3,4,5,6,7] have attracted widespread attention because of their green, clean, and environmentally friendly nature. Among the various types of metal-air batteries, aluminum is a good candidate for their development due to its high capacity, high energy density [8,9,10], high abundance, and high sustainability. Aluminum has a theoretical energy density of 8.1 Wh/g, second only to lithium (13.0 Wh/g). Due to the high potential of these properties, aluminum-air batteries are considered as a potential energy source for electric vehicles [11]. However, the presence of oxides on the natural aluminum surface makes the practical power density of aluminum anodes much lower than their theoretical values [12,13,14]. Therefore, the aluminum needs to be activated to achieve higher power density. Although oxides can be removed in alkaline electrolytes, aluminum reacts with the electrolyte to form hydrogen:


  Al + 4   OH  −  = Al     OH    −  + 3  e −   



(1)






  2  H 2  O + 2  e −  =  H 2  + 2   OH  −   



(2)







This parasitic corrosion or self-discharge reaction reduces the efficiency of the anode, which must be suppressed to minimize capacity loss. In recent years, some alloying elements, such as Mg, Zn, In, Pb, Sn, Ga [15,16], etc., have been discovered to destroy the protective oxide film or to have a high hydrogen evolution overpotential for aluminum, thus restraining this parasitic corrosion, as well as the self-discharge reactions. Liang et al. [17] investigated the discharge behavior of the Al-0.05Ga-0.5Sn-0.05Pb-xMg alloy anode, and found that adding 0.05–0.10 wt.% Mg could both inhibit hydrogen evolution and enhance both the corrosion potential and the open circuit potential, while adding more than 0.15 wt.% Mg led to the positive shift of the open circuit potential and the corrosion potential. Hamed et al. [18] studied Al-0.5Mg-0.1Sn-0.03Ga-0.007Pb and Al-0.5Mg-0.1Sn-0.05Ga-0.07Pb alloys and found that the addition of lead and gallium alloying elements to aluminum resulted in significant activation of aluminum. Ma et al. [19] reported that the addition of Zn elements to Al-1Mg-0.1Sn-01Ga can effectively improve the electrochemical performance. Therefore, alloying is a useful way to develop environmentally friendly, low-cost anodes with high discharge activity and high anode efficiency.



In recent years, the addition of Bi elements to the anode material of aluminum air batteries has attracted a great deal of attention. Bi elements have a higher hydrogen evolution overpotential and can inhibit the hydrogen evolution reaction. The electrode potential of the precipitated phase formed by the Bi element is more positive than that of aluminum, and it will act as the cathode phase to promote the dissolution of the aluminum substrate, so as to destroy the oxide film and increase the discharge voltage of the aluminum air battery. However, the excess of the Bi element will produce a deviated phase at the grain boundaries, leading to micro-electro-couple corrosion of the aluminum anode during the discharge process and an accelerated hydrogen evolution rate. Guo et al. [20] found that the current efficiency of Al-Zn-In-Ti-Bi increased from 65% to 71% with the addition of Bi (0.05–0.10 wt.%). Qian et al. [21] explored the effect of Bi (1–2 wt.%) on the electrochemical and battery performances of Al-3Zn-0.015Ga-0.025In, and found that Bi created a more negative value regarding the open circuit potential, but reduced the current efficiency. However, few works were focused on the relationship between the microstructure and the electrochemical properties of the aluminum anode with a Bi addition.



In the present work, the effects of the addition of (0–0.12 wt.%) Bi on the electrochemical performance and the self-corrosion behavior of Al-0.4 wt.% Mg-0.015 wt.% Ga-0.05 wt.% Sn alloy at 45 °C in 6 M KOH solution were studied using the open circuit potential-time curve, potentiodynamic polarization curve, electrochemical impedance spectroscopy (EIS), and the performance of the battery at a constant discharge current density of 100 mA/cm2. The surface states after the electrochemical tests of the alloys were analyzed by scanning electron microscopy (SEM) equipped with an energy dispersive analytical X-ray (EDAX).




