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ABSTRACT 

An issue associated with aluminum-based batteries is the drastic parasitic corrosion of 

aluminum anode, which significantly restricts the utilization of aluminum. An effective 

approach is to add inhibitors in electrolytes to reduce the anode corrosion rate. In this 

work, Na2SnO3 and casein are proposed to act as a hybrid inhibitor in an alkaline 

aluminum-air fuel cell. It is demonstrated that 0.05 M Na2SnO3 and 0.6g L-1 casein offers 

the strongest corrosion protection，reducing the corrosion rate by approximately one order 

of magnitude. The corrosion inhibition is mainly attributed to the inhibition of cathodic 

reaction process. In addition, the analysis on the morphology and composition of the 

aluminum surface suggests that casein can greatly promote the deposition of tin to form a 

uniform and stable layer on the aluminum surface, due to the strong adsorption of polar 

functional groups in casein. Furthermore, the use of the hybrid inhibitor in aluminum-air 

fuel cells contributes to an increase of discharge capacity by 89.3%.  
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1. Introduction 

Metal-air fuel cells (MAFCs) are electrochemical energy conversion devices that 

directly convert chemical energy stored in metal (e.g. Mg, Al, or Zn) into electrical energy. 

MAFCs have drawn considerable attention in recent years because they offer many unique 

advantages, such as environmental friendliness [1]. Among MAFCs, aluminum-air fuel 

cell is regarded as an attractive candidate due to its high theoretical energy density (8100 

Wh kg-1), mechanical rechargeability and recyclable product (i.e., Al (OH)3). Moreover, 

aluminum is the most geologically abundant metal with a very negative thermodynamic 

electrode potential of -2.31V vs. SHE in alkaline media [2-5]. These superiorities of 

aluminum-air fuel cell make it become a promising energy source for electric vehicles, 

military equipment, and communication base station, etc. However, the commercialization 

of aluminum-air fuel cell is still hampered by several technical challenges. Among them, 

the anode corrosion has been identified as the most challenging issue [3, 4]. It is believed 

that an insoluble oxide film appears spontaneously on the aluminum surface in neutral 

electrolytes, obstructing the active dissolution of aluminum anode [6, 7]. However the 

surface film can be removed in strong alkaline solution, severe self-corrosion 

accompanied with hydrogen evolution gives rise to unacceptably high columbic loss on 

discharge and fuel loss [8-10]. 

Numerous researchers have paid much attention to solving the anode corrosion problem, 

and two approaches have been mainly proposed [4, 9, 11-13]. On one hand, aluminum 

alloys are prepared to restrain corrosion by doping Ga, In, Mg, Sn and etc. in 
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high-purity-grade aluminum, and thus negatively shift the potential of aluminum corrosion 

[2, 11, 14, 15]. However, the inhibition effect of alloys is not quite well. On the other hand, 

the addition of inhibitors into the electrolyte solution can retard the parasitic hydrogen 

evolution corrosion without sacrificing the activity of aluminum anode [2], and inhibitors 

can act as activators of anodic dissolution [16]. For these reasons, aluminum alloys as well 

as inhibitors are used to weaken anode corrosion in this study. 

In the past few decades, many studies have focused on different inhibitors, including 

inorganic, organic, or hybrid types. For the inorganic inhibitors, zinc oxide and sodium 

stannate are proved to be very effective to mitigate the corrosion of aluminum in alkaline 

solution. It is achieved by forming a loose layer composed of zinc or tin that raises the 

hydrogen overpotential on the surface of aluminum anodes [3, 14, 17-19]. Afterwards, 

some organics are used as inhibitors, such as polyaniline [20], polypyrrole [21, 22], 

hydroxytryptamine [23] and dimethyl amine epoxypropane [24]. Nevertheless, the 

inhibition effect of organic additives in alkaline solution is not very remarkable. Thus, 

hybrid additives which combine the effect of inorganic and organic additives begin to 

attract more and more attention. The corrosion behavior of pure aluminum in 4 M NaOH 

which contains ZnO and cetyl trimethyl ammonium bromide (CTAB) shows rather low 

hydrogen evolution rate, due to the formation of a protective and uniform zinc layer [3]. 

