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Abstract 

Owing to the remarkable theoretical discharge performance and eco-friendliness, aqueous Mg-

air batteries (AMABs) are considered as promising power sources for next-generation 

electronics. However, the extensive commercialization of AMABs has still hampered by the 

dissatisfied practical battery performance, namely, relative low cell voltage and specific energy 

in comparison with the theoretical values (3.1 V and 6.8 kWh kg–1), which are mainly driven 

by the sluggish reaction kinetics and serious self-discharge of Mg anode in aqueous electrolyte. 

Therefore, addressing these issues becomes the top priority in the research filed on AMABs.  

This doctoral work proposes new approaches to boost discharge performance of AMABs via 

tailoring electrolyte additives for newly developed Mg-Ca anodes. Micro-alloyed Mg-Ca 

anode exhibits negative discharge potential and high utilization efficiency (UE) compared to 

other commercial Mg alloys. With the addition of suitable Mg2+ complexing agent into 

electrolyte, the discharge performance of Mg-Ca is able to be further improved. Therefore, the 

effect of Mg2+ complexing agents on the corrosion and discharge performance of Mg-Ca anode 

was investigated, indicating the potential of Mg2+ complexing agents to regulate the interfacial 

condition of the Mg anode/electrolyte and to enhance the specific energy of AMABs. In order 

to reveal the working mechanism of electrolyte additives, the evolution of interfacial condition 

between Mg anode and electrolyte was traced by electrochemical impedance spectroscopy. 

Nevertheless, the interpretation of impedance spectra has been still controversial, which may 

affect the accurate understanding of the additive working mechanism. Therefore, the physical 

interpretations of high frequency and middle frequency time constants in Mg impedance 

spectra were thoroughly investigated, revealing the high frequency time constant is originated 

form the barrier effect of surface film and the middle frequency time constant is related to 

charge transfer process and the electric double layer. Based on a better understanding about 

Mg impedance spectra, EIS measurements during discharge interval were applied to study the 

working mechanism of selected electrolyte additives. 2,6-dihydroxybenzoate (2,6-DHB) 

shows the possibility to simultaneously improve the discharge activity and UE of Mg-Ca anode. 

Thus, the working mechanism of 2,6-DHB with different concentrations was studied by EIS 

and real-time hydrogen evolution test during discharge. Meanwhile, 2,6-DHB was evaluated 

and tested as a versatile electrolyte additive for AMABs based on diverse commercial Mg 

anodes, which yielded the performance enhancement for all tested AMABs under 5 and 10 mA 

cm-2 current densities. Additionally to Mg2+ complexing agents, InCl3 was also studied as a 

potential electrolyte additive for Mg-Ca based aqueous Mg-air battery (AMAB). The working 
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mechanism of different concentrations InCl3 was explored by EIS, real-time hydrogen 

evolution during discharge, and local pH measurements. The addition of InCl3 delays the 

alkalization of the electrolyte through the hydrolysis reaction of In3+ ions, mitigates the self-

discharge of Mg-Ca anode, and promotes its homogeneous dissolution, thereby improving the 

discharge activity and UE of Mg-Ca anode. Summarizing, suitable chemical compounds in 

electrolyte are capable of improving the discharge performance of AMABs. This work 

proposes two different types of electrolyte additives for AMABs based on a deep understanding 

of their working mechanisms, which could be indicative for the discovery of other potential 

electrolyte additives and would greatly facilitate the development and widespread applications 

of high-performance AMAB systems.    
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Zusammenfassung 

Aufgrund der hohen theoretischen Entladeleistung sowie sehr guter Umweltverträglichkeit 

gelten wässrige Mg-Luft-Batterien (AMABs) als vielversprechende Energiequellen für 

elektrische Technologien der nächsten Generation. Die umfassende Kommerzialisierung von 

AMABs wird jedoch immer noch durch eine unzureichende Batterieleistung im Realbetrieb 

behindert. Dies betrifft insbesondere die relativ niedrige Zellspannung und erzielte spezifische 

Energie im Vergleich zu den theoretischen Werten (3,1 V und 6,8 kWh kg-1), die hauptsächlich 

durch eine ungünstige Reaktionskinetik sowie massive Selbstentladungseffekte an der Mg-

Anode in wässrigen Elektrolyten verursacht werden. In der Forschung zu AMABs sind daher 

die beiden genannten Aspekte zu adressieren sowie zu priorisieren. 

