
                                                
 
 
 
 
 
 

 
 
 

Final Draft  
of the original manuscript 
 
 
 
 
Wang, L.; Snihirova, D.; Deng, M.; Vaghefinazari, B.; Lamaka, S.; 
Höche, D.; Zheludkevich, M.:  
Tailoring electrolyte additives for controlled Mg-Ca anode 
activity in aqueous Mg-air batteries.  
In: Journal of Power Sources. Vol. 460 (2020) 228106.  
 
 
First published online by Elsevier: 05.04.2020 
 
https://dx.doi.org/10.1016/j.jpowsour.2020.228106  

https://dx.doi.org/10.1016/j.jpowsour.2020.228106


* Corresponding author. 

   E-mail address: Linqian.Wang@hzg.de (L. Wang), Telephone number: +49 (0)4152 871906, Postal address: Helmholtz-   

   Zentrum Geesthacht, Max-Planck-Str. 1, 21502 Geesthacht, Germany.  

 
 

Tailoring electrolyte additives for controlled Mg-Ca anode activity in 

aqueous Mg-air batteries 

Linqian Wanga,*, Darya Snihirovaa, Min Denga, Bahram Vaghefinazaria, Sviatlana V. Lamakaa, 

Daniel Höchea, Mikhail L. Zheludkevicha,b 

a MagIC—Magnesium Innovation Center, Helmholtz-Zentrum Geesthacht (HZG), 21502 Geesthacht, 

Germany 

b Institute of Materials Science, Faculty of Engineering, Kiel University, 24143 Kiel, Germany 

Abstract: Aqueous primary Mg-air batteries exhibit many merits as potential energy storage and 

conversion devices. In this work, the discharge performance of water based Mg-air batteries with 

advanced Mg-Ca anode was boosted by adding Mg2+ complexing agents into the electrolyte. The effect 

of electrolyte additives on the corrosion behavior and discharge properties of micro-alloyed Mg-Ca 

anode was investigated via hydrogen evolution test and half-cell discharge test. Electrochemical 

impedance spectroscopy (EIS) was performed to evaluate the effect of different electrolyte additives on 

the discharge activity of Mg-Ca anode. Basic characteristics of aqueous Mg-air battery in selected 

additive solution were tested and compared to pure NaCl solution. The results show that the addition of 

dedicated Mg2+ complexing agents can efficiently increase the discharge voltage and specific energy of 

respective Mg-air batteries. At 0.5 mA cm-2, the discharge voltage reaches 1.86 V with regard to the 

cell containing 0.1 M 5-Sulfosalicylate, which is 270 mV higher than the discharge voltage in bulk 3.5 

wt. % NaCl. The highest specific energy for the tested system is above 3.0 kWh kg-1 in NaCl solution 

with 0.1 M citrate at 1 mA cm-2 discharge current density. 

Key words: Aqueous primary Mg-air battery; Electrolyte additives; Mg2+ complexing agent; 

Discharge performance; Chunk effect.  
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1. Introduction 

Aqueous primary Mg-air batteries can be adopted as attractive electrochemical energy storage and 

conversion devices because of superior discharge performance, safety, low cost, and environmental 

amiability [1-3]. Mg-air batteries consume oxygen from the air and the electrolyte as cathodic reactant, 

which is environmentally friendly and beneficial for the weight reduction of battery system, increasing 

the specific energy. Besides, water based Mg-air batteries can be artificially recharged through 

displacing anode material, which makes them as promising candidates for portable devices, remote 

devices, marine applications and military technologies [4].  

As anode material, Mg exhibits highly negative standard electrode potential (-2.37 V vs SHE) and 

high volumetric capacity, which is even higher than that of Li (3833 mA h cm-3 for Mg vs. 2046 mA h 

cm-3 for Li) [1, 5-7]. However, during the discharge process, Mg anode materials suffer from serious 

self-corrosion, like micro-galvanic corrosion provoked by impurities or second phases, and chunk effect 

caused by the detachment of metallic particles from the anode surface as well as the accelerated 

corrosion due to negative difference effect [8, 9]. These side reactions significantly decrease the anode 

utilization efficiency and consequently reduce the battery capacity. Meanwhile, Mg anode surface is 

typically covered by discharge products, such as Mg(OH)2 and MgO, which hinder the contact of the 

reactive surface with the electrolyte, and thus, decrease the discharge voltage [10]. Therefore, the actual 

discharge performance of Mg anode shifts far away from the theoretical value, adversely affecting the 

working voltage and practical specific energy of Mg-air batteries.  

The possible technical solutions to diminish the difference between the theoretical and practical 

discharge performance of the studied Mg-air batteries are the modification of the anode and the 

optimization of the electrolyte composition. Numerous published works have focused on increasing the 

discharge performance of Mg-air batteries by looking for suitable Mg anode materials, which possess 

high discharge activities and low corrosion rates [10-14]. Aiming at improving the discharge 

performance of Mg anode materials, a lot of researchers put emphasis on alloying Mg with various 

metallic elements, such as, Al, Zn, Li, Mn, Ga, Pb, Hg, rare earth, etc. [15-21]. These metallic elements 

are in favor of the inhibition of the parasitic side reactions and the improvement of discharge potential 
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due to activation or their own electronegativity. Meanwhile, the addition of alloying elements improves 

the deformability of Mg alloy, which is also an important issue considering their practical application 

in Mg-air batteries [22-26].  However, some alloying elements are toxic, not economically relevant and 

demonstrate a low efficiency in enhancing the discharge performance. Recently, Deng et al. [27] 

proposed a newly developed Mg-Ca binary alloy as the anode material for Mg-air battery. Ca is an 

environmentally friendly and cost-effective alloying element. Upon addition of minor amount of Ca, 

the anode material gains higher discharge voltage and increased specific energy. Beside of alloy 

composition optimization, improving the microstructure of Mg anode materials by adopting 

deformation methods (such as extrusion and rolling) and heat treatments (such as normalizing, solid 

solution annealing and aging) also attracts attention of many researchers [28-31].  