And also, the use of hybrid organic/inorganic inhibitor based on poly di-acid and zinc 

oxide is proved to be significantly effective on inhibiting self–corrosion of aluminum 

anode [25].  
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Recently, due to their nontoxicity, biodegradability and low cost, amino acids have been 

considered as a component of hybrid inhibitors. The combination of L-cysteine and 

cerium nitrate can effectively retards the self-corrosion of AA5052 aluminum alloy in 4 M 

NaOH solution by forming a complex layer between the L-cysteine and cerium ions on the 

aluminum surface [2]. Then, the adsorption mode of L-cysteine molecules is proposed. 

The adsorption of L-cysteine on the aluminum surface obeys the amended Langmuir’s 

adsorption isotherm and the inhibition mechanism is dominated by the geometric coverage 

effect [26]. The carbonyl and amino groups as well as other polar groups play a vital role 

in alleviating self-corrosion of aluminum, which can form complexes with metal ions on 

the surface of aluminum. In addition, glycine and alanine are also very useful to control 

self-corrosion of aluminum in alkaline solution [26, 27]. 

Casein, a type of protein, is soluble in alkaline solution. The molecular structure of 

casein is shown in Fig.1. Casein contains many polar functional groups such as carbonyl 

groups, amino groups as well as others in the side chains in R. These polar groups can 

form a reticular adsorption on the surface of aluminum. Considering the action mechanism 

of amino acids in hybrid inhibitors, it is expected that many more polar groups of casein 

molecules compared with single amino acid will produce stronger corrosion protection. 

The corrosion inhibition effect of casein has not been reported yet. 

In this paper, we investigate the corrosion inhibition effect of the Na2SnO3 and casein 

hybrid inhibitor. The electrochemical behavior was studied via polarization curves. The 

surface crystalline structures and morphology of aluminum anode were characterized by 
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X-ray diffraction spectroscopy (XRD) and scanning electron microscope (SEM), 

respectively. In addition, the performance of aluminum-air fuel cell was tested at a high 

current density of 100 mA cm-2, which is rarely reported in literatures [2, 11, 14, 19, 

28-30]. Furthermore, the inhibition mechanism of the hybrid inhibitor was proposed. 

2. Experimental 

2.1 Materials and chemicals 

The electrolytes used in this study were 4 M NaOH with or without different additives. 

The concentration of casein varied from 0.2 to 1.0 g L-1 (0.2, 0.4, 0.6, 0.8 and 1.0 g L-1). 

Na2SnO3 (≥97.0%, Molbase, Tianjin) and NaOH (≥96.0%,Tianda, Tianjin) used in all 

experiments were at analytical grade, while casein (AoBoXing Bio-tech Co., Beijing) was 

a biological reagent. 

Aluminum alloys used in this work were provided by Central South University, and the 

chemical composition of aluminum alloy is shown in Table 1. The aluminum alloy 

specimens were cut into pieces of 1 cm2 for hydrogen evolution and electrochemical 

measurements, and 10 cm2 for cell performance test. All the aluminum electrodes were 

treated by following steps. First, polished mechanically with sandpaper of silicon carbide 

up to 2000, then degreased with ethyl alcohol, rinsed with distilled water and dried under 

the condition of a steam of air. 

2.2. Hydrogen evolution tests 

Hydrogen is generated from the aluminum alloy in alkaline solution by the following 

reaction: 
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2Al+6H2O+2OH- → 2Al(OH)4
-+3H2                     (1) 

Corrosion rates were identified by measuring the volume of the evolved hydrogen as the 

aluminum alloy samples were immersed in 50 mL solution for 1h at 25± 1oC. The 

hydrogen collection experiment was performed in a drainage device with conical flask (50 

mL), graduated cylinder (50 mL) and gas-guide tube. The hydrogen evolution rate (R) and 

inhibition efficiency (IE) over the immersion period were calculated according to the 

equation (2), (3) respectively.  

                                   (2) 

                           (3) 

where A is specimen area in cm2,  is the volume of collected hydrogen gas in mL, and 

T is the immersion period in minutes, R0 and Rinh are the hydrogen evolution rate of 

aluminum in blank solution and in solution with different inhibitors.    

