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Abstract 

Four Mg-xZn-ySn ( x = 2, 4 and y = 1, 3 wt.%) alloys are investigated as anode materials for magnesium-air (Mg-air) battery. The 
self-corrosion and battery discharge behavior of these four Mg-Zn-Sn alloys are analyzed by electrochemical measurements and Mg-air 
battery tests. The results show that addition of Sn stimulates the electrochemical activity and significantly improves the anodic efficiency and 
specific capacity of Mg-Zn alloy anodes. Among the four alloy anodes, Mg-2Zn-3Sn (ZT23) shows the best battery discharge performance 
at low current densities ( ≤ 5 mA cm 

−2 ), achieving high energy density of 1367 mWh g −1 at 2 mA cm 

−2 . After battery discharging, the 
surface morphology and electrochemical measurement results illustrate that a ZnO and SnO/SnO 2 mixed film on alloy anode surface decreases 
self-corrosion and improves anodic efficiency during discharging. The excessive intermetallic phases lead to the failure of passivation films, 
acting as micro-cathodes to accelerate self-corrosion. 
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Metal-air batteries contain a metal anode, an air cathode 
nd electrolyte, have been regarded as promising electricity 

torage systems for future energy storage because of their low 

ost and high specific density [1] . Additionally, the cathode 
O 2 ) comes from the air, which reduces the total weight of 
he battery [2 , 3] . The Mg-air battery is a type of metal-air
attery, which is being considered as next-generation energy 

torage technology for future energy demand. 
Mg anodes have the advantages of a very negative po- 

ential ( −2.37 V vs. standard hydrogen electrode, SHE), 
 high Faradic capacity (2.2 Ah g 

−1 ), and a low density 

1.74 g cm 

−3 ) [4 , 5] . Mg-air batteries have a high theoretical 
oltage (3.09 V) and energy density (6.8 kWh kg 

−1 ) [6] . Al- 
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hough the Mg-air battery is a primary battery, the consumed 

g anode can be replaced by a fresh Mg anode to make 
g-air battery "refuelable" [7 , 8] . However, the metal anode 

f Mg-air batteries suffers from low anodic efficiency due to 

ts high self-corrosion rate, and the discharge products tend to 

ccumulate on the electrode, suppressing the electrochemical 
eaction kinetics between Mg anode and aqueous electrolyte. 

uch effort has been attempted to reduce the corrosion rate 
y changing the composition of Mg alloy anode [9–11] , and 

y adding corrosion inhibitors in the electrolyte [7 , 12–15] . 
Introduction of alloying elements into Mg is one of the 

ost efficient methods to improve its battery performance. 
lloying elements including Al, Zn, Pb, Sn, In, Li, Ca and RE 

rare earth elements) influence the microstructure and chem- 
cal properties of Mg alloy, which could modify the kinetics 
f anodic or cathodic [16] . Both Zn and Sn are eco-friendly 

lements with high solid solubility in Mg, 6.2 and 14.5 wt.%, 
espectively. A small amount of Zn ( < 5 wt.%) can refine the 
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
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rain size, while high Zn concentration in Mg forms Mg x Zn y 

hases distributed as a network structure along the dendrite 
nd grain boundaries [17] . The Mg x Zn y phases provide an 

ge-hardening response [18] , but large Mg x Zn y phases can 

ct as the cathode to the Mg matrix and increase the corro- 
ion rate [19 , 20] . 

Previous studies have shown that a small amount of Zn 

an improve the corrosion resistance of Mg alloy and form 

 protective film [21 , 22] . During battery discharging, Zn can 

educe the pH value of the electrolyte close to the surface, 
nd accelerate the dissolution of discharge products Mg(OH) 2 
23] . In our previous research, the environmental-friendly and 

ow-cost Mg-Zn binary alloys have been studied as anode ma- 
erials for a Mg-air battery [24] . Mg-2Zn alloy anode shows 
 high utilization efficiency and specific capacity of 54.42% 

nd 1185.50 mAh g 

−1 at 10 mA cm 

−2 , respectively [24] . 
g-Zn based ternary alloys have also shown interesting an- 

dic performance, for example, Chen et al. [25] reported 

hat Mg-6Zn-1Y (ZW61) has a high discharge capacity of 
162.8 mAh g 

−1 and anodic efficiency of 55.1% at the cur- 
ent density of 40 mA cm 

−2 . 
Sn has been used as a high-performance anode material 

or Mg-ion rechargeable batteries due to its high theoretical 
pecific capacity (903 mAh g 