In addition to the modification of anode materials, the introduction of additives into electrolyte can 

also effectively improve the discharge performance of Mg-air batteries. One way to improve Mg-air 

battery performance is using corrosion inhibitors of Mg as electrolyte additives to obtain higher 

utilization efficiency [32-34]. However, the addition of traditional corrosion inhibitors normally does 

not improve the discharge voltage or makes it even worse. Recently, research work of Höche et al. [35, 

36] showed that the self-corrosion of Mg could be decreased through hindering the re-deposition of iron. 

The utilization efficiency of commercially pure Mg (220 ppm Fe) doubled while the battery voltage of 

Mg-air battery increased by adopting salicylate as electrolyte additive at 0.5 mA cm-2. Nevertheless, the 

utilization efficiency of commercially pure Mg in NaCl solution with salicylate is 27.2%. Some 

researchers also try to adopt surfactants with long chain as electrolyte additives [37, 38]. By the physical 

adsorption mechanism of surfactant, the corrosion rate of Mg anode would be decreased. According to 

the research work of Deyab [38], decyl glucoside as electrolyte additive can increase the utilization 

efficiency of pure Mg anode as well as improve its operating voltage. Whereas, this paper puts emphasis 

on the corrosion efficiency of decyl glucoside and dose not clarify the reason for the improvement of 

operating voltage.  

This work aims to enhance the discharge performance of (Mg-Ca)-air battery by tailoring the 

electrolyte additives. New and earlier selected Mg2+ complexing agents [39, 40] are studied as potential 

candidates due to their ability to form soluble Mg-complexes and hinder the formation of Mg(OH)2. 
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The effect of selected Mg2+ complexing agents on the corrosion behavior of Mg-Ca anode and the 

discharge performance of respective (Mg-Ca)-air battery is systematically investigated, which 

contributes to a better understanding of the working mechanism of Mg2+ complexing agents in aqueous 

Mg-air batteries.  

2. Materials and methods 

2.1 Materials and electrolytes 

According to the research work of Deng et al. [27], with the increase of Ca content, the discharge 

performance of Mg-Ca becomes worse. The results of composition optimization indicate that Mg-0.1 

wt. % Ca has the best discharge performance. However, the discharge performance of minor alloying 

Mg-Ca alloy (Ca content is less than 0.1 wt. %) has not been tested. Thus, Mg-0.04 wt. % Ca, which is 

denoted as Mg-Ca in the following, was prepared by the same procedure represented in the 

aforementioned work [27] and adopted as anode material for this work. The chemical composition of 

Mg-Ca alloy was analyzed via atomic absorption spectroscopy (AAS) and spark optical emission 

spectrometry (SOES), which is summarized in Table 1 and indicates low impurity contents (Fe, Cu and 

Ni). 

                                    Table 1 Chemical composition of Mg-Ca alloy (wt. %). 

Materials Ca Mn Si Zn Al Fe Cu Ni Mg 

Mg-Ca 0.041 0.019 0.0086 0.0038 <0.010 0.0021 0.0012 0.0010 Bal. 

    The electrolyte used in this work was 3.5 wt. % NaCl solution with and without 0.1 M additives. The 

blank NaCl solution as background electrolyte was prepared by adopting 99% NaCl from Fisher 

Chemical and deionized water. The following chemicals from Sigma-Aldrich were used as electrolyte 

additives without further purification: citric acid (CIT); salicylic acid (SAL); 2,6-dihydroxybenzoic acid 

(2,6-DHB); 5-sulfosalicylic acid (5-sulfoSAL) and 3,4-dihydroxybenzoic acid (3,4-DHB). The pH of 

all prepared solutions was adjusted to 7.0 ± 0.3 by adding NaOH, monitored by Metrohm-691 pH meter. 

2.2 Hydrogen evolution test 

   Hydrogen evolution tests were carried out using eudiometers. Unlike typical buret-funnel setup, 

eudiometer is a closed system, thus it excludes the additional intake of O2, CO2 and N2 apart from 
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initially trapped air. The Mg-Ca samples with surface area of 15 cm2 were tested in 500 ml solution. 

Before hydrogen evolution test, samples were ground up to 1200 grit emery papers and dried with cold 

pressed air. The immersion solution was 3.5 wt. % NaCl with and without 0.1 M electrolyte additives. 

During hydrogen evolution test, the electrolyte was stirred with a constant speed, 350 ± 100 rpm. The 

hydrogen was collected during 24 h. All tests were repeated at twice, the difference between these two 

tests is less than 10%. 

2.3 Electrochemical measurement 

Electrochemical impedance spectroscopy (EIS) measurements at OCP were performed using Gamry 

Reference 600 potentiostat with conventional three electrodes arrangement. Pt coiled wire worked as 

counter electrode, saturated Ag/AgCl electrode worked as reference electrode and Mg-Ca coupon was 

employed as working electrode. The surface area of working electrode was 2.5 cm2, and before EIS 

measurements, Mg-Ca surface was prepared by the same procedure as the sample for hydrogen 

evolution test. The sample was immersed into the electrolyte for one hour prior the test to achieve stable 

surface state and stable open circuit potential (OCP). The tested electrode surface must be at a steady 

state throughout the time required for EIS measurement to ensure the accuracy of results. The applied 

perturbation voltage was 10 mVrms and frequency range was 100 kHz - 0.01 Hz with 10.5 points per 

decade. All the EIS measurements were repeated three times. 