In dieser Doktorarbeit wird eine neue Strategie zur Steigerung der Entladeleistung von AMABs 

durch maßgeschneiderte Elektrolytzusätze zur Verwendung mit zuletzt neu entwickelten Mg-

Ca-Anoden vorgeschlagen. Mikrolegierte Mg-Ca-Anoden weisen im Vergleich zu anderen 

kommerziellen Mg-Legierungen, ein besseres negativeres Entladungspotenzial bei gleichzeitig 

hohem Nutzungsgrad (Utilization efficiency (UE)) auf. Durch die Zugabe eines geeigneten 

Mg2+-Komplexbildners in den Elektrolyten kann die Entladeleistung von Mg-Ca basierten 

Anoden messbar verbessert werden. Daher wurde die Wirkung von Mg2+-Komplexbildnern 

auf das Korrosionsverhalten sowie die Entladungsleistung von Mg-Ca-Anoden untersucht. 

Dezidierte Experimente zeigten direkt, dass Mg2+-Komplexbildner das Potenzial haben, die 

Grenzflächenbedingungen zwischen Mg-Anode und Elektrolyt zu regulieren und die 

spezifische Energie von AMABs zu erhöhen. Um den Wirkmechanismus der Elektrolytzusätze 

zu erforschen, wurde das Verhalten der Grenzfläche zwischen Mg-Anode und 

Elektrolytsystemen mittels elektrochemischer Impedanzspektroskopie (EIS) untersucht. Die 

Interpretation der Impedanzspektren ist jedoch schwierig. Nach wie vor ist in der Forschung 

umstritten, wie der Wirkmechanismus der Additive die EIS Ergebnisse beeinträchtigen kann. 

Aus diesem Grund wurden die physikalischen Interpretationen der hoch- und mittelfrequenten 

Zeitkonstanten in den Mg-Impedanzspektren detailliert hinterfragt und Untersuchungen 

durchgeführt.  Es stellte sich heraus, dass die hochfrequente Zeitkonstante der entsprechenden 

Spektren auf den Barriere-Effekt sich bildender Schichten zurückzuführen ist und die 

mittelfrequente Zeitkonstante mit dem Ladungstransferprozess sowie der elektrischen 

Doppelschicht zusammenhängt. Basierend auf dem erlangten besseren Verständnis der Mg-

Impedanzspektren wurden EIS-Messungen während Entladungsexperimenten durchgeführt, 

um gezielt, den Wirkmechanismus ausgewählter Elektrolytzusätze zu untersuchen. 2,6-
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Dihydroxybenzoat (2,6-DHB) zeigte hier früh gute Ergebnisse. Es ermöglicht, gleichzeitig die 

Entladungsaktivität und Nutzungsgrad der Mg-Ca-Anoden zu verbessern. Daher wurde der 

Wirkmechanismus von 2,6-DHB bei verschiedenen Konzentrationen mittels EIS als auch 

mittels Messungen zur Wasserstoffentwicklung während der Entladung untersucht. Parallel 

wurde 2,6-DHB als vielseitiger Elektrolytzusatz für AMABs auf Basis verschiedener 

kommerzieller Mg-Anoden bzw. Legierungen bewertet und gezielt getestet. Eine elektrische 

Leistungssteigerung für alle AMAB Systeme bei Stromdichten von 5 und 10 mA cm-2 wurde 

beobachtet. Alternativ zu den Mg2+-Komplexbildnern wurde auch InCl3 als potenzieller 

Elektrolytzusatz für Mg-Ca-basierte wässrige Mg-Luft-Batterien (AMAB) untersucht. Der 