−1 ) and low standard H 2 po- 
ential ( −0.1375 V) [26 , 27] . We recently reviewed the per- 
ormance of Mg alloys as anodes for Mg-air batteries with 

queous electrolyte system [16] . The secondary phase Mg 2 Sn 

ccelerates the dissolution of Mg anode and breaks the pas- 
ive film, significantly improving the discharge performance 
f the Mg-air battery [28] . Gu et al. reported that Mg-4Sn- 
Zn-1Ag (TZQ411) had good anodic efficiency of 69.53% 

t 120 mA cm 

−2 [11] . Although these studies reported that 
ddition of Sn improves the discharge performance of Mg al- 
oy anodes in the Mg-air battery [16 , 28] , the electrochemical 
ehavior and battery properties of ternary Mg-Zn-Sn alloys 
ave not been systematically studied. In this work, the mi- 
rostructure, electrochemical properties, and battery discharge 
erformance of four ZT alloys have been studied as the anode 
aterials for Mg-air aqueous batteries. The effect of Mg x Zn y 

nd Mg 2 Sn secondary phases on Mg-air battery performance 
re discussed. 

. Experimental 

.1. Materials 

Four Mg-xZn-ySn alloys ( x = 2, 4 and y = 1, 3 wt.%)
ere prepared in a vacuum induction furnace. High purity raw 

g, Zn and Sn ( > 99.9%) materials were melted in a mild 

teel crucible under argon atmosphere at 720 °C. The melt 
as stirred well and homogenized before pouring into a steel 
ould, preheated to 250 °C. For comparison, Mg-2Zn and 

g-4Zn alloys were also prepared via the same casting pro- 
edures. The nominal and analyzed compositions of as-cast 
g-Zn and Mg-Zn-Sn (ZT) alloys are presented in Table 1 , 

howing that the alloys have very low concentrations of other 
lements, Fe, Ni and Cu. 
2 
.2. Microstructure characterization 

The microstructure of ZT alloys were examined using op- 
ical microscopy (OM, Nikon Eclipse LV100ND), scanning 

lectron microscopy (SEM, Hitachi SU70), and energy disper- 
ive X-ray spectroscopy (EDS, Thermo Scientific Noran Sys- 
em 7). Metallographic specimens of as-cast ZT alloys were 
round on SiC papers of grit sizes up to 1200# and cleaned 

ith distilled water. In the final polishing stage, all specimens 
ere carefully polished by 0.05 μm silica in ethanol to ob- 

ain high-quality surfaces for microstructure observation. The 
amples were etched with a solution consisting of 5 mL acetic 
cid, 6 g picric acid, 10 mL H 2 O, and 100 mL ethanol. 

.3. Electrochemical measurements 

All Mg alloy samples were ground with abrasive papers 
p to 1200 grit before electrochemical measurements and bat- 
ery testing. A typical three electrodes system was used for 
lectrochemical analysis by an electrochemical workstation 

BioLogic SP300): Pt plate as a counter electrode, saturated 

alomel electrode (SCE) as a reference electrode and Mg alloy 

amples as working electrodes in 3.5 wt.% NaCl solution. Po- 
entiodynamic polarization analysis was conducted at a scan 

ate of 1 mV s −1 after 10 min immersion in the electrolyte. 
he open-circuit potential (OCP) was recorded in a 3.5 wt.% 

aCl solution for 30 min waiting time to achieve a stable 
urface. Electrochemical impedance spectroscopy (EIS) was 
onducted at OCP with frequencies of 100 kHz to 0.05 Hz 
nd 5 mV voltage amplitude. The potentiodynamic polar- 
zation and EIS tests were performed more than two times 
o ensure the repeatability of the data. In addition, Atomic 
orce Microscope (MFP-3D Origin AFM) combined with 

canning Kelvin Probe force microscopy (SKPFM) was used 

o study the volta potential difference between intermetallic 
ompounds and Mg matrix. The silicon probe is coated with 

 Cr/Pt conductive coating (Budget Sensors Electritap300-G, 
esonant frequency 300 kHz). 