2.4 Half-cell discharge test 

A Gamry Interface 1000 potentiostat with typical three-electrode arrangement was used to perform 

the half-cell discharge tests. The sample for the half-cell test is the same as the sample for EIS test, 

which has the same surface area and the same preparation procedure. Half-cell discharge tests were 

done in a galvanostaic mode with applied current densities of 1 mA cm-2, 5 mA cm-2, and 10 mA cm-2. 

Working and counter electrodes were placed in two separated beakers connected by a salt bridge (Fig. 1).  

The two compartments were used in order to avoid influence of rapid pH changes caused by cathodic 

processes on anode discharge. During discharge, the electrolyte stirred at the same speed used in 

hydrogen evolution test. After half-cell discharge test, the surface of the remaining Mg-Ca anode was 
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cleaned by aqueous solution of chromic acid to remove the discharge products and calculate the weight 

loss. The surface morphologies of Mg-Ca were characterized by scanning electron microscope (SEM; 

Tescan Vega 3) equipped with energy dispersion spectrometer (EDS; iXRF system). Utilization 

efficiencies of Mg-Ca alloy in different additive solutions were calculated via the following equation 

[41, 42]: 

                       Utilization efficiency (%) = 
𝑊𝑡ℎ𝑒𝑜

∆𝑊
× 100%                                            (1) 

Where 𝑊𝑡ℎ𝑒𝑜 (g) means the theoretical weight loss of anode and ∆𝑊 (g) means the actual weight loss 

obtained from the mass difference of anode before and after discharge. 𝑊𝑡ℎ𝑒𝑜 was calculated via the 

following equation [41, 42]: 

                                            𝑊𝑡ℎ𝑒𝑜 =  
𝐼×𝑡

𝐹×∑(
𝑥𝑖×𝑛𝑖

𝑚𝑖
)
                                                                             (2) 

Where 𝐼 (A) represents the applied current, 𝑡 (h) represents discharge time, F is the Faraday constant 

(26.8 Ah mol-1), 𝑥𝑖 , 𝑛𝑖, 𝑚𝑖 represent the mass fraction, ionic valence and atomic weight of the element, 

respectively. 

 

Fig. 1. Schematic of discharge test performed in half-cell arrangement. 
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2.5 Mg-air battery full cell test 

Mg-air battery full cell tests were performed in 3.5 wt. % NaCl solution with and without additives. 

Mg-Ca alloy with 2.5 cm2 surface area worked as anode and Carbon/MnO2 fabric with PTFE gas 

diffusion layer and Ni mesh (Kynol Europa GmbH) worked as cathode. The discharge voltage was 

tested at various applied current densities 0.5 mA cm-2, 1 mA cm-2, 5 mA cm-2, and 10 mA cm-2. After 

discharge, the specific energy of Mg-air battery based on Mg anode was calculated via the following 

equation [43]: 

                                      Specific energy (Wh kg-1) =
∫ 𝐼×𝑈×∆𝑡

𝑡
0

∆𝑊
                                             (3) 

Where 𝑈 (V) represents the voltage of discharge, ∆𝑊 (kg) is the weight loss of anode after full cell 

test, 𝐼 (A) and 𝑡 (h) represent the same meaning as previously mentioned.  

3. Results and discussion 

3.1 Hydrogen evolution test  

    The corrosion of metallic Mg in neutral aqueous solution is accompanied by hydrogen evolution. Eq. 

4 represents the global reaction of Mg corrosion, where one mole corroded Mg produces one mole 

hydrogen [2, 44]. Hydrogen evolution test can directly reflect the difference of the corrosion rate of 

Mg-Ca in different electrolytes. However, this only holds true, if oxygen reduction reaction, as 

secondary cathodic reaction during Mg corrosion, is negligible. Although it was recently shown that 

oxygen is significantly consumed at the surface of corroding Mg [45], it is still not clear what is the 

ratio between HER and ORR when considering cathodic process as a whole. It is assumed that the 

contribution of ORR to the total cathodic process is minimal in the confined volume of eudiometers 

used in current work. 

Mg + 2H2O → Mg(OH)2 + H2↑           (4)  

    Fig. 2a represents the volume of evolved hydrogen during 24 hours test. Several additives with 

different abilities to form complexes with Mg2+ were tested. The lowest hydrogen volume, thus the 

lowest corrosion rate, was detected for Mg-Ca in blank 3.5 wt. % NaCl solution, which demonstrates  
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good corrosion resistance. All selected additives accelerated the dissolution of Mg-Ca in NaCl solution 

at different extent. The different hydrogen evolution rate can be correlated to the stability constants of 

Mg2+ complexes, which are listed in Table 2 except for 2,6-DHB. The information about stability 

constant of complexes formed by 2,6-DHB with Mg2+ was not found in literature. It should be noted 

that the main idea behind choice of additives was their ability to keep anode surface clean during 

discharge, namely, their ability to produce soluble complexes with Mg2+ of mild stability. Hence, the 

generation of Mg(OH)2 is retarded and the IR drop caused by Mg(OH)2 is diminished during discharge. 

However, it might also increase the corrosion rate of Mg-Ca without load or with low current load, 

especially if an additive forms highly stable complexes with Mg2+ and the stability constant is high. 