Wirkmechanismus bei unterschiedlichen InCl3-Konzentrationen wurde durch EIS, 

Wasserstoffentwicklungstest während der Entladung als auch mittels lokaler pH-Messungen 

erforscht. Die Zugabe von InCl3 verzögert aufgrund einer Hydrolysereaktion von In3+-Ionen 

die Alkalisierung des Elektrolyten. Es vermindert die Selbstentladung der Anoden und es 

fördert eine homogene Anodenauflösung, wodurch die Entladungsaktivität und die UE 

messbar verbessert werden. Die Ergebnisse beweisen final, dass geeignete chemische 

Verbindungen im Elektrolyten die Entladeleistung von AMABs erheblich verbessern können. 

Diese Arbeit schlägt, basierend auf einem tiefen Verständnis der Wirkmechanismen zwei 

verschiedene Arten von Elektrolytzusätzen für AMABs, vor. Die Ergebnisse bilden einen 

Anhaltspunkt für die Entdeckung anderer potenzieller Elektrolytzusätze. Die Entwicklung in 

Richtung breite Anwendung von Hochleistungs-AMAB-Systemen wurde beschleunigt.    
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INTRODUCTION 

1 Introduction 

Aqueous metal-air batteries refer to the electrochemical power sources composed of metallic 

anode, aqueous electrolyte and air cathode, which exhibit many prominent features in 

comparison with Li-ion batteries (LIBs), such as superior theoretical specific energy, 

environmental benignity, great safety and cost-effectiveness [1-4]. The active materials in 

aqueous metal-air batteries are metallic anode and oxygen from air. Hence, the total weight of 

the system is reduced and the theoretical specific energy is 3 to 30 times higher than that of 

LIBs. The theoretical specific energy (excluding the molar loss of O2) of aqueous metal-air 

batteries varies with the different anode types, from 1.3 to 13.0 kWh kg-1 [5, 6]. Hence, they 

have been widely used in a variety of equipment in different scales, ranging from micro-

implantable devices to energy storage of smart grids. Aqueous Mg-air batteries (AMABs) as 

desirable energy conversion and storage options attracted much attention among existing 

metal-air battery systems in recent five years [7-15]. The negative standard electrode potential 

and low density of Mg anode enable AMABs a relatively high theoretical cell voltage, 3.1 V, 

and superior energy density, 6.8 kWh kg–1 based on Mg anode [16, 17]. Nevertheless, the 

severe self-corrosion of Mg anode amid discharge and the sluggish oxygen reduction reaction 

kinetics on cathode limit the practical performance and commercialization of AMABs. Besides, 

AMABs can only be mechanically recharged by replacing active materials and are not 

electrochemically rechargeable. Numerous efforts have been made to boost the discharge 

performance of AMABs focusing on optimizing the properties of each component and battery 

design [18-21]. Electrolyte as one of the key components is decisive for defining the 

electrochemical and chemical reactions inside the system. Consequently, the properties of 

electrolyte (i.e. composition, pH and concentration) determine the practical performance of 

anode, cathode and fully assembled AMABs. Nevertheless, only limited works have covered 

this subject and most of them have focused on alleviating the self-discharge of Mg anode via 

adopting corrosion inhibitors or surfactants as electrolyte additives, which resulted in the 

sacrifice of anode discharge activity [22-25]. The most prominent electrolyte system for 

AMABs should possess the capability of inhibiting self-discharge and promoting anode 

activity concurrently. To fulfill these two criteria, new strategies based on a deep understanding 

of self-discharge and discharge behavior of Mg in aqueous electrolyte should be developed. 