2.3.  Electrochemical measurements 

Electrochemical measurements were performed at temperature of 25 ± 1oC in the 

conventional three-electrode cell with an aluminum alloy as the working electrode (WE), a 

Hg/HgO electrode equipped with a Luggin-Haber capillary connecting to the solution as 

the reference electrode (RE) and, a platinum foil as the counter electrode (CE). The WE 

was a cuboid of 1cm × 1cm × 0.3cm, which was sealed with epoxy resin so that only a 

1cm2 of cross section was exposed. The electrochemical measurements were performed by 

using a Solartron 1287 Electrochemical Workstation coupled with a Solartron 1260 

Impedance/Gain-Phase Analyze. The potentiodynamic polarization curves were measured 



 

7 

 

from a cathodic potential of -0.4 V to an anodic potential of +1.2 V with respect to the 

open circuit potential (OCP) at a scan rate of 1 mV/s. The EIS experiments were carried 

out in a frequency range of 100 kHz to 0.01 Hz at OCP with a 5 mV amplitude. The 

conductivity of electrolyte solutions were measured by conductivity meter (S7-Field Kit 

with InLab 738-ISM, Mettler Toledo). 

2.4.  Surface micro-morphology and composition examination 

Aluminum surface evaluation was conducted after 1h exposure under OCP in 4 M 

NaOH solution with and without inhibitors at 25± 1oC. Compositional analysis of the 

surface layer was carried out by XRD (X'pert Pro, PANalytical B.V.) and Thermo escalab 

250Xi X-ray photoelectron spectroscopy (XPS). SEM (JSM-7800F, JEOL) were used to 

investigate the surface morphology.  

2.5.  Cell tests 

Aluminum-air fuel cells were constructed by an aluminum alloy anode conjugated with 

two air cathodes using MnO2 as the oxygen reduction reaction catalyst (QuantumSphere, 

Inc.). The discharge performance of aluminum-air fuel cell was studied by means of 

galvanostatic discharge test at 100 mA cm-2 until a cut-off voltage of 0.6V. 

3. Results and discussion 

3.1. Hydrogen evolution tests 

The hydrogen evolution rates of aluminum alloy in 4 M NaOH solution with different 

inhibitors are shown in Table 2.  

It suggests that the hydrogen evolution rate of aluminum alloy in 4 M NaOH is 
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markedly reduced with the addition of Na2SnO3. When the concentration of Na2SnO3 is 

0.07 M, the hydrogen evolution rate is lowest. It has been interpreted that tin plating onto 

cathodic sites on the surface of aluminum anode increases the overpotential of parasitic 

hydrogen evolution [31] and inhibits the cathodic process due to the competition of two 

cathodic reactions between the reduction of tin and water [7, 32]. However, as the stannate 

concentration increases, tin gradually gathers on the surface of aluminum anode. It may 

give rise to dendritic growth, and consequently, shorten the lifetime of the cell [32, 33]. 

Thus, 0.05 M Na2SnO3 is chosen as the appropriate solution and used in the following 

experiments. 

As shown in Table 2, the hydrogen evolution rate of aluminum alloy in 4 M NaOH is 

further suppressed by the addition of casein. The 4 M NaOH electrolyte system containing 

0.05 M Na2SnO3 and 0.6 g L-1 casein provides the largest inhibition efficiency, with 

nearly one order of magnitude decrease in the corrosion rate compared with that in 4 M 

NaOH solution. However, the inhibition efficiency decreases when the concentration of 

casein exceeds 0.6 g L-1. It is speculated that excess casein destroy the geometric coverage 

effect of hybrid inhibitor.   

3.2. Electrochemical measurements 

3.2.1. Open circuit potential measurements 

The OCP of aluminum anode in 4 M NaOH containing different additives is displayed 

in Fig. 2. The OCP in the blank solution exhibiting positive shift at initial period can be 

observed, due to the anode passivation resulting from the formation of insoluble oxide or 
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hydroxide of aluminum [31, 34]. Then the OCP reaches a steady state with the increase of 

the immersion time. While in solution with additives, the potential is much more positive 

at the beginning. The initial positive potential shift may be explained by the fact that 

casein molecules cover the aluminum surface and aggravate the anode polarization of 

aluminum. However, it changes to the negative potential direction latterly. The OCP shifts 

negatively to -1.801 V vs. Hg/HgO in the electrolyte solution with 0.05 M Na2SnO3 and 

0.6 g L-1 casein. 