2. Experiment


2.1. Sample Preparation


The anode materials used in this experiment were all aluminum alloys, Al-0.4Mg-0.05 Sn-0.015Ga-xBi (x = 0, 0.08, 0.1, 0.12), and were produced with the raw materials of high purity aluminum ingot (>99.99 wt.%, Baotou Aluminum Co., Ltd., Baotou, China), Mg rod (>99.9 wt.%), Sn particle (>99.9 wt.%), Ga particle (>99.9 wt.%), and Bi particle (>99.9 wt.%). The alloys were melted in an intermediate frequency induction furnace at 720 °C and poured into a water-cooled copper mold of 200 × 100 × 60 mm3 in size. Samples were also obtained at the top, middle, and bottom positions of the resulting ingots, and the chemical composition of the alloys was examined by an inductively coupled plasma analyzer. As shown in Table 1, the compositions of the ingots were homogeneous at the top, middle, and bottom positions. Then the ingots were homogenized at 540 °C for 2 h, followed by quenching in water at room temperature, descaling, and finally rolling to 3 mm in thickness, with a reduction of 95%.



Samples for corrosion testing and electrochemical performance measurements were sealed with epoxy resin to leave a bare area of 1 cm2 exposed to the test solution, and a surface area of 4 cm2 of the aluminum anode was used for discharge testing. All samples were ground with abrasive papers from 200# to 2000#, washed in deionized water, then rinsed with ethanol and flow dried. Each test was performed three times.




2.2. Microstructural Observations


In order to study the effect of the morphology of constituent phases containing Sn, Ga, and Bi on the electrochemical properties of the test aluminum anode, the dimension, quantities distribution, and the composition of these constituent phases were analyzed using a TESCAN MIRA3 XMU FEG-SEM equipped with an 80 mm2 silicon-drift detector (SDD) and INCA 250 EDX automated detection and analysis software (Oxford Instruments). Samples for microstructural observation were wet ground by abrasive papers from 200# to 5000# and polished with 1 μm and 0.5 μm diamond pasters. The surface morphologies after discharge tested at 100 mA/cm2 for 3.5 h in 6 M KOH at 45 °C were observed on a Joel SSX550 type scanning electron microscope equipped with a DX-4EDAX type Energy Dispersive X-ray analyzer. Corrosion products were cleaned using a solution of 2% CrO3 and 5% H3PO4 at 80 °C for about 5 min, and then rinsed with distilled water and ethanol.




2.3. Hydrogen Evolution Test


The effect of element Bi on the self-corrosion rate of the Al-Mg-Sn-Ga-xBi alloy was evaluated by the measurement of the hydrogen evolution rate. The device for the hydrogen evolution test consisted of a square trough, a conical flask, a volumetric cylinder, a gas-guide tube, and a constant temperature water bath. The test sample was placed into the conical flask filled with 400 mL of 6 M KOH solution, and a volumetric cylinder full of distilled water, connecting the conical flask with a gas-guide tube, was placed vertically in the square groove. Hydrogen gas, which was generated by the alkaline corrosion of the aluminum anode, was collected via the drainage method and recorded at different immersion times at 45 ± 1 °C. Then, a linear curve between the volume of hydrogen gas and the immersion time was produced. The corrosion rate was acquired by calculating the slope of the linear curve using the following formula [22]:


  R =    V   H 2      A × t    



(3)




where R represents the hydrogen evolution rate (in mL/cm2 min),    V   H 2      represents the volume of the collected hydrogen gas (in mL), A represents the surface area of the test sample (in cm2), and t represents the immersion time (in min), respectively.




2.4. Electrochemical Measurements


The electrochemical tests were carried out using a CHI660E electrochemical workstation with a conventional three-electrode test system (Figure 1). A commercially available Hg/HgO (1 M KOH) electrode as the reference electrode (RE), a 20 × 20 mm2 commercially available platinum foil as the counter electrode (CE), an aluminum specimen as the working electrode (WE), and 6 M KOH as the electrolyte solution were used. The open circuit potential (OCP) of the aluminum anode was measured continuously for 3600 s. The open circuit potential was stabilized, and then the kinetic potential polarization scan was performed, with a scan rate of 1 mv/S and a voltage scan range of ±0.5 vs. the open circuit potential (OCP). The electrochemical impedance spectroscopy (EIS) perturbation amplitude was 5 mV, the frequency was set to 100 kHz~0.1 Hz, and the EIS results were fitted using ZSimpWin software (AMETEK SI, Berwyn, PA, USA).