Hence, the work presented in this dissertation focuses on performance boosting of AMABs 

from electrolyte side via tailoring the electrolyte chemical properties and regulating the Mg 

anode/electrolyte interfacial condition.  
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INTRODUCTION 

This dissertation is composed of seven chapters. Chapter 2 presents an overview of the 

electrolyte systems for different aqueous metal-air batteries, including the existing problems, 

approaches to tackle these issues and perspectives for future works. The motivation of this 

work and objectives are explicated in Chapter 3, whilst the details regarding all experimental 

methods adopted in this work are given in Chapter 4. The experimental results are displayed in 

Chapter 5 in form of 5 published scientific papers. A general discussion on all presented results 

is given in Chapter 6. Summary and perspectives are drawn and described in Chapter 7. 
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ELECTROLYTE FOR AQUEOUS METAL-AIR BATTERIES 

Electrolyte for Aqueous Metal-Air Batteries 
 

1. Introduction 

The first (1760-1830) and second (1870-1914) industrial revolution introduced fossil fuels 

(coal, petroleum, natural gas and oil) as energy sources, which greatly promoted the progress 

in different aspects of human life. However, with the increasing demand for energy, non-

renewable fossil fuels will encounter a shortage in supply in the future, which will definitely 

trigger the worldwide energy crisis. In addition, the continuous consumptions of fossil fuels 

arise serious environmental issues, especially the emission of greenhouse gases. The levels of 

greenhouse gases in the atmosphere reached a new record in 2019 [1]. The international 

community is increasingly advocating reduce greenhouse gases emission and the concept of 

carbon neutrality [2-4], which refers to the net-zero CO2 emission. With the aim to address the 

emerging problems caused by over-commitment to fossil fuels and to reduce CO2 emission, 

much effort has been devoted to develop alternative energy conversion technologies like 

photovoltaic solar or wind turbine energy production technologies, and energy storage devices, 

such as metal-ion batteries, metal-air batteries, redox-flow batteries, fuel cells, super-capacitors, 

etc. 

Among the existing energy storage devices, rechargeable Li-ion batteries (LIBs) are mature 

and representative technologies for our daily applications. LIBs possess high voltage, superior 

capacity and impressive cycling life. However, LIBs possess some inherent safety problems. 

Li is a volatile metal and exhibits extremely negative electrode potential. Meanwhile, the 

organic electrolytes used for LIBs are also highly flammable, leading to the potential exploding 

issue of LIBs. The recent news about the explosion of Samsung Galaxy Note 7 and the ban 

event of Boeing 787s raises public concerns regarding the safety of LIBs. The byproducts 

during mining and manufacturing process of LIBs lead to certain environment problems and 

the recycling of pollutants in waste LIBs is still a big issue. In addition, rechargeable LIBs are 

not able to completely fulfill the demands for some high energy density applications, such as 

long-range pure electric vehicles (EVs) [5], unmanned aerial vehicle (UAV) [6], and other off-

grid applications [7]. Moreover, the prices of raw materials for LIBs (Li, Co and Ni) and the 

associated production costs are high. Thus, LIBs are not always optimal candidates for large-

scale energy storage systems. In view of the above, searching and developing other reliable 

energy storage systems is an urgent task. 



 

4 

 

ELECTROLYTE FOR AQUEOUS METAL-AIR BATTERIES 

Owing to the superior theoretical specific energy densities, safety and environmental 

benignity, metal-air batteries evoke ubiquitous attention latterly. Metal-air batteries rely on the 

dissolution of the metallic anode and the oxygen reduction reaction at the cathode, which are 

also known as semi-fuel cells given the O2 adopted as cathodic reactant (Fig. 1a). The O2 

consumed on the cathode is mostly from the air. It dramatically reduces the weight of these 

battery systems, and thus increases the theoretical energy densities. Fig. 1b listed the theoretical 

energy densities of several conventional metal-air batteries based on different anode materials, 

namely, Al-air batteries (AABs), Mg-air batteries (MABs), Zn-air batteries (ZABs) and Fe-air 

batteries (FABs). The theoretical energy densities of those metal-air batteries in the range 0.8-

8.1 kWh kg-1 (excluding O2), some of which are close to the theoretical energy density of 

gasoline, ~13 kWh kg-1 and higher than that of LIBs, 4 kWh kg-1. In comparison with traditional 

fuel cell and LIBs, metallic anodes, such as Mg and Zn, are normally less combustible than H2 

and Li. Hence, no strict manufacturing conditions, special storage or transportation methods 

are needed. All actions can be proceed under ambient environment, making metal-air batteries 

easier to be manufactured and reducing the production costs. Besides, metal-air batteries have 

long shelf life under dry condition. Nevertheless, even with the mentioned merits, the 

development of metal-air batteries has been downplayed in the past decades.  