 

 

Hydra-Medusa software was adopted here to simulate the possible chemical equilibria in order to 

estimate the in-situ surface condition of Mg-Ca alloy after 24 h hydrogen evolution test in the presence 

Fig.  2. (a) Hydrogen evolution curve of Mg-Ca in 3.5 wt. % NaCl solution with and without additives and 

thermodynamic calculation of the equilibrium composition of relevant species in (b) blank 3.5 wt. %  NaCl; and 

the same electrolyte with 0.1 M (c) CIT; and (d) 3,4-DHB. The green and red lines present the initial pH and the 

final pH after 24h hydrogen evolution test. The optical images of samples after 24 hours hydrogen evolution test 

are shown in (e). 
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and absence of selected additives. The estimated concentration of Mg(II) ions in different additive 

solution was calculated from the result of hydrogen evolution test: 1.16 mM for blank NaCl solution, 

4.20 mM for NaCl solution with 0.1 M CIT and 90.18 mM for NaCl solution with 0.1 M 3,4-DHB. The 

difference in the initial concentration of Mg(II) ions will influence the critical pH for the generation of 

Mg(OH)2, namely, the generation of precipitates. The results of Hydra-Medusa simulation are plotted 

in Fig. 2.  

Fig. 2b shows the formation of insoluble Mg(OH)2 in blank NaCl solution takes place at pH 10.4. 

The final pH of blank NaCl solution after 24 h hydrogen evolution test is 10.7, which is above 10.4, 

and insoluble corrosion products start to precipitate on Mg-Ca alloy surface at this pH, like Fig. 2e 

shows. When 0.1 M CIT as Mg2+ complexing agent is introduced to NaCl solution (Fig. 2c), the 

precipitation of Mg(OH)2 is delayed from pH 10.4 to pH 10.8 even the total amount of Mg(II) ions 

generated by the dissolution of Mg-Ca is higher than in blank NaCl solution. From Fig. 2c, soluble Mg-

ligand complexes form and exist in a wide pH range at least from pH 5 to 14. Hence, even the total 

amount of Mg(II) ions is higher, the free Mg2+ in the solution is even less than in blank NaCl solution. 

Between the pH ranges from 7 to 10.8, soluble complexes form and the dissolution of Mg-Ca is 

accelerated. However, after 24 h hydrogen evolution test, the final pH of this solution is 11.4, which 

exceeds the critical pH. The formed precipitates changed the color of Mg-Ca alloy surface, as shown in 

Fig. 2e. According to Fig. 2a, a large amount of Mg-Ca was dissolved into NaCl solution with 0.1 M 

3,4-DHB. Thus, the total amount of Mg(II) ions in NaCl solution with 0.1M 3,4-DHB is almost hundred 

times higher than that for blank NaCl solution. Even 3,4-DHB possesses the strongest complexation 

ability among selected additives, the concentration of free Mg2+ in NaCl solution with 0.1 M 3,4-DHB 

is still higher than that in blank NaCl solution (Fig. 2d). Hence, the critical pH in NaCl solution with 

0.1 M 3,4-DHB is 9.7, which is lower than the critical pH in blank NaCl solution. As Fig. 2d shows, 

Mg complexes with 3,4-DHB (Mg(C7H3O4)2
4- and MgC7H3O4

-) exist and are stable at high pH, 

especially for Mg(C7H3O4)2
4-. After 24 h hydrogen evolution test, the final pH of NaCl solution with 

3,4-DHB is 9.5, which does not exceed the critical pH for the generation of stable precipitates. This is 

in line with the experimentally observed surface of Mg-Ca alloy in NaCl solution with 3,4-DHB, which 

is macroscopically clean with metallic luster and without the coverage of Mg(OH)2 (Fig. 2e). When 3,4-
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DHB is adopted as electrolyte additives for Mg-air battery, it might hinder the precipitation of discharge 

products and increase the anode activity during discharge. 

Table 2 Stability constants of Mg2+ complexes produced by selected electrolyte additives and equilibrium 

constants of selected additives after 24 hours hydrogen evolution tests [46-48]. 

Complexing agent 

Stability constants pH after 24 h of 

hydrogen evolution 

test (initial pH 7) 

 
logKMg2+ Ref. 

NaCl reference - - 10.7 

CIT 

ML/M.L  3.45 

[48] 11.4 
MHL/M.HL  1.81 

MH2L/M. H2L  

0.7 

SAL ML/M.L  4.7 [46] 11.2 

2,6-DHB n/a - 11.2 

5-sulfoSAL 
ML/M.L  5.1 

[48] 11.0 
MHL/M.HL  0.73 

3,4-DHB 
ML/M.L  5.67 [47] 

 
9.5 

ML2/M.L2  9.84 

 

As Table 2 shows, the final pH of tested electrolyte containing CIT, SAL, 5-sulfoSAL and 2,6-DHB 

is higher than the final pH of blank NaCl solution, because OH- generated during hydrogen evolution 

reaction(HER, Eq. 4) is barely consumed for formation of Mg(OH)2. However, the final pH of NaCl 

solution with 3,4-DHB is lower than 10.7. 3,4-DHB has the strongest complexation ability with Mg2+ 

among selected additives and  the amount of hydrogen evolved within 24 hours test is the highest. 