2.5. Battery Performance Tests


The aluminum air battery consisted of an anode, an air cathode, and an electrolyte, as shown in Figure 2. The anodes sheets, with a thickness of 3 mm, were Al-Mg-Sn-Ga-xBi alloy with different Bi contents. A commercial gas diffusion electrode using graphene/MnO2 as the oxygen reduction reaction catalyst was adopted as the cathode. The anode was a 3 mm thick aluminum plate. The electrolyte was 6 M KOH solution. The 4 × 4 cm2 size electrodes were located at a distance of 1 cm. The discharge experiments were tested using the LAND-CT3001H system. Discharge at 45 °C for 210 min at 100 mA/cm−2 current density was used to simulate the conditions of short time multiple batteries working together to study the effect of Bi content on the discharge performance. The anode weight was measured before and after discharge process to determine the anode utilization rate, according to the following formula:


  η = 100 ×  W   W 0     



(4)




where η represents the anode utilization rate, and W and W0 represent the theoretical and actual mass loss, respectively. W is related to the actual current capacity Q and the theoretical current capacity Q0, using Equation (5) [23]:


  W =  Q   Q 0     



(5)







In the present work, Q = 1.60 A × 3.5 h = 5.6 Ah, Q0 = 2980 Ah/kg. In addition, energy density E can be obtained by Equation (6) [24]:


  E =   U × I × t    W 0     



(6)




where U represents the average operating voltage (in V), I represents the discharge current density (in mA/cm2), t represents the discharge time (in h), and W0 is the actual mass loss (in g), respectively.





3. Results and Discussion


3.1. Microstructure


The microstructures of Al-Mg-Sn-Ga-xBi alloys after solid solution treatment were observed by field emission scanning electron microscopy (SEM, TESCAN MIRA3). The backscattered electron image of the test alloy is shown in Figure 3. Apparently, the microstructure of the alloy consists of a gray a-Al matrix and a white deviatoric phase. With the increase in the Bi element, the number of white precipitates increased significantly, and the shape changed from irregular spheres and short stripes to spherical precipitates. The distribution of the isolated phase in the a-Al matrix is shown in Figure 3. According to previous studies, low melting point elements, such as Bi, Zn, and Sn, tend to form biased cationic processes at grain boundaries in solid solutions [25].



Figure 4 shows SEM images of the precipitated phases in the Al-Mg-Sn-Ga-xBi alloy. The chemical compositions obtained by EDS analysis for points 1–8 are listed in Table 2. The results show that the white precipitates created by the Al-Mg-Sn-Ga-xBi alloy are mainly Bi-rich and Sn-rich phases, due to the low solid solution of Bi and Sn in aluminum. For two of the points, the content of Sn (wt.%) was 51.36, respectively, but the other composition points indicated that the precipitated phase was essentially free of Sn. The reason for this is that elemental Bi can expand the lattice of aluminum alloys and increase the solid solubility of Sn in the aluminum matrix [26]. Comparing the EDS results for the five composition points 3, 4, 6, 7, and 8, it was found that the Mg content in the precipitated phase increased with the increase in Bi content. These results may be because the addition of Bi to the alloy inhibits the dissolution of Mg, thus giving Mg more opportunity to combine with Bi and thus form more white precipitated phases. The EDS results corresponding to the five component points 4–8, labeled in Table 1, indicate that the atomic number percentage ratio of Mg and Bi is about 2:3, and it is assumed that the precipitated phase may contain Mg2Bi3 phase.