 

The investigation of metal-air battery has a longer history than LIBs. The first metal-air 

battery can be traced back to 1878, when Maiche designed the first primary Zn-air battery [8]. 

In 1932, the first commercialized metal-air battery entered the market [9]. Following that, Fe-

air [10], Al-air [11], and Mg-air batteries were developed in 1960s [12]. In the 1960s and early 

Fig. 1. (a) Illustration of metal-air battery and (b) theoretical and practical specific energy for metal-air 

batteries. 

 (a)   (b)  
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ELECTROLYTE FOR AQUEOUS METAL-AIR BATTERIES 

1970s, the investigation of metal-air batteries ushered the first bloom [13]. However, several 

relevant technique issues retarded the pace of the development of metal-air batteries in that 

period, especially the lack of air cathode with adequate efficiency. In the past years, along with 

the development of fuel cell, the stability and efficiency of air cathode have been improved 

greatly [14-16]. Hence, metal-air batteries are confronted with new opportunities. 

According to the adopted electrolyte, metal-air batteries can be sorted to two types, aqueous 

and non-aqueous metal-air batteries. The common problem of aqueous metal-air batteries is 

the self-corrosion of metallic anodes, especially for Al-based and Mg-based anodes. The 

adoption of organic electrolyte is able to alleviate the corrosion of anode in electrolyte and 

hence contributes to longer cell life. However, as above introduced, organic electrolyte is one 

of the major causes for the safety and environmental issues of LIBs due to its flammability and 

toxicity. Furthermore, the ionic conductivity of organic electrolyte is normally lower than that 

of aqueous electrolyte, resulting in the inferior power density of non-aqueous metal-air 

batteries. Aqueous electrolyte is nonflammable and environmentally friendly, which 

fundamentally addresses the relevant issue of organic electrolyte and offers the possibility to 

be used as grid-scale energy storage [17]. Besides, aqueous electrolytes also exhibit other 

merits, such as relatively low price and plain manufacturing processes. Unlike ZABs and FABs, 

AABs and MABs are only mechanically rechargeable due to intrinsic reactions of metallic 

anodes in aqueous electrolytes. Comparing to electrochemically rechargeable metal-air 

batteries, mechanically rechargeable aqueous metal-air batteries possess some unique 

advantages, including the capability of supplying full power instantly without a waiting period 

for charging process, less requirement for air cathode (oxygen reduction reaction (ORR) 

happened only), and high anodic efficiency (e.g. anode materials are inserted into the 

electrolyte only during operation). Besides, they are good options as standby emergency power 

supplies where charging is not possible and exhibit high capability under extreme environments. 

Taking into account the aforementioned traits, the research on aqueous metal-air batteries 

experiences an astounding increase in recent decade.  

The most conventional metallic anode used in aqueous metal-air battery systems are Zn [18], 

Al [19], and Mg [20]. There are also emerging research adopting Fe [21] as anode material for 

aqueous  metal-air batteries. Due to the various inherent properties of anode materials, aqueous 

metal-air batteries face different roadblocks, but there are several common challenges for all 

metal-air batteries impeding the achievement of the theoretical performance and retarding their 

broad practical applications. Fig. 2 lists the common and special issues of common aqueous 



 

6 

 

ELECTROLYTE FOR AQUEOUS METAL-AIR BATTERIES 

ZABs, AABs, and MABs. All of them possess the balance issue regarding battery life span and 

discharge activity. Metallic anodes undergo serious self-corrosion under working condition, 

which shortens the battery capacity. Meanwhile, anode materials also suffer from surface 

passivation caused by the accumulation of discharge products. In addition, although a great 

improvement has been achieved, the efficiency of air cathode is still a limiting factor for metal-

air batteries. The discharge performance of rechargeable aqueous ZABs is limited not only by 

the sluggish ORR but also the sluggish oxygen evolution reaction (OER) on the air cathode. 