3.2.2. Polarization behaviors 

Fig. 3 shows the potentiodynamic polarization curves of aluminum anode in 4 M NaOH 

with or without different inhibitors. The addition of additives to the alkaline solution 

exhibits obviously more negative corrosion potentials as compared with the one in the 

blank solution. Especially, the presence of 0.05 M Na2SnO3 and 0.6 g L-1 casein in the 

alkaline solution results in a much more negative shift of the corrosion potential to -1.818 

V. The cathodic current density of aluminum in additive-containing solution is clearly 

lower than that in blank one. It can be explained by the fact that the deposition of tin on 

the surface of aluminum anode improves the hydrogen overpotential and decreases the 

corrosion rate. Since the cathodic polarization curves in solution with additives are almost 

in parallel, the presence of casein should not alter the inhibition mechanism of Na2SnO3. 

Moreover, it is suspected that there is no chemical change taking place in casein.  

In a wide potential window, aluminum exhibits a good anodic dissolution performance 

in different solution. The appearance of broad current peaks in the anodic curves can be 
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attributed to the oxide reactions of alloy elements in aluminum. It is obvious that all the 

polarization curves in the anodic process have a limiting current, which is controlled by a 

multistep electrochemical process (4) – (7) [5]: 

Al + OH - → Al(OH)ads + e-                       (4) 

Al(OH)ads + OH- → Al(OH)2ads + e-                 (5) 

Al(OH)2ads + OH- → Al(OH)3ads + e-                (6) 

Al(OH)3ads + OH- → Al(OH)4ads                   (7) 

The diffusion of Al(OH)1-4ads
 ions has an important influence on the anode dissolution 

and under the limiting current condition, the electrochemical system proceeds at the 

maximum rate [26, 35]. The electrochemical polarization for aluminum anode in different 

solution shows the similar limiting current. This phenomenon makes it clear that the 

addition of inhibitors does not have an impact on the dissolution of aluminum. 

Considering the strong decrease in the cathodic process of aluminum anode, one can 

deduce that there is a promotion on the inhibition effect between Na2SnO3 and casein 

hybrid inhibitor in alkaline solution. And the optimal effect appears when the 

concentration of casein is 0.6 g L-1 in hybrid inhibitor.  

3.2.3. Electrochemical impedance spectroscopy studies 

Fig. 4 shows Nyquist plots for aluminum anode in different electrolyte solutions. The 

results in Fig.4 (b) exhibit that all the Nyquist plots contain a semi-circle with the real axis 

intercept at high frequency and a line at low frequency. It verifies that the addition of 

inhibitors didn’t influence the reaction mechanism of anodes, but change the detailed 
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parameters that have influence on the reaction process, which is consistent with the 

conclusion drawn from the potentiodynamic polarization curves. 

The corresponding equivalent circuits of Nyquist plots are given in Fig. 4(a). Rs 

represents the solution resistance and increase a little bit with the addition of inhibitors, 

which suggests that additives didn’t have obvious effect on solution resistance. The high 

frequency capacitive loop is caused by the charge-transfer resistance (Rct,1) and 

double-layer capacitance (CPE1). The electrolyte solutions with additives show higher 

Rct,1 compared with blank NaOH solution. Especially, the maximum charge transfer 

resistance exists in the anode with 0.05 M Na2SnO3 and 0.6 g L-1 casein, which indicates 

that the most stable protective layer composed of casein molecules and deposited tin is 

formed. This result is in highly coincidence with the hydrogen evolution test. The plots at 

low frequency might be a part of another capacitive loop, which is caused by the 

dissolution precipitation on the alloy surface [30]. In conclusion, the gathering of casein 

molecules and deposited tin on the aluminum surface brings surface geometry coverage. 

With the hybrid inhibitor system of 0.05 M Na2SnO3 and 0.6 g L-1 casein, the corrosion 

rate of aluminum anode reduces to as tiny as 0.036 ml cm-2 min-1. 