3.2. Self-Corrosion


The self-corrosion rates of Al-Mg-Sn-Ga-xBi alloys were decided by hydrogen evolution rates, which were tested in 6 M KOH solution for 1.5 h. Figure 5 presents the hydrogen evolution rates of the Al-Mg-Sn-Ga-xBi alloys. It can be seen that the volume of hydrogen evolution is linearly related to time. The rate of hydrogen evolution in the alloy without the addition of Bi is fast, at 0.796 mL cm−2 min−1. Increasing the Bi content to 0.10 wt.%, the rate of hydrogen evolution in the alloy gradually decreases to a minimum of 0.407 mL cm−2 min−1, which indicates that the addition of Bi is beneficial to reduce the hydrogen evolution rate of the alloy. This is mainly because the hydrogen evolution potential of the Al-Mg-Sn-Ga-xBi alloy increases in the presence of the Bi element, which makes the hydrogen evolution overpotential of Al-Mg-Ga-Sn-xBi alloy increase and causes the hydrogen evolution rate of the alloy to decrease [27]. The hydrogen evolution rate of the Al-Mg-Ga-Sn-0.12Bi alloy was accelerated by increasing the content of Bi in the alloy, and it reached 0.938 mL cm−2 min−1. This is due to the fact that the number of precipitated phases increases significantly when excess Bi elements are added to the alloy. These Bi-rich phases form corrosion microcells with the aluminum matrix. Since the standard electrode potential of Bi elements is −0.46 V, which is more positive than that of Al (−2.35 V), the Bi-rich phases act as cathodic hydrogen evolution sites and accelerate the dissolution rate of the surrounding aluminum alloy.




3.3. Open Circuit Potential (OCP)


Figure 6 exhibits the open circuit potential–time curves of different alloys in 6 M KOH solution. The OCP represents the steady-state self-corrosion potential of the alloys, without the external current. It can be seen from Figure 6 that the potential of the alloys changes very significantly as the reaction time increases. The OCP of the Al-Mg-Sn-Ga-xBi alloys shows of negative shifting trend, followed by a rapid positive shift, and then stabilization. This trend demonstrates that the Al-Mg-Sn-Ga-xBi alloy rapidly and violently corrodes when placed in a 6 M KOH solution, shifting the OCP towards a more negative result. A large number of corrosion products are generated on the surface because the generation rate of the corrosion products is greater than their decomposition rate, so the OCP of the Al-Mg-Sn-Ga-xBi alloy shifts, becoming rapidly positive. The corrosion product layer of Al-Mg-Sn-Ga-xBi becomes so loose and porous that it cannot prevent further corrosion as the corrosion time increases, so the OCP is no longer positively shifted. With the corrosion process continuing, the rate of corrosion products generated and the dissolution reach a dynamic equilibrium, gradually stabilizing the OCP of the Al-Mg-Sn-Ga-xBi at a certain value.



It can be seen from the Figure 6 that the OCP of Al-Mg-Sn-Ga can only reach −1.70 V. The OCP is negatively shifted, to different degrees, with the adding of the element of Bi. Among them, the Al-Mg-Sn-Ga-0.10Bi alloy has the most negative OCP of −1.79 V, compared with Al-Mg-Sn-Ga, which shifted 90 mV towards the negative. Generally speaking, the OCP is closely related to the activity of the alloys, and Bi can accelerate the dissolution of aluminum substrates through microelectric effects because it induces bias precipitation with a more positive standard potential compared to that of aluminum substrates [28]. Therefore, the isolated phase acts as the cathode position in the electrical microcell. Bi elements can play a vital activation role in the alloy.




3.4. Potentiodynamic Polarization (Tafel)


The potentiodynamic polarization test was a valid way to analyze the discharge behaviors of Al anodes [29]. The polarization curves of Al-Mg-Sn-Ga-xBi with different composition were tested in 6 M KOH solution, and the results are shown in Figure 7. The curve can be divided into a cathodic region, related to hydrogen evolution, and an anodic region, related to electrochemical activity [30]. Table 3 reflects the corresponding values of corrosion parameters, i.e., corrosion potential (Ecorr), corrosion current density (Jcorr), and polarization resistance (Rp), obtained by the Tafel extrapolation method. It is clear that these samples show significant variations in corrosion potential, corrosion current, and polarization resistance. The self-corrosion rates of the alloys satisfy the following laws: Al-Mg-Sn-Ga-0.1Bi < Al-Mg-Sn-Ga-0.08Bi < Al-Mg-Sn-Ga-0.12Bi < Al-Mg-Sn-Ga. The more negative Ecorr values of the alloys indicate that the alloys were more electrochemically active, which means that Al-Mg-Sn-Ga has the lowest electrochemical activity. the results also showed that adding 0–0.10 wt.% Bi could raise the electrochemical activity of Al-Mg-Sn-Ga alloys. The element of Bi could shift the corrosion potential more negatively by the dissolution-deposition mechanism, Namely, the element with a low melting point and the aluminum matrix could form a solid solution. The solid solution could dissolve in the electrolyte solution, along with the aluminum matrix, and generate the corresponding cations. The element of Bi could be plated out by aluminum and deposited back onto the surface of the Al alloy anode. This plating process partially separates the oxide layer from the aluminum anode surface, thus driving the aluminum anode potential in the negative direction and activating the aluminum anode.