Moreover, the dendrite formation and the electrode shape change after cycling significantly 

reduce the battery life of ZABs. For aqueous AABs and MABs, they are suffering from 

negative difference effect (NDE) and chunk effect. Both of these effects are detrimental to 

anode utilization efficiency and will also shorten the battery life. NDE and chunk effect refer 

to the anomalous hydrogen evolution during discharging process (anodic polarization) and the 

detachment of small metal pieces from anode surface, respectively. To overcome these issues, 

many attempts have been done from different aspects, including novel anode, efficient air 

cathode, functionalized electrolyte development, and rational cell design. Especially, much 

attention has been paid on the development of novel anode and cathode materials. The cathode 

is also an issue but will be not touch it here. More detailed overview about anode and cathode 

materials for aqueous metal-air batteries can be found on the following references [22-24]. 

 

 

Comparatively little concern is addressed to the electrolyte development. However, it is in 

fact controlling the electrochemical reaction inside the metal-air batteries. The electrochemical 

properties of electrodes vary as the change of electrolyte composition, concentration, and pH. 

Therefore, the research on electrolyte modification is indeed the key factor for achieving 

superior discharge performance of aqueous metal-air batteries and facilitating the large-scale 

commercialization for industrial deployment. In order to further stimulate the investigation on 

Fig. 2. Illustration of issues and possible solutions of aqueous metal-air batteries.  
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the electrolyte modification of aqueous metal-air batteries, the recent progress on electrolyte 

development for aqueous metal-air batteries is reviewed and the state-of-art strategies for 

choosing electrolyte additives is summarized herein. The basic working mechanism of different 

conventional aqueous metal-air batteries (Zn, Al and Mg-based) and clarity on the existing 

problems for each system are introduced. The design tactics of suitable electrolyte system for 

one sort of metal-air batteries may also inspire or be readily transplanted to other metal-air 

batteries. Hence, some perspectives on the future research directions of aqueous metal-air 

batteries are proposed.  

2. Working principle for aqueous metal-air batteries  

As illustrated in Fig. 1a, the basic configuration of metal-air battery is composed of the 

metallic anode, the electrolyte, and the air cathode. Some other components can be added in 

for special purpose, such as functional membranes as the separator. The main reactions of 

aqueous metal-air batteries during discharging process are the dissolution of metallic anode 

and the reduction of O2. The involved reactions depend on the pH of the electrolyte, 

In acidic environment, 

                       Anodic reactions: 𝑀 →  𝑀𝑛+ +  𝑛 𝑒−                                                             (1) 

                Cathodic reactions: 
𝑛

2
 𝑂2  +  𝑛 𝐻+ +  𝑛 𝑒− →  

𝑛

2
 𝐻2𝑂                                       (2) 

                 Overall reactions:  𝑀 +  
𝑛

2
 𝑂2  +  𝑛 𝐻+ →  𝑀𝑛+  +  

𝑛

2
 𝐻2𝑂                              (3) 

In neutral environment, 

                      Anodic reactions: 𝑀 →  𝑀𝑛+ +  𝑛 𝑒−                                                              (4) 

                 Cathodic reactions: 
𝑛

4
 𝑂2  + 

𝑛

2
 𝐻2𝑂 +  𝑛 𝑒− →  𝑛 𝑂𝐻−                                      (5) 

                   Overall reactions:  𝑀 +  
𝑛

4
 𝑂2  +  

𝑛

2
 𝐻2𝑂 →  𝑀(𝑂𝐻)𝑛                                    (6) 

In alkaline environment, 

                 Anodic reactions: 𝑀 +  𝑥 𝑂𝐻−  →  𝑀 (𝑂𝐻)𝑥
𝑦−

+ (𝑥 − 𝑦) 𝑒−                              (7)  

                Cathodic reactions:  
𝑥

4
 𝑂2  +  

𝑥