.4. Battery discharge and performance calculation 

The battery discharge properties were tested by a LAND 

attery test system (CT3001A) in a Mg-air battery test kit at 
our current densities of 1, 2, 5, and 10 mA cm 

−2 as shown 

n Fig. 1 . Mg alloys worked as anodes with an exposed area 
f approximately 1.77 cm 

2 (1.5 cm diameter) in a 3.5 wt.% 

aCl solution electrolyte. The cathode was a commercial air 
athode with 0.3 mg cm 

−2 40% platinum nanoparticles as cat- 
lysts (Fuel Cell Store. Ltd). After battery discharge testing, 
he reaction products on the anode surface were removed by a 
00 g L 

−1 chromic acid solution. Then, the surface morpholo- 
ies were characterized by SEM (SE, 10 kV). The specific 
apacity, anodic efficiency and specific energy density were 
alculated as follows [6 , 24 , 29] : 

tilization Efficency ( % ) = 

W theo 

�W 

× 100% 
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Table 1 
Chemical compositions of Mg-Zn and ZT alloys (analyzed by Agilent 7700 ICP-MS). 

Nominal composition wt.% Analyzed composition wt.% 

Zn Sn Al Si Mn Fe Ni Cu 

Mg-2Zn 2.376 - 0.013 0.077 0.013 0.006 0.004 0.001 
Mg-2Zn-1Sn (ZT21) 2.254 1.096 0.014 0.041 0.013 0.012 0.000 0.003 
Mg-2Zn-3Sn (ZT23) 2.169 3.143 0.007 0.038 0.013 0.087 0.000 0.003 
Mg-4Zn 4.137 - 0.009 0.0527 0.0115 - 0.001 0.001 
Mg-4Zn-1Sn (ZT41) 4.157 1.094 0.008 0.042 0.015 0.015 0.000 0.002 
Mg-4Zn-3Sn (ZT43) 3.847 2.997 0.007 0.040 0.014 0.011 0.000 0.002 

Reaction 

surface (1.5 cm 

diameter)
Electrolyte

Fig. 1. Schematic of the Mg-air cell for battery discharge test. 
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Table 2 
Electrochemical parameters of Mg-Zn and ZT alloys obtained from polariza- 
tion curves. 

Alloys E corr (vs. SCE)/ V j corr / μA ·cm 

−2 Refs. 

Mg-2Zn −1.662 33.77 [24] 
ZT21 −1.678 ± 0.005 30.21 ± 1.02 This work 
ZT23 −1.698 ± 0.007 45.54 ± 2.28 This work 
Mg-4Zn −1.655 21.05 [24] 
ZT41 −1.685 ± 0.005 27.34 ± 0.75 This work 
ZT43 −1.683 ± 0.009 24.67 ± 3.84 This work 
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 theo = 

I × t 

F × ∑ 

(
x i ×n i 

m i 

)

pecific capacity 

(
mAh · g 

−1 
) = 

I × t 

�W 

× 1000 

pecific energy density 

(
mWh · g 

−1 
) = 

U × I × t 

�W 

× 1000 

here �W (g) is the weight loss of samples during the dis- 
harge, W theo (g) is the theoretical weight loss, U is the cell 
oltage, I is the discharge current ( A ), t is discharge time ( h ),
 is the Faraday constant (26.8 Ah mol −1 ), and x i , n i , m i 

epresent the mass fraction, number of exchanged electrons 
nd atomic weight, respectively. 