Therefore, the amount of OH- released into the electrolyte should be even higher than in other additive 

solutions. From Table 2 and Fig. 2d, the bulk pH of NaCl solution with 3,4-DHB increased to 9.5 after 

24 h hydrogen evolution test and the complexation reaction between Mg2+ and 3,4-DHB can be written 

as Eq. 5 and Eq. 6 [49, 50]. 
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                                           Mg2+ + (C7H5O4)- → MgC7H3O4
- + 2H+                                                  (5) 

                                  MgC7H3O4
- + (C7H5O4)- → Mg(C7H3O4)2

4- + 2H+                                            (6) 

Most of the OH- generated during HER (Eq. 4) is consumed to neutralize the H+ generated by 

complexation reaction (Eq. 5 and Eq. 6). Therefore, the final pH of electrolyte containing 3,4-DHB is 

the lowest and the formation of Mg(OH)2 in this electrolyte is more difficult than in other electrolytes.  

3.2 Impedance measurement  

 The effect of selected additives on the self-corrosion behavior of Mg-Ca was also determined by 

electrochemical impedance spectroscopy (EIS). The Nyquist plot of Mg-Ca anode in different 

electrolytes (Fig. 3a and 3b) revealed two capacitive loops. The high frequency one relates to the natural 

oxide layer presented on the surface of Mg-Ca and the middle frequency one relates to the charge 

transfer process [27, 51]. In presence of additives, two capacitive loops at high and middle frequencies 

were followed by a low frequency inductive loop. The origin of the inductive loop presented on EIS 

spectra of Mg alloys is generally subject of discussion. It has been attributed to non-stationarity during 

measurements [52, 53]. The origin of the inductive like behavior at low frequencies requires detailed 

investigation, which is out of the scope of this work.  

In order to quantitatively evaluate the effect of additives on the behavior of Mg-Ca alloy, the EIS 

spectra were fitted with the equivalent circuit shown in Fig. 3c. The inductive loop was not considered 

in fitting process, hence the EIS results were fitted to different low frequency limits, like 0.02 Hz for 

NaCl and 0.2 Hz for 5-sulfoSAL. In this circuit, Rs means the internal resistance of the electrolyte. Rf 

and CPEf are the resistance and capacitance of the oxide film respectively. Rct represents the resistance 

due to charge transfer and CPEdl is the electric double layer capacitance. The fitting results are presented 

in Fig. 3d. With the presence of additives in 3.5 wt. % NaCl solution, both the Rf and the Rct decreased 

in the following order: 3.5 wt. % NaCl ˃ CIT ˃ SAL ˃ 2,6-DHB ˃ 5-sulfoSAL ˃ 3,4-DHB. This order 

directly corresponds to the ranking of the additives during the hydrogen evolution test. In blank NaCl 

solution, Mg-Ca alloys released the least amount of H2 while in presence of 3,4-DHB the amount of 

released H2 was the highest. It is noticed that, with the addition of 5-sulfoSAL and 3,4-DHB, the 
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calculated values of Rf  and Rct were much lower than the Rf  and Rct in blank 3.5 wt. % NaCl solution, 

as presented in Fig. 3d. In the electrolytes with these two kinds of additives, the dissolution rates of Mg-

Ca were much faster than in other electrolytes. Low Rct indicates the low corrosion resistance and high 

dissolution rate. It is apparent that the presence of additives increased the dissolution rate. Low Rct also 

reflects better discharge activity of Mg-Ca in electrolyte with selected additives. Notably, the presence 

of additives decreased the overall impedance. This is probably due to their ability to form soluble 

complexes with Mg2+, which stimulates the dissolution kinetic via near surface interaction. A 

correlation show: the higher is stability constant of the involved complex the faster Mg gets dissolved. 

These results are in a good agreement with the hydrogen evolution tests.  

 

 

 

Fig.  3. EIS results of Mg-Ca in 3.5 wt. % NaCl solution with and without different additives: (a) Nyquist plots; 

(b) and magnification of the high frequency part of (a); (c) Equivalent circuit; (d) Film resistance and charge 

transfer resistance (log scale). 
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3.3 OCP and Half-cell discharge test 

     Fig. 4 indicates the half-cell discharge performance of Mg-Ca alloys in presence of different 

electrolyte additives. Once the selected substances were added to the blank NaCl solution, the OCP of 

Mg-Ca decreased (Fig. 4a). The OCP of the anode in presence of 5-sulfoSAL reached -1.98 V (vs 

Ag/AgCl), which was 200 mV lower than that in blank NaCl solution. During one hour test, the OCP 

of Mg-Ca in 3,4-DHB kept changing because the reaction on anode surface was too intense to achieve 

the stable state. Mg-Ca at 1 mA cm-2 revealed more negative discharge potential with 2,6-DHB, 3,4-

DHB and 5-sulfoSAL additives in comparison with blank NaCl. The discharge potential of Mg-Ca in 

CIT and SAL solution was also more negative than the reference. Whereas the discharge current density 

is 5 mA cm-2, the discharge potential of Mg-Ca became more positive with less or no differences in 

potential between blank NaCl and NaCl solution with CIT. In NaCl solution with SAL, the initial 

discharge potential of Mg-Ca was more negative than that in the blank NaCl solution. However, after 

14 hours, the discharge potential of Mg-Ca in NaCl solution with SAL increased sharply and the final 

discharge potential was even higher than the reference. Strong Mg2+ complexing agents, like 5-

sulfoSAL and 3,4-DHB, maintained a relatively negative discharge potential with a decreasing tendency 

even after 24 hours discharge. The discharge potential of Mg-Ca with 2,6-DHB was 50 mV lower than 

the reference and relatively stable along 24 hours test. At 10 mA cm-2, the discharge potential of Mg-

Ca in NaCl solution with SAL increased rapidly to positive direction after 4 hours discharge. In NaCl 

solution with CIT, the discharge potential of Mg-Ca was also more positive than in blank NaCl solution. 