3.3.  Surface composition analysis 

As the aluminum electrode is immersed in the alkaline solution containing Na2SnO3, a 

deposited tin layer is supposed to cover its surface by the following reaction: 

SnO3
2-+3H2O+4e - → Sn+6OH -                        (8) 

The crystalline structures of the aluminum anode were studied after exposing to 
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different alkaline solution for one hour. The XRD spectra are displayed in Fig.5. The 

recorded peaks are mainly identified as aluminum and tin phases (the enlarged figures), 

corresponding to PDF numbers 04-0787 and 04-0673, respectively. Obviously, the peak 

intensity of aluminum alloy in different solution changes prominently. This can be 

explained by the transforming of crystal plane orientation and crystal structure during the 

dissolution process of aluminum alloy. The appearance of metallic tin peaks can only be 

seen in the XRD spectra obtained from the solution with inhibitors, which can be ascribed 

to the weak adsorption ability of deposited tin on the surface of aluminum. It is 

determined that tin deposited on the aluminum surface decreases the active area and 

increases the hydrogen overpotential, and subsequently, suppresses the hydrogen evolution 

rate. However, the tin content shows no obvious variation in solution with hybrid 

inhibitors compared with the one with that only Na2SnO3 containing, which can be 

roughly deduced from the peak intensity of tin. 

Fig.6 shows the N 1s spectra of aluminum anodes after 1 h exposure under OCP in 

alkaline solution with different additives. The N 1s spectrum of aluminum anode exposed 

in solution with 0.05 M Na2SnO3 and 0.6 g L-1 casein was fitted with two contributions, 

which are related to amide and amino groups in casein. Namino atoms have more negative 

charge than Namide atoms [36]. Therefore, the peak at the lower binding energy of 398.7 eV 

is attributed to Namino 1s, and the second peak with a binding energy of 399.4 eV is 

assigned to Namide 1s [37]. The peak area ratio of (Namide 1s) : (Namino 1s) is about 2 : 1, and 

it is consistent with the structural formula of casein that contains two amide groups and 
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one amino group. Therefore, it is proved that casein molecule is adsorbed on the surface of 

aluminum anode.                                       

3.4. Surface micro-morphology analysis 

The morphology of aluminum anode surface after 1 h exposure under OCP in alkaline 

solution with or without different inhibitors are shown in Fig. 7.  

It is observed that the surface morphology of aluminum obviously depends on the 

composition of solution. Strong roughness, rigidity and high porosity can be clearly found 

on the anode surface in the blank solution in Fig. 7 (a). Fig. 7 (b) exhibits a loose lamellar 

on the surface of aluminum in Na2SnO3-containing electrolyte, which performs a 

tendency to peel. The layer in Fig.7 (c) is uneven and more likely to form the congeries, 

leading to the shedding of casein and heterogeneous dissolution of aluminum. A 

coralliform surface layer can be observed from Fig.7 (g), the high-resolution imagine in 

solution with single casein. Therefore, a wet-like surface adsorption structure of casein can 

be inferred. While the presence of Na2SnO3 and casein hybrid inhibitor facilitates the 

formation of a pronounced uniformity and finer porous layer which can be further 

observed from the high-resolution SEM imagine of Fig.7 (h).  

It can be concluded that the presence of casein promotes the deposition of tin on the 

alloy surface to be homogenized and stable. Besides, the addition of casein enhances the 

surface geometric coverage effect and restrains the aggregation and shedding of tin. These 

above results give reasonable explanation to the excellent corrosion inhibition and 

dissolution of anode in hybrid inhibitor system. 

javascript:void(0);
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The schematic diagram of the possible hybrid inhibition mechanism is shown in Fig. 8. 

The deposited tin layer on the surface of aluminum is uneven and apt to pulling off in the 

solution with single Na2SnO3. While in the solution with hybrid inhibitors, the polar 

functional groups in casein molecules are easy to be adsorbed on the aluminum surface, 

and conducive to the uniform deposition and adsorption of metallic tin. Compared with 

other organic inhibitors, such as polyaniline, polypyrrole, hydroxytryptamine and dimethyl 

amine epoxypropane, casein contains both carbonyl groups and amino groups. Literature 

suggests that carbonyl group shows stronger absorption ability on the surface of aluminum 

[26]. In contrast with amino acids, casein has much more polar functional groups, which 

can provide a better geometric coverage on the surface of aluminum. Thus, the complex 

layer becomes more stable and provides stronger corrosion protection. 

3.5.  Cell performance 

The aluminum-air fuel cells were tested in galvanostatic method to evaluate the 

performance of aluminum anode in different electrolyte solutions. The conductivity of 

electrolyte solution with different additives is given in Table 3, and it concluded that the 

addition of Na2SnO3 and casein didn’t have significant effect on the conductivity of 

electrolyte. Before the galvanostatic test, the aluminum electrodes were exposed in 

different solutions at OCP for 1 h to form protective layers on aluminum anode surfaces.  