The polarization curve can also be used to assess the corrosion rate, due to the fact that the cathodic polarization is associated with the evolution of hydrogen [31]. We could draw conclusions that the results of the potentiodynamic polarization test were in agreement with the results of the hydrogen evolution examination. The corrosion behaviors of Al-Mg-Sn-Ga-xBi were reflected by the corrosion current density and polarization resistance. According to Table 3, corrosion current density decreases significantly and polarization resistance increased dramatically when the Bi content is increased from 0 wt.% to 0.1 wt.%. These results implied that the addition of Bi is beneficial in decreasing the self-corrosion rate. By continuing to add Bi elements, the corrosion current density and the polarization resistance of Al-Mg-Sn-Ga-0.12Bi could reach maximum and minimum values, respectively, which can noted, since the rate of hydrogen evolution was increased after adding 0.12 wt.% Bi.




3.5. Electrochemical Impedance Spectroscopy


The electrochemical impedance spectroscopy (EIS) of Al-Mg-Sn-Ga-xBi alloys at the open circuit potential in 6 M KOH at 45 °C were investigated. The EIS plots were structured in the form of Nyquist plots, as shown in Figure 8. The EIS plots of the Al-Mg-Sn-Ga-xBi exhibited two capacitive loops at high and low frequencies, respectively, along with an inductive loop at high frequencies. The capacitive loop at a high-frequency was related to the process of charge transfer, owing to the dissolution of aluminum [32]. The equivalent component contains the charge transfer resistance and a double-layer capacitance parallel to it [33]. The low-frequency capacitive loop was due to the dissolution of the hydroxide film on the aluminum surface, while the high-frequency inductive loop was attributed to the adsorption of hydrogen evolution reaction [34]. The radius of the high-frequency capacitive loop of the Al-Mg-Sn-Ga-xBi was larger than that of the Al-Mg-Sn-Ga. It could be concluded that the performances regarding the corrosion behavior of the Al-Mg-Sn-Ga-xBi were determined by the process of the charge transfer.



The equivalent circuit diagram of the EIS plots of the Al-Mg-Sn-Ga-xBi alloys are displayed in Figure 8. In order to improve the accuracy of the fitted parameter values, a constant phase element (CPE) was used to replace the capacitive element (C) in the equivalent circuit diagram [35,36]. According to Figure 8, L represents the capacitance during the hydrogen evolution reaction, while, Rs was the solution resistance of the alloys. Rt was placed in parallel with a double layer capacitance, CPE1. R2 and CPE2 were the parameters which were related to the hydroxide film.



The fitting values of the impedance parameters are listed in Table 4. The x2 value reflected the closeness of the fitted data to the experiment. The x2 value of Table 4 was in the range of 10−4, which indicated that the fitting equivalent circuits are fairly close to those in the experimental system. Rt was a significant parameter that could reflect the electrochemical corrosion process, and the larger the Rt, the smaller the corrosion rate. The Rt values of the Al-Mg-Sn-Ga-xBi alloys in 6 M KOH decreased in the following order: Al-Mg-Sn-Ga-0.12Bi < Al-Mg-Sn-Ga < Al-Mg-Sn-Ga-0.08Bi < Al-Mg-Sn-Ga-0.10Bi. It is obvious that Al-Mg-Sn-Ga was more prone to electrochemical corrosion. The corrosion resistance of Al-Mg-Sn-Ga-Bi could be improved substantially, which was ascribed to the presence of the Bi element. This was agreement with the potentiodynamic polarization and hydrogen evolution.