Nevertheless, with the addition of 5-sulfoSAL, 2,6-DHB and 3,4-DHB the discharge potential of the 

anode was still more negative than the reference.  
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Fig. 4. Discharge curves of Mg-Ca in 3.5 wt. % NaCl solution with and without different additives at current 

density: (a) open circuit; (b) 1; (c) 5; (d) 10 mA cm-2; (e) average discharge potential of Mg-Ca at different 

current densities; and (f) macro-morphologies of Mg-Ca after 24 hours discharge test at 5 mA cm-2 in different 

electrolytes. 
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The discharge potential of anodes in half-cell can be expressed as: 

                                            𝐸𝑎𝑛𝑜𝑑𝑒 =  𝐸𝑜𝑐𝑝 −  𝜂𝑐𝑡 − 𝜂𝑑𝑖𝑓𝑓 − 𝐼𝑅                                          (7) 

Where Eocp represents the open circuit potential, 𝝶ct means the potential drop related to charge transfer 

process, 𝝶diff is the potential drop due to discharge products (e.g. transport aspect), I and R represents 

the applied current and the resistance of electrolyte between metal surface of working anode and the 

reference electrode [1, 27, 54]. According to this equation, the improvement of discharge potential of 

an anode can be achieved by more negative open circuit potential and minimization of potential drop 

caused by discharge products. The average value of open circuit potential of Mg-Ca in different 

electrolytes in the last 10 minutes of the test is presented in Fig. 4e, because the open circuit potential 

of Mg-Ca in the last 10 minutes is more stable than at the beginning of the test. The average discharge 

potentials of Mg-Ca at different current densities during 24 h discharge are also calculated and presented 

in Fig. 4e. Obviously, all selected electrolyte additives led to more negative OCP values of the tested 

anode material. As shown in Fig. 4e, all electrolyte additives efficiently made the average discharge 

potential of Mg-Ca anode more negative when the applied current density was 1 mA cm-2. At 5 and 10 

mA cm-2, the average discharge potential of Mg-Ca in electrolyte containing moderate additives, like 

CIT and SAL, was similar to that in blank NaCl solution. In electrolyte containing 2,6-DHB, 5-

sulfoSAL and 3,4-DHB, the average discharge potential of Mg-Ca was always more negative than the 

average discharge potential of Mg-Ca in blank NaCl solution. As the optical images in Fig. 4f show, 

the surface of Mg-Ca in blank NaCl solution was fully covered by discharge products after half-cell 

discharge test. With the presence of moderate additive SAL, the deposition of discharge products was 

not inhibited, while in electrolyte containing 3,4-DHB, the surface was clean and without any discharge 

products.  

The deposition of discharge products was further evaluated by SEM of the samples after discharge 

test. Fig. 5 presents the surface morphology of Mg-Ca after 24h discharge in blank NaCl solution, in 

NaCl solution with SAL and in NaCl solution with 3,4-DHB at dry condition. The surface of Mg-Ca in 

blank NaCl solution was completely covered by discharge products. At 1 mA cm-2 (Fig. 5a), the layer 

was thick with some big cracks. After discharged at higher current density, the discharge products  



16 
 

Fig. 5. Surface morphologies of Mg-Ca after 24 hours discharge in 3.5 wt. %  NaCl (a) without additive at 1 and 

(b) 5 mA cm-2; (c) with SAL at 1 and (d) 5 mA cm-2; (e) with 3,4-DHB at 1 and (f) 5 mA cm-2 measured via 

SEM on dried but uncleaned anode. 

became denser without large cracks (Fig. 5b). In presence of SAL, at 1 mA cm-2, the anode surface was 

clean without discharge products. However, discharge products fully covered the anode surface at 5 

mA cm-2. In presence of 3,4-DHB, which has the strongest ability to form soluble complex with Mg2+, 

the formation of discharge products film was not observed at both current densities. From the surface 

morphologies of Mg-Ca anode after discharge (Fig. 5), it is possible to conclude that selected electrolyte 

additives retarded the formation of discharge products to different degrees, contributing to less 

overpotential during discharge test at small current density. For discharge tests at large current density, 
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the dissolution of anode material is faster. The electrolyte additives should have stronger complexation 

ability and faster kinetics to hinder the formation of discharge products. For SAL and CIT, which have 

relatively weak complexation ability with Mg2+, both of them could not prevent the formation of 

discharge products at 5 and 10 mA cm-2. Hence, the discharge potential of the anode in these two 

additive solutions either shows no apparent difference to the reference test or becomes even more 

positive than the reference test. 3,4-DHB decreases the OCP of Mg-Ca as it possesses the strongest 

ability to form soluble complex with Mg2+, which means the overpotential caused by discharge products 

is the lowest. Hence, the average discharge potentials of the anode in NaCl solution with 3,4-DHB were 

always 40-320 mV more negative than that in blank NaCl solution.  