As can be seen from Fig.9, the cell performance with additives is obviously improved. 

As Na2SnO3 is added into the 4 M NaOH solution, the discharge capacity and cell voltage 

are much higher than ones without additives. However, the precipitation of tin in insoluble 
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oxides will interfere with electrolyte management [38], and make the aluminum-air fuel 

cell have the risk of short circuit. While aluminum-air fuel cell with 0.05 M Na2SnO3 and 

0.6 g L-1 casein hybrid inhibitor system exhibits the highest discharge capacity (9411 mAh) 

and discharge voltage compared with the other two ones. The discharge capacity, 

especially, is approximately twice as much as the one with no additives. These results can 

further demonstrate that the relatively strong adsorption of casein facilitates the uniform 

deposition of tin, avoids the formation of dendrite, and promotes the dissolution of 

aluminum surface. 

4. Conclusions 

In this work, a new Na2SnO3 and casein hybrid inhibitor system is aiming at alleviating 

the corrosion of aluminum anode in alkaline solution. The corrosion inhibition is achieved 

mainly by suppressing the cathodic reaction process of aluminum anode. The hydrogen 

evolution rate is decreased by around one order of magnitude in the electrolyte system of 4 

M NaOH containing 0.05 M Na2SnO3 and 0.6 g L-1 casein. In addition, the aluminum 

anode presents the much negative corrosion potential of -1.818 V with that hybrid 

inhibitor. Moreover, the discharge capacity at a high current density is almost twice as 

much as that in blank electrolyte solution. The hydrogen evolution inhibition mechanism 

is also proposed. That is, the strong adsorption of casein based on the coordination bond 

between aluminum ions and casein molecules promotes the uniform deposition of tin and 

enhances the surface geometric coverage of aluminum. Due to the remarkable 

performance of corrosion inhibition and excellent cell performance, this new hybrid 
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organic-inorganic inhibitor system is promising to drive the practical application of 

aluminum-air fuel cells, especially for a high power output.  
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Figure 1. 

 

Fig.1.Molecular structure of the casein (R1, R2, R3 contains different amino acid polar groups, 

respectively). 

 

 

Figure 2. 
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Fig.2. OCP curves of aluminum anode in 4 M NaOH solution containing different additives: no additive, 

0.05M Na2SnO3, 0.05 M Na2SnO3with different contents of casein. 

 

 

 

Figure 3. 
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Fig.3.Potentiodynamic curves of aluminum anode in 4 M NaOH solution containing different additives: no 

additive, 0.05M Na2SnO3, 0.05 M Na2SnO3 with different contents of casein. 

 

 

 

 

 

 

 

 

 

 

Figure 4. 
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Fig.4. Nyquist plots of aluminum alloy in 4 M NaOH solution containing different additives (b), and the 

equivalent circuit of electrochemical impedance spectra (a) 

 

 

 

 

 

 

 

Figure 5. 
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Fig.5. XRD spectra obtained from the surface of aluminum anode after 1 h exposure in 4 M NaOH solution 

containing different additives. [(○) aluminum phase, (◇) tin phase, (△,☆) inherent material phases which 

almost do not participate in any reaction referred.]. 

 

 

 

 

 

 

 

 

 

Figure 6. 
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Fig.6. SEM micrographs at low (×100) and high (×30000) resolution of aluminum anode surface after 1 h 

exposure under OCP in 4 M NaOH solution containing different additives: (a, e) blank, (b, f) 0.05M 

Na2SnO3, (c, g) 0.6 g L-1 casein, (d, h) 0.05M Na2SnO3 and 0.6 g L-1 casein. 

 

 

 

Figure 7.  



 

24 

 

 

Fig.7. EDXS results of the surface of aluminum anode in 4 M NaOH solution containing different additives: (a) 

0.05M Na2SnO3, (b) 0.05M Na2SnO3 and 0.6 g L-1 casein.  

 

 

 

 

 

 

 

 

 

Figure 8. 
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Fig. 8. FTIR spectra of the surface layer of aluminum anodes after 1 h exposure under OCP in 4 M NaOH 

solution containing different additives: no additive, 0.05M Na2SnO3, 0.05 M Na2SnO3 and 0.6g L-1 casein. 

Figure 9. 