3.6. Discharge Performance Test


The discharge of constant current and continuous constant current were investigated to reflect the discharge behaviors of the Al-Mg-Sn-Ga-xBi alloys. Figure 9 shows the discharge behavior of the Al-Mg-Sn-Ga-xBi in a 6 M KOH solution with a current density of 100 mA/cm2. At the early stage of discharge, due to the adhesion of discharge products on the anode surface, the surface of the aluminum anode involved in the discharge reaction is reduced, resulting in a low discharge voltage. With the generation and shedding of discharge products reaching dynamic equilibrium, the discharge voltage of the alloy tends to stabilize with water wave type fluctuations. The parameters related to the discharge performances in the 6 M KOH solution are listed in Table 5. As shown in Table 5, the working potential, capacity density, anode utilization, energy density, and fuel utilization of Al-Mg-Sn-Ga-0.08Bi and Al-Mg-Sn-Ga-0.10Bi alloys were increased compared to those of Al-Mg-Sn-Ga, and the Al-Mg-Sn-Ga-0.10Bi reached the highest value, indicating that the addition of 0 to 0.10 Bi element can significantly improve the discharge performances. This is because Bi is a high hydrogen evolution overpotential element, which could reduce the self-corrosion rate by increasing corrosion potential. Meanwhile, the discharge voltage increased with the effect of the Bi element by destroying the oxide film on the surface of the alloys, which were originated from the dissolution-deposition mechanism. Continuing to add Bi elements, the working potential of Al-Mg-Sn-Ga-0.12Bi was only slightly higher than that of Al-Mg-Sn-Ga, but the capacity density, energy density, anode utilization, and fuel utilization are the lowest among the four alloys, mainly because it has the highest self-corrosion rate. It was noticed that excess Bi elements can cause severe self-corrosion, which has been proved by previous potentiodynamic polarization tests.



Figure 10 shows the output voltage and power density of the four alloys with different components at different current densities. As can be seen from the graph, with the increase in current density, the power density of the alloys first increases to a peak, and then gradually decreases, along with the reduction in operating voltage. The power density and output voltage of Al-Mg-Sn-Ga-0.10Bi are higher than those of the other alloys at any current density. The peak power density of Al-Mg-Sn-Ga-0.10Bi was the highest. Compared with the other three alloys, the peak power density of Al-Mg-Sn-Ga-0.10Bi was 166.3 mW/kg at a power density of 190 mA/cm2, which was slightly higher than that for Al-Mg-Sn-Ga-0.08Bi (155.76 mW/kg) and Al-Mg-Sn-Ga-0.12Bi (134.82 mW/kg), and much higher than that for Al-Mg-Sn-Ga (149.6 mW/kg). In general, Al-Mg-Sn-Ga-0.10Bi exhibited the best battery activity.




3.7. Corrosion Surface Morphology


Figure 11 shows the surface corrosion morphology of the aluminum anodes after discharge for 3.5 h at a current density of 100 mA/cm2 in 6 M KOH electrolyte. According to Figure 11a–h, there are many round corrosion pits and grooves on the anode surface, and the degree of corrosion on the different anodes is different. Al-Mg-Sn-Ga-0.10Bi, with more and smaller corrosion pits, shows the most uniform corrosion, while Al-Mg-Sn-Ga-0.08Bi has a more uniform corrosion profile than Al-Mg-Sn-Ga. It can be seen that the addition of the appropriate amount of Bi elements in the alloys is conducive to improving the corrosion uniformity of the alloys. Combined with the EDS analysis results of the composition points in Table 5, it is speculated that the corrosion pits are mainly caused by the corrosion of the Sn-rich and Bi-rich phases of the alloys. The potential of Sn-rich, Bi-rich precipitation phases and the Al matrix has a large gap, and they may form a corrosion microcell with the Al matrix to accelerate the corrosion of the Al matrix around the precipitated phases. This eventually causes the precipitated phases to fall from the Al matrix after pitting range expansion, forming large corrosion pits. From Figure 11g,h, it can be seen that there are many small corrosion pits in the large corrosion pits on the surface of Al-Mg-Sn-Ga-0.12Bi, showing a “small pits inside large pits” corrosion morphology, which indicates that with the addition of excessive Bi elements, the corrosion uniformity of the anode alloy becomes poor. It may be that after adding more Bi elements to the alloys, the interval of the Bi-rich precipitated phase is small because of the extensive precipitated phases. Large corrosion pits of the alloys will be formed after the precipitated phases fall, so the precipitated phases at the bottom of the corrosion pits come into contact with the strongly alkaline solutions, and the precipitated phase at the bottom continues to corrode off, eventually presenting this corrosion morphology.