3.4 Utilization efficiency 

Utilization efficiency of an anode is an essential technical factor to be considered when evaluating 

the discharge performance of anode materials in different electrolytes. The utilization efficiencies of 

Mg-Ca in different electrolytes are presented in Table. 3. In comparison with Mg-Al-Zn, Mg-Al-Pb, 

Mg-Al-In, Mg-Al-Sn [12, 17, 30, 55-57], Mg-Ca alloy with low Ca content shows relatively high 

utilization efficiency when acts as anode material, 58.2% and 55.6%, respectively at 5 and 10 mA cm-2 

[27]. Nevertheless, the utilization efficiency of Mg-Ca can be additionally improved by adopting 

electrolyte additives. The influence of selected electrolyte additives on the utilization efficiency of Mg-

Ca depends on the complexation ability and applied current density as listed in the Table. 3. At 1 mA 

cm-2, Mg-Ca showed highest utilization efficiency in NaCl solution with CIT. It reached 64.7%, 12% 

higher than the utilization efficiency of Mg-Ca in blank NaCl solution. The addition of other 

complexing agents at the same applied current density decreased the utilization efficiency of Mg-Ca 

due to the fast consumption of anode supported by complexing of Mg2+. At 5 mA cm-2, the Mg-Ca in 

blank NaCl solution revealed 60.0% utilization efficiency. With the addition of 2,6-DHB and SAL, the 

utilization efficiencies were further improved to 65.0% and 62.9% respectively. The highest utilization 

efficiency 67.2% at 10 mA cm-2 was achieved for 2,6-DHB. In the case of 5-sulfoSAL and 3,4- DHB, 

which have strong ability to form complex with Mg2+, the utilization efficiencies of Mg-Ca increased 
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with the increase of current density. In these two additive solutions, the utilization efficiencies of Mg- 

Ca at 10 mA cm-2 reached 61.7% and 62.3%, respectively. 

Table 3 Utilization efficiency (in %) of Mg-Ca in 3.5 wt. % NaCl solution with and without different electrolyte 

additives at current densities 1, 5 and 10 mA cm-2. 

Current 

density 
3.5 wt. % NaCl CIT SAL  2,6-DHB 5-sulfoSAL 3,4-DHB 

1 mA cm-2 53.0 ± 0.1 64.7 ± 2.7 46.3 ± 4.5 37.8 ± 0.5 24.6 ± 5.2 9.0 ± 0.6 

5 mA cm-2 60.0 ± 2.2 60.5 ± 2.8 62.9 ± 2.2 65.0 ± 1.5 56.1 ± 1.4 35.6 ± 2.1 

10 mA cm-2 59.7 ± 3.2 56.5 ± 1.0 58.8 ± 3.8 67.2 ± 0.7 61.7 ± 3.5 62.3 ± 0.2 

 

According to Eq. 1, utilization efficiency shows the difference between the actual weight loss and the 

calculated theoretical value. The actual weight loss consists of the theoretical weight loss, the weight 

loss due to self-corrosion and the weight loss due to chunk effect [20, 58, 59]. The chunk effect 

specifically refers to the weight loss caused by the detachment of metallic particles from the anode 

surface [60, 61]. The theoretical weight loss of anode material follows Faraday’s law. The difference 

of utilization efficiency of Mg-Ca in general in presence of different additives is caused by the various 

contribution from self-corrosion and the chunk effect. As shown in Fig. 2a, Mg-Ca had a very low 

hydrogen evolution rate in blank NaCl solution, therefore high corrosion resistance. With the addition 

of selected Mg2+ complexing agents, the corrosion resistance decreased due to faster Mg dissolution. 

However, as shown in Table 3, the highest utilization efficiency was achieved by adding different Mg2+ 

complexing agents. One of the reasons could be the ability of all selected additives to decrease the 

chunk effect. Fig. 6 presents the SEM (BSE) images of the cross section of Mg-Ca after 24 hours 

discharge tests at 5 mA cm-2 in different electrolytes. The anode suffered from chunk effect in blank 

NaCl solution. As shown in Fig. 6a, the surface of tested Mg-Ca was covered by discharge products. In 

several locations, undissolved Mg-Ca matrix was completely surrounded by discharge products and lost 

contact with the bulk anode matrix (Fig. 6a) and did not contribute to the measured electric current. 

Besides, inside the bulk anode matrix, some (tortuous) channels were formed during discharge. This 

may cause the metal spalling and formation of undissolved metallic chunks. During discharge, those 

undissolved metallic chunks were trapped by discharge products or released into the electrolyte. This  
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Fig. 6. Cross-section SEM images(BSE mode) of Mg-Ca after 24 hours discharge at 5 mA cm-2 in (a) 3.5 wt. %  

NaCl and the same electrolyte with 0.1M (b) CIT; (c) SAL; (d) 5-sulfoSAL; (e) 2,6-DHB; (f) 3,4-DHB. 

leads to weight loss of anode without any contribution to the discharge current. In turn, this massively 

causes the decrease of utilization efficiency [60, 62]. As shown in Fig. 6b, only part of the Mg-Ca 

surface accumulated discharge products and only few metallic particles were entrapped by discharge 

products. Moreover, except for in NaCl solution with CIT, no apparent chunk effect was found in NaCl 

solution with other selected additives. In NaCl solution with SAL, the thin layer of corrosion producs 

was formed on the surface of the anode but entrapped metallic particles were not detected (Fig. 6c). In 

NaCl solution with 5-sulfoSAL, 2,6-DHB and 3,4-DHB, Mg-Ca anode surfaces were completely clean 
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with no evidence of chunk effect. The weight loss caused by chunk effect in these three additive 

solutions was negligible. According to Fig. 2a, among these additives, Mg-Ca shows the lowest 

corrosion rate in NaCl solution with 2,6-DHB, which exhibits the moderate Mg2+ complexation ability. 

Thus, 2,6-DHB would not greatly additionally dissolve anode material during discharge comparing to 

5-sulfoSAL and 3,4-DHB. Therefore, Mg-Ca in NaCl solution with 2,6-DHB shows the highest 

utilization efficiency at 5 mA cm-2.  