 

Fig.9.The schematic illustrations of the hybrid inhibition mechanism. 

 

 

Figure 10. 
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Fig.10. Cell performance of aluminum-air fuel cell (current density of 100 mA cm-2) in 4 M NaOH solution 

containing different additives: no additive, 0.05M Na2SnO3, 0.05 M Na2SnO3 and 0.6 g L-1 casein. 

 

 
Table 1.  
Chemical compositions of aluminum alloy(wt %). 

Mg Ga Sn Zn Fe Cu Si Al 

0.024 0.011 0.010 0.004 ≤0.009 ≤0.001 ≤0.001 remainder 
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Table 2 
Hydrogen evolution rates of Al alloy in 4 M NaOH with different inhibitors. 

Solution(4 M NaOH +) R/ml cm-2 min-1 IE/% 

Blank solution 0.213 0 
0.01 M Na2SnO3 0.143 32.86 
0.03 M Na2SnO3 0.081 61.97 
0.05 M Na2SnO3 0.064 69.95 
0.07 M Na2SnO3 0.052 75.59 
0.09 M Na2SnO3 0.068 68.07 

0.05 M Na2SnO3 + 0.2 gL-1 casein 0.059 72.30 
0.05 M Na2SnO3 + 0.4 gL-1 casein 0.048 77.46 
0.05 M Na2SnO3 +0.6 gL-1 casein 0.036 83.10 
0.05 M Na2SnO3+0.8 gL-1 casein 0.047 77.93 
0.05 M Na2SnO3 +1.0 gL-1 casein 0.053 75.12 
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Table 3 
Compositional analysis on the surface of aluminum alloy. 

Composition/wt% C O Na Mg Al Sn Cl 

Area 
“A” 10.16 52.60 26.66 0.74 8.24 1.60 / 
“B” 11.15 51.17 32.93 4.26 2.60 1.88 0.01 
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Table 4 
The conductivity of 4M NaOH solution with different inhibitors. 

Solution(4 M NaOH +) conductivity/mS cm-1 

Blank solution 394.1 
0.05 M Na2SnO3 385.2 

0.05 M Na2SnO3 +0.6 gL-1 casein 384.1 

 

 


	ABSTRACT
	1. Introduction
	2. Experimental
	2.1 Materials and chemicals
	2.2. Hydrogen evolution tests
	2.3.  Electrochemical measurements
	2.4.  Surface micro-morphology and composition examination
	2.5.  Cell tests

	3. Results and discussion
	3.1. Hydrogen evolution tests
	3.2. Electrochemical measurements
	3.2.1. Open circuit potential measurements
	3.2.2. Polarization behaviors
	3.2.3. Electrochemical impedance spectroscopy studies
	3.3.  Surface composition analysis
	3.4. Surface micro-morphology analysis
	3.5.  Cell performance

	4. Conclusions
	Acknowledgements
	References
	Fig.1.Molecular structure of the casein (R1, R2, R3 contains different amino acid polar groups, respectively).
	Fig.2. OCP curves of aluminum anode in 4 M NaOH solution containing different additives: no additive, 0.05M NaR2RSnOR3R, 0.05 M NaR2RSnOR3Rwith different contents of casein.
	Fig.3.Potentiodynamic curves of aluminum anode in 4 M NaOH solution containing different additives: no additive, 0.05M NaR2RSnOR3R, 0.05 M NaR2RSnOR3R with different contents of casein.
	Fig.4. Nyquist plots of aluminum alloy in 4 M NaOH solution containing different additives (b), and the equivalent circuit of electrochemical impedance spectra (a)
	Fig.5. XRD spectra obtained from the surface of aluminum anode after 1 h exposure in 4 M NaOH solution containing different additives. [(○) aluminum phase, (◇) tin phase, (△,☆) inherent material phases which almost do not participate in any reaction r...
	Fig.7. EDXS results of the surface of aluminum anode in 4 M NaOH solution containing different additives: (a) 0.05M NaR2RSnOR3R, (b) 0.05M NaR2RSnOR3 Rand 0.6 g LP-1P casein.
	Fig.9.The schematic illustrations of the hybrid inhibition mechanism.
	Table 1.
	Chemical compositions of aluminum alloy(wt %).
	Table 3
	Compositional analysis on the surface of aluminum alloy.
	Table 4
	The conductivity of 4M NaOH solution with different inhibitors.