4. Conclusions


The electrochemical properties of the Al-Mg-Sn-Ga-xBi alloy were investigated by hydrogen evolution experiments and electrochemical performance experiments. The experimental results show that Al-Mg-Sn-Ga-0.1Bi has the best corrosion resistance, and the addition of the Bi element increases the hydrogen evolution overpotential of the anodic alloy, so the hydrogen evolution reaction of the alloy is inhibited. At the same time, the addition of Bi increases the solid solution of Sn in the aluminum matrix and inhibits the precipitation of Mg.



In the simulation of multiple cells for a short period of time at the operating temperature and at 100 mA/cm−2 current density, the appropriate amount of Bi element addition can promote the dynamic balance between the rate of corrosion product generation and the shedding rate of the alloy. Meanwhile, the Bi element increases the anode alloy activity because of its dissolution-redeposition principle. Compared with other alloys, the voltage gradually decreased with increasing current density, while Al-Mg-Sn-Ga-0.1Bi exhibited the highest power density and anode utilization rate of 166.3 mW/kg and 85.03%, respectively, while Al-Mg-Sn-Ga-0.1Bi also showed the highest average output voltage of 1.29 V.
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Figure 1. Schematic diagram of the electrochemical test system. 
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Figure 2. Schematic diagram of the Al-air battery discharge test system. 
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Figure 3. Backscattered electron (BSE) images of Al-Mg-Sn-Ga-xBi alloys. (a) Al-Mg-Sn-Ga, (b) Al-Mg-Sn-Ga-0.08Bi, (c) Al-Mg-Sn-Ga-0.10Bi, (d) Al-Mg-Sn-Ga-0.12Bi. 






Figure 3. Backscattered electron (BSE) images of Al-Mg-Sn-Ga-xBi alloys. (a) Al-Mg-Sn-Ga, (b) Al-Mg-Sn-Ga-0.08Bi, (c) Al-Mg-Sn-Ga-0.10Bi, (d) Al-Mg-Sn-Ga-0.12Bi.



[image: Crystals 12 01785 g003]







[image: Crystals 12 01785 g004 550] 





Figure 4. The SEM images of the precipitated phases of the Al-Mg-Sn-Ga-xBi alloys. (a) x = 0, (b) x = 0.08, (c) x = 0.10, (d) x = 0.12. 
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Figure 5. Hydrogen evolution rates of Al-Mg-Sn-Ga-xBi alloys. 
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Figure 6. Open circuit voltage curves of Al-Mg-Sn-Ga-xBi alloys. 
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Figure 7. Polarization curves of the Al-Mg-Sn-Ga-xBi alloys. 
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Figure 8. EIS patterns of the Al-Mg-Sn-Ga-xBi alloys and the equivalent circuit. 
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Figure 9. Discharge behavior of Al-air batteries at a current density of 100 mA cm−2. 
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Figure 10. I-V discharge curves of Al-air batteries with different Al anodes. 
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Figure 11. SEM micrographs of anodes after discharge for 3.5 h at a current density of 100 mA/cm2 (a,b) Al-Mg-Sn-Ga, (c,d) Al-Mg-Sn-Ga-0.08Bi, (e,f) Al-Mg-Sn-Ga-0.10Bi, (g,h) Al-Mg-Sn-Ga-0.12Bi. 
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Table 1. Chemical composition of experimental alloys (wt.%).
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	Alloys
	Mg
	Sn
	Ga
	Bi