3.5 Mg-air full battery discharge test 

     In order to clarify the effect of selected electrolyte additives on the discharge performance of aqueous 

(Mg-Ca)-air battery, full-cell discharge tests were done in a lab-made Mg-air battery setup. The 

discharge curves of (Mg-Ca)-air batteries in various electrolytes at defined current densities are 

presented in Fig. 7. All the selected additives greatly increased the output voltage of the cell. In NaCl 

solution with 5-sulfoSAL, (Mg-Ca)-air battery exhibited the highest and quite stable discharge voltage 

at 0.5 and 1 mA cm-2, which is ~ 1.86 and 1.82 V, respectively, compared to ~ 1.60 and 1.55 V in the 

blank NaCl solution. At 5 mA cm-2, the addition of Mg2+ complexing agents kept the battery voltage 

higher than that of Mg-air battery in blank NaCl solution. The highest voltage value, ~ 1.58 V, was 

obtained in NaCl solution with 3,4-DHB. As the applied current density was 10 mA cm-2, SAL and CIT 

additives could not efficiently hinder the formation of discharge products, and therefore, the Mg-air 

batteries failed. However, in NaCl solution with 2,6-DHB, 3,4-DHB and 5-sulfoSAL, which have 

relatively high complexation ability with Mg2+, the battery voltages were still enhanced, by 70-110 mV, 

compared to the reference.  

    The specific energy of (Mg-Ca)-air batteries in different electrolytes at various current densities is 

shown in Fig. 8. At lower discharge currents, higher specific energy was achieved by adding CIT and 

SAL. Both of them have relatively weak complexation ability with Mg2+. The lower current density 

indicates lower rate of Mg2+ produced by discharge process. Those complexing agents with mild 

complexation ability can retard the formation of discharge product film and maintain high discharge 

voltage without additional dissolution of Mg based anode. Hence, the highest specific energy was  
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Fig. 7.  Discharge performance of (Mg-Ca)-air battery in 3.5 wt. % NaCl solution with and without additives at 

various current densities: (a) 0.5; (b) 1; (c) 5 and (d) 10 mA cm-2.  

Fig. 8. Specific energy of (Mg-Ca)-air battery in 3.5 wt. % NaCl solution with and without additives at various 

current densities. 

achieved by adding CIT at 1 mA cm-2. It reached 3007 Wh kg-1, which was 880 Wh kg-1 higher than the 

specific energy of (Mg-Ca)-air battery in blank NaCl solution at 1 mA cm-2. Compared with literatures 

[13, 27, 36, 63-65], it is much higher than the specific energy of Mg-air battery based on different Mg 

alloys anodes in different aqueous electrolytes, although the different experimental environment and 
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cathode materials might cause deviations. The specific energy of (Mg-Ca)-air battery in moderate 

additive solution decreased with the increase of current density. At relatively high current density, a 

higher rate of Mg2+ generated and released into the electrolyte.  In this case complexing agents with 

strong ability of forming complex with Mg2+, like 2,6-DHB, 3,4-DHB and 5-sulfoSAL, keep the anode 

surface clean, maintaining a relatively high cell voltage. At the same time, they do not greatly dissolve 

the additional anode materials because a large amount of Mg2+ exists in the electrolyte. Therefore, (Mg-

Ca)-air batteries containing 2,6-DHB, 3,4-DHB and 5-sulfoSAL had relatively high specific energy at 

10 mA cm-2. The effect of selected electrolyte additives depends on the applied current density and the 

complexation ability with Mg2+. 

4. Conclusions 

In this work, Mg2+ complexing agents were used as electrolyte additives for aqueous Mg-air battery. 

The effect of the electrolyte additives on the corrosion behavior and discharge performance of Mg-Ca 

was investigated.  

(1) Additives that form soluble complexes with Mg2+ overall have positive effect on the discharge 

performance of (Mg-Ca)-air battery. According to their complexation ability with Mg2+, 

different additives should be used for different discharge loads to obtain optimal effect.  

(2) Stability constants of soluble complexes with Mg2+ is an important aspect enhancing anode 

activity. (Mg-Ca)-air battery at lower discharge current exhibits ideal performance by using 

additives with moderate stability constant, such as CIT and SAL. At higher discharge loads, 

better performance is achieved when using the additives with strong complexation ability, such 

as 3,4-DHB and 5-sulfoSAL. The peak specific energy appears at 1 mA cm-2 in NaCl with CIT 

and reaches 3007 Wh kg-1. At 10 mA cm-2, the specific energy of Mg-Ca in NaCl solution with 

5-sulfoSAL is the highest, achieving 1925 Wh kg-1.  

(3) The selected additives hinder the formation of discharge products on the anode surface and 

provide more active area for discharge according to their different complexation ability with 

Mg2+, resulting in more negative OCP and less potential drop caused by discharge products. In 
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half-cell discharge test, the average discharge potential of Mg-Ca in NaCl with 0.1M 3,4-DHB 

reaches -1.95 V at 1 mA cm-2, which is 320 mV more negative than that in blank NaCl solution. 

In full-cell discharge test, the highest cell voltage of (Mg-Ca)-air battery is achieved by the 

usage of 5-sulfoSAL at 0.5 mA cm-2, 1.86 V, which is 270 mV higher than the reference.  

(4) At low current density, the addition of strong complexing agent (like 3,4-DHB) causes 

significant loss of utilization efficiency. However, the utilization efficiency of Mg-Ca is 

improved by using moderate Mg2+ complexing agents at relatively high current density. The 

highest utilization efficiency was shown for 2,6-DHB (65% at 5 mA cm-2  and 67.2% at 10 mA 

cm-2), because the addition of 2,6-DHB makes the dissolution of Mg-Ca more uniform, 

eliminating the weight loss caused by chunk effect which is significant in pure NaCl solution. 
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