. Results and discussion 

.1. Microstructure analysis 

The optical micrographs of as-cast ZT21, ZT23, ZT41 

nd ZT43 alloys are shown in Fig. 2 (a–d). These as-cast 
T alloys exhibit a typical dendritic microstructure, which 

onsists of α-Mg dendrites and intermetallic phases at den- 
ritic regions and grain boundaries. Backscattered electron 

EM (BSE-SEM) technique has been used for characteris- 
ng these four alloys, and results are shown in Fig. 2 (e–h). 
3 
ith increasing Zn and Sn content, the contrast between α- 
g dendrites and interdendritic regions increases, indicating 

hat solute elements Zn and Sn segregate around the interden- 
ritic regions and grain boundaries. The intermetallic phases 
n ZT alloys are distributed along dendritic regions and grain 

oundaries. 
Wei et al. [30] have conducted a comprehensive mi- 

rostructure analysis on Mg-Zn-Sn alloys and reported that 
he microstructure of as-cast ZT43 alloy consists of α-Mg, 

g 2 Sn phase, eutectic phase ( α-Mg + Mg 4 Zn 7 ), and globular- 
haped phase (( α-Mg + Mg 4 Zn 7 ) + Mg 2 Sn). High magnifica- 
ion SEM images and EDS results in Fig. 2 (i, j) confirm that 
T alloys have three types of intermetallic phases: eutectic 
hase A ( α-Mg + Mg 4 Zn 7 ), Mg 2 Sn phase B and a combina-
ion of two structures particle C . Instead of globular-shape, 
article C displays as dolphin-like morphology with a hy- 
rid structure of eutectic phase ( α-Mg + Mg 4 Zn 7 ) on the right
ide and Mg 2 Sn on the left side. Thus, the microstructure 
f as-cast ZT alloys consists of α-Mg, Mg 2 Sn phase, eu- 
ectic phase ( α-Mg + Mg 4 Zn 7 ), and the hybrid phase (( α-Mg
 Mg 4 Zn 7 ) + Mg 2 Sn). 

.2. Electrochemical analysis 

In Mg-air aqueous batteries, a high self-corrosion rate is a 
ritical problem for Mg metal anodes. The corrosion perfor- 
ances of ZT alloys were evaluated by potentiodynamic po- 

arization and electrochemical impedance spectroscopy (EIS). 
or comparison purpose, the potentiodynamic polarization 

nd EIS results of Mg-2Zn and Mg-4Zn were also presented. 
ig. 3 shows the Tafel curves of Mg-Zn and ZT alloys, and 

he fitting value of E corr and j corr are presented in Table 2 . 
he corrosion potential E corr of Mg-Zn alloys shows a de- 
rease trend by adding Sn alloy element, indicating that Sn 
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Fig. 2. The microstructure of as-cast Mg-Zn-Sn (ZT) alloys: (a) and (e) ZT21, (b) and (f) ZT23, (c) and (g) ZT41 and (d) and (h) ZT43. (i) and (j) shows 
SEM-EDS elemental analysis of the intermetallic phases in ZT43 alloy. 

Fig. 3. Potentiodynamic polarization curves of Mg-Zn and ZT alloys in 
3.5 wt.% NaCl electrolyte solution. 
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4 
an reduce the cathodic kinetics. The cathode polarization 

urve indicates the hydrogen evolution rate, showing that ZT 

lloys have a low hydrogen evolution rate than Mg-Zn alloys. 
n other words, addition of Sn improves corrosion resistance 
f Mg-Zn alloys. 

However, corrosion current density j corr of Mg-Zn alloys 
aried with the amount of Sn content. It is known that 
g has a “negative difference effect” in which the rate of 

artial cathodic reaction increases with applied anodic po- 
ential. Addition of Sn and Zn has affected the anodic re- 
ction of Mg alloys in NaCl solution. At the anode part 
f the Tafel curve, ZT21 and ZT41 alloys show apparent 
assive points (insert image in Fig. 3 ), indicating that Mg- 
Zn-1Sn alloys can produce passive films on the surface of 
he metal anode to decrease their corrosion progress. This 
grees with the report by Jiang et al. [31] that solute Sn 

n Mg matrix may form SnO 2 at alloy surface in an aque- 
us solution, improving alloy’s corrosion resistance. How- 
ver, when the concentration of Sn is higher than 2 wt.%, 
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Fig. 4. Electrochemical impedance spectra of Mg-Zn and ZT alloys in 3.5 wt.% NaCl solution: (a) Nyquist plots, (b) Bode plots of impedance modulus vs. 
frequency, and (c) Bode plots of phase angle vs. frequency. 

Table 3 
Fitting the EIS parameters of Mg-Zn and ZT alloys. 

Materials R s / � R t / � CPE- T × 10 −5 CPE-P 

Mg-2Zn 26.80 ± 2.01 1561.50 ± 146.50 1.324 ± 0.151 0.936 ± 0.0071 
ZT21 21.19 ± 1.27 649.95 ± 119.45 1.543 ± 0.152 0.933 ± 0.0032 
ZT23 22.75 ± 1.94 632.45 ± 214.95 1.490 ± 0.011 0.931 ± 0.0011 
Mg-4Zn 24.76 ± 3.88 1153.15 ± 389.85 1.164 ± 0.043 0.940 ± 0.000 
ZT41 24.10 ± 3.99 792.85 ± 89.05 1.282 ± 0.031 0.937 ± 0.001 
ZT43 24.52 ± 1.05 287.55 ± 14.65 1.581 ± 0.114 0.924 ± 0.005 
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 large amount of Mg 2 Sn increases corrosion by galvanic 
ffect [31] . 

The EIS of Mg-Zn and ZT alloys were investigated at 
pen circuit potential (OCP). The Nyquist plot and their fitting 

ircuit are shown in Fig.4 (a), in which R s is the solution 

esistance, R t is the charge transfer resistance that equals to 

he diameters of capacitive semi-circles, and CPE represents 
he electric double-layer capacitance at the interface between 

he anode surface and the NaCl solution. In general, relatively 

igh CPE values indicate large active corrosion areas and low 

 t values, representing poor corrosion performance [4 , 32] . 
It can be seen from Table 3 that ZT alloys have larger CPE 

alues than Mg-Zn alloys, implying that a larger active area 
or the discharge reaction. ZT alloys also show much lower R t 

han that of Mg-Zn binary alloys, which means that ZT alloys 
ave lower charge transfer resistance than those of Mg-Zn al- 
oys. Thus, the protection of initial oxide films of ZT alloys 
s not better than Mg-Zn alloys. Fig. 4 (b) shows the Bode 
lot in terms of the |Z| vs frequency. For all materials tested, 
he impedance increases with decreasing frequency and then 

aintains a stable value at low frequency. The impedance 
odulus is generally employed to evaluate the corrosion re- 

istance [33 , 34] . Materials with higher impedance modulus 
sually mean higher corrosion resistance. In this work, the 
mpedance modulus was found to decrease in the order of 

g-2 Zn > ZT21 > Mg-4 Zn > ZT41 > ZT23 > ZT43. 
Volta potential differences of metal microstructure have 

een used to predict corrosion behavior [35 , 36] . This method 

an measure the potential in a small area to investigate lo- 
alized corrosion and micro-galvanic activities [37] . In this 
esearch, we have conducted volta potential measurements on 

econdary phases of ZT43 alloy, Mg-4Zn and Mg-3Sn alloys 
5 
or comparison, as shown in Fig. 5 . The results indicate that 
ll the intermetallic compounds (bright particles) have higher 
olta potential than the surrounding Mg matrix. The volta 
otentials of Mg 2 Sn and Mg 4 Zn 7 phases are around 120 and 

5 mV, respectively. Therefore, Mg 2 Sn phase acts as stronger 
athodic sites than Mg 4 Zn 7 for corrosion, thus increases the 
lectrochemical activity of Mg-Zn alloy, constant with the re- 
ults from Tafel curves and EIS. 

.3. Discharge behavior 

The battery discharge performances of ZT alloy anodes 
ere studied in Mg-air electrochemical cells, and the results 

re shown in Fig. 6 . Discharge properties of Mg-2Zn and 

g-4Zn alloys are presented for comparison [24] . ZT alloys 
isplay improved discharge behaviors. Fig. 6 shows that the 
perating voltages of ZT alloy anodes are higher than Mg- 
n alloy. Fig. 6 (e) shows an interesting phenomenon, jagged 

uctuations, observed in the discharge curves, which repre- 
ents the release of hydrogen as a side reaction. Compared to 

g-Zn alloys, ZT alloys have minor fluctuations, especially 

T21 alloy shows a very smooth discharge reaction at low 

urrent densities. 
At 1 and 2 mA cm 

−2 , all Mg alloy anodes can be dis-
harged up to 20 h. When the current density increases to 

 and 10 mA cm 

−2 , the discharge voltage fluctuate severely. 
owever, ZT21 and ZT23 anodes can still discharge smoothly 

or 20 h. The deteriorated battery performance of anode is di- 
ectly related to the broken balance between the reaction prod- 
cts deposition and detachment [4] . Intermetallic compounds 
g 2 Sn or solid soluble Sn may cause easy detachment or dis- 

olution of discharge products. Compared to ZT21 and ZT23 
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Fig. 5. Volta potential map and potential curves of: (a) Mg-4Zn-3Sn (ZT43), (b) Mg-4 Zn and (c) Mg-3Sn alloys by SKPFM. 

Fig. 6. Discharge curves of Mg-Zn and ZT alloy anodes at four current densities: (a) 1 mA cm 

−2 ; (b) and (e) 2 mA cm 

−2 ; (c) 5 mA cm 

−2 , and (d) 
10 mA cm 

−2 in 3.5 wt.% NaCl solution. The cathode is a Pt catalyst carbon cloth [24] . 
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lloys, the turbulent voltages of ZT41 and ZT43 are caused 

y the larger number of intermetallic compounds than that in 

T21 and ZT23. In addition, Zn and Sn segregated on inter- 
endritic regions and grain boundaries in Mg alloys could 

ccelerate the self-corrosion, and affect the accumulation of 
eaction products on the anode surface [24] . 

The battery properties of ZT alloys anodes in Mg-air bat- 
eries are shown in Fig. 7 (a, b). The battery discharge per- 
ormance of recast Mg, Mg-Zn alloy are included for com- 
6 
arison [24] . ZT alloys have much higher discharge voltage, 
nodic efficiency, specific capacity, and specific energy den- 
ity than Mg-Zn and pure Mg at the current density of 1 

o 5 mA cm 

−2 . ZT23 alloy shows the highest utilization ef- 
ciency of 47.2%, specific capacity of 1009 mAh g 

−1 and 

pecific energy density of 1367 mWh g 

−1 at 2 mA cm 

−2 . 
T21 and Mg-2Zn alloy anodes show the similar anodic ef- 
ciency and specific capacity, which are higher than other 
node materials at 10 mA cm 

−2 . Although the properties of 
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Fig. 7. Discharge properties of Mg-Zn and ZT alloy anodes at different current densities for 20 h: (a) average discharge voltage and specific capacity vs 
current density, (b) anodic efficiency and specific energy density vs current density [24] . 

Fig. 8. Battery discharge performance of ZT anodes comparing with pure 
Mg and commercial alloys anodes at the current density 5 mA cm 

−2 

[ 16 , 24 , 25 , 38–40] . 
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Fig. 9. Intermittent discharge of Mg-air battery with recast Mg, Mg-Zn and 
ZT anodes at 2 mA cm 

−2 in 3.5 wt.% NaCl solution. 
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T41 and ZT43 alloys are not better than those of ZT21 and 

T23 alloys, they still much better than Mg-4Zn at the current 
ensities of 1, 2, 5 mA cm 

−2 . With increasing current density 

rom 1 to 10 mA cm 

−2 , the anodic efficiencies of pure Mg 

hanges from 20.84 to 50.60%, while the anodic efficien- 
ies of ZT21 alloy anode increases from 41.28 to 53.41%. 
ompared to recast Mg and Mg-Zn alloys, ZT alloy anodes 
emonstrate a much stable discharge performance. This may 

e related to the formation, accumulation and detachment of 
ischarge product on the anode surface. 

Gu et al. have studied the discharge performance of Mg- 
n-Zn-Ag alloy anode with three different Sn concentra- 

ions (2, 4 and 8 wt.%), and reported that Mg-4Sn-1Zn- 
Ag (TZQ411) has high anodic efficiency of 69.53% at 
20 mA cm 

−2 and 45.30% at 10 mA cm 

−2 [11] . Compared 

o TZQ411, ZT21 and ZT23 show better anodic efficiency 

t 53.41% and 50.90% at 10 mA cm 

−2 , respectively. Fig.8 

ompares the battery performance of ZT21 and ZT23 anodes 
ith commercial Mg anodes such as AZ31 and AM60 at 
 mA cm 

−2 [16 , 24 , 25 , 38–40] . The specific energy density
7 
nd anodic efficiency of ZT alloy are much better than pure 
g, AZ31 and AM60 alloys. 
Since the discharge in practical application runs periodi- 

ally, the intermittent discharge is a useful test to simulate 
he practical application. ZT21 and ZT23 alloys have good 

ischarge performance during 20 h time, so they are tested 

or intermittent discharging. Intermittent discharge testing was 
lso performed on recast Mg and Mg-2Zn alloy anodes for 
omparison purpose, which was carried out for 10 h at a 
onstant current density 2 mA cm 

−2 and stop for 5 h as one 
ycle. The test is terminated at the fifth cycle as these anodes 
howed a significant voltage drop. Fig. 9 shows that ZT, Mg- 
Zn and recast Mg anodes exhibited very similar behavior in 

he first 4 cycles with discharge voltages of ∼1.4 V. When the 
ischarge stopped, the OCV increased to 1.8 V. However, at 
he following cycles, the voltage drop of pure Mg and Mg- 
n were more apparent than ZT alloys. The percentage of 
oltage drop are calculated after 30 min discharge for each 
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Fig. 10. Surface morphologies of anodes after discharge: (a) ZT21, (b) ZT23, (c) ZT41, (d) and (e) ZT43 at 2 mA cm 

−2 for 20 h in 3.5 wt.% NaCl solution. 

Table 4 
The voltage drop of 5 cycles (%), compared with the previous cycle. 

Voltage Drop/% 2nd 3th 4th 5th Total 

Recast Mg 0.83 1.61 3.80 6.66 12.39 
Mg-2Zn 1.40 0.63 1.57 7.34 10.64 
ZT21 1.04 0.65 1.40 2.69 5.67 
ZT23 1.12 0.53 0.98 1.72 4.28 

c
a
M

a

a
2
r
a
o
t
s

3

t  

t

ycle, and results are listed in Table 4 , indicating that ZT21 

nd ZT23 have more stable discharge voltage than Mg and 

g-Zn. 
At the fifth discharge cycle, the voltages of ZT21 and ZT23 

re around 1.3 V, while the Mg and Mg-2Zn’s voltages were 
8 
round 1.2 V. The voltage drops percentages of Mg, Mg- 
Zn, ZT21 and ZT23 are 12.39%, 10.64%, 5.67%, and 4.28%, 
espectively. As the discharge products accumulated on the 
node and electrolyte interface, which cause a decrease of 
perating voltage. This result indicates that Sn could minimize 
he discharge product accumulation, improving the discharge 
tability. 

.4. Anode surface analysis after battery discharging 

Fig. 10 shows the surface morphology of ZT anode af- 
er discharge for 20 h at 2 mA cm 

−2 . ZT anodes have rela-
ively fine corrosion holes uniformly distributed inside grains 
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Fig. 11. Cross-section of (a) ZT21 and (b) Mg-2 Zn alloy anodes discharge at 2 mA cm 

−2 for 20 h with discharge products and their EDS line scan, (c) EIS 
and the fitting circuit of the investigated alloy anodes after discharge at 2 mA cm 

−2 for 30 min, and (d) Charge transfer resistance of the EIS results. 
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l
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t
e
c
d
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pointed by arrow A ), and obvious microcracks exte n d along 

he grain boundaries (pointed by arrow B ). The surface of 
T21 and ZT23 looks relatively flat, while ZT41 and ZT43 

ave obviously deep and large corrosion pits. Since the stan- 
ard potential of Sn ( −0.1375 V) and Zn ( −0.7618 V) are 
uch positive than that of Mg ( −2.372 V) [27] , the Zn and
n-rich site near the dendritic and grain boundaries may act 
s a cathode to accelerate micro-galvanic corrosion of the sur- 
ounding matrix. The cracks at the grain boundaries shown in 

ig 10 (e) may come from the Zn and Sn-rich regions. Ac- 
ording to the SKPFM result in Section 3.2 , the intermetallics 
re more positive than the Mg matrix. The corrosion pits in 

rea A came from the intermetallic compounds and distributed 

venly inside the grains, which accelerate the corrosion of Mg 

atrix and the discharge performance. However, the deep pits 
ake the corrosion products not easy to fall off. 
Fig. 11 (a) and (b) show the cross-section of Mg-2Zn and 

T21 anodes after discharge for 20 h at 2 mA cm 

−2 . EDS line
can in Fig.11 (a) shows that the discharge reaction interface 
f Mg-2 Zn and ZT21 alloy are enriched with Zn and Zn/Sn 

lements, respectively, implying that the anode surfaces are 
rotected by ZnO and ZnO/SnO x ( x = 1 or 2), consistent with 

he corrosion in NaCl solution [41–43] . The EIS test at OCV 

fter discharge at 2 mA cm 

−2 for 30 min is shown in Fig.11 (c)
9 
nd (d). The charge transfer resistances ( R t ) is related to the 
orrosion products film. The R t of Mg-2Zn-ySn are lower than 

hose of Mg-4Zn-ySn ( y = 0, 1 and 3), so the alloys with high
n content exist thick discharge product layers. This result is 
onsistent with the previous result that Mg alloys with high 

n content have a large amount of intermetallic compounds to 

acilitate self-corrosion and discharge products accumulation 

24] . 
The R t of Mg alloys follows the order of Mg-xZn < Mg- 

Zn-1Sn < Mg-xZn-3Sn ( x = 2, 4), different from the EIS in 

ection 3.2 due to the different sample conditions explained 

elow. The samples before discharge have thin oxide films, 
hile after 30 min discharge, a layer of discharge products 

orm and attach on the anode surface. The high R t of ZT al- 
oys may come from Sn containing outer layer film of stable 
nO/SnO 2 and the severe deep pitting of ZT alloys ( Fig.10 ), 

eading to the difficult falling-off of the discharge products on 

he anode surface and further decrease self-corrosion. Thus, 
he mixed film of ZnO and SnO/SnO 2 has a better protective 
ffect on Mg alloy than ZnO film as Sn decreases the self- 
orrosion and protects Mg alloy, improving anodic efficiency 

uring discharge. Therefore, the ZT anode exhibits outstand- 
ng battery performance that has a good application potential 
s anode material for Mg-air battery. 
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. Conclusion 

The effect of Sn on the microstructure, electrochemical 
nd discharge properties of Mg-Zn alloy anodes for Mg-air 
attery have been investigated. The addition of Sn affects the 
icrostructure of Mg-Zn alloys, forming SnO or SnO 2 film 

n the anodes during discharge and significantly improves the 
attery performance of Mg-Zn alloy at low current densities 
 < 10 mA cm 

−2 ). Sn can also stimulate the electrochemi- 
al activity of Mg matrix during discharge. Mg 2 Sn phase has 
tronger cathodic effect than Mg x Zn y phase. Mg air battery 

ith Mg-Zn-Sn alloy anode has significantly higher operat- 
ng voltage than Mg-Zn anode. Compared to Mg-2Zn, the 
nodic efficiency of ZT23 increase from 41.6% to 50.3% at 
 mA cm 

−2 . Among the ZT anodes, ZT23 has the best battery 

erformance at low current density ( < 5 mA cm 

−2 ) and shows 
he high energy density of 1367 mWh g 

−1 at 2 mA cm 

−2 . 
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