	Al-0.4Mg-0.15Ga-0.05Sn
	0.34
	0.045
	0.012
	0



	Al-0.4Mg-0.15Ga-0.05Sn-0.08Bi
	0.37
	0.040
	0.011
	0.074



	Al-0.4Mg-0.15Ga-0.05Sn-0.1Bi
	0.34
	0.046
	0.013
	0.093



	Al-0.4Mg-0.15Ga-0.05Sn-0.12Bi
	0.36
	0.039
	0.011
	0.115
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Table 2. The EDS analysis results of the precipitated phases of the Al-Mg-Sn-Ga-xBi alloys.
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	Point
	Al/Mass %
	Al/At %
	Mg/Mass %
	Mg/At %
	Sn/Mass %
	Sn/At %
	Bi/Mass %
	Bi/At %
	Alloy %





	1
	99.56
	99.69
	0.24
	0.26
	0.20
	0.05
	-
	-
	x = 0



	2
	48.22
	79.88
	0.42
	0.78
	51.36
	19.34
	-
	-
	x = 0



	3
	62.46
	92.42
	0.28
	0.46
	-
	-
	37.26
	7.12
	x = 0.08



	4
	64.41
	86.23
	5.80
	8.62
	-
	-
	29.79
	5.15
	x = 0.08



	5
	24.42
	54.02
	11.24
	27.61
	-
	-
	64.34
	18.38
	x = 0.1



	6
	32.78
	63.62
	10.13
	21.82
	1.31
	0.58
	55.79
	13.98
	x = 0.1



	7
	22.57
	51.56
	11.43
	28.97
	-
	-
	66.00
	19.46
	x = 0.12



	8
	16.87
	41.22
	13.59
	36.84
	-
	-
	69.54
	21.94
	x = 0.12
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Table 3. Corrosion parameters of the alloys derived from polarization curves.
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	Alloy
	OCP (V vs. Hg/HgO)
	Ecorr (V vs. Hg/HgO)
	Jcorr (mA/cm2)
	Rp (Ω/cm2)





	1
	−1.70
	−1.70
	9.59
	4.6



	2
	−1.73
	−1.74
	7.95
	5.2



	3
	−1.79
	−1.76
	6.87
	5.6



	4
	−1.71
	−1.73
	12.78
	3.5
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Table 4. EIS fitted values of the Al-Mg-Sn-Ga-xBi alloys.
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	Alloy 1
	Alloy 2
	Alloy 3
	Alloy 4





	L (H cm2)
	9.164 × 10−7
	1.35 × 10−6
	7.909 × 10−7
	7.163 × 10−7



	Rs (Ω cm2)
	1.384
	0.9083
	1.392
	1.344



	CPE1 (F cm−2)
	4.979 × 10−5
	4.662 × 10−5
	3.365 × 10−5
	8.783 × 10−5



	Rt (Ω cm2)
	1.324
	2.084
	3.292
	1.167



	CPE2 (F cm−2)
	1.144 × 10−3
	6.805 × 10−3
	5.759 × 10−4
	7.227 × 10−3



	R2 (Ω cm2)
	0.1487
	0.1174
	0.5979
	0.1187



	x2
	1.062 × 10−4
	2.588 × 10−4
	3.552 × 10−4
	8.892 × 10−5
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Table 5. Discharge performances of Al-air batteries with the Al-Mg-Sn-Ga-xBi alloys.
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	Anodes
	Operating Voltage (v)
	Capacity Density (mAh g−1)
	η (%)
	Energy Density (mWh g−1)
	ηfuel (%)





	Al-Mg-Sn-Ga
	1.135 ± 0.02
	2382.98
	79.97
	2704.68
	32.39



	Al-Mg-Sn-Ga-0.08Bi
	1.229 ± 0.05
	2466.96
	82.78
	3031.89
	37.43



	Al-Mg-Sn-Ga-0.10Bi
	1.287 ± 0.02
	2533.94
	85.03
	3261.18
	40.26



	Al-Mg-Sn-Ga-0.12Bi
	1.150 ± 0.02
	2343.10
	79.63
	2694.56
	33.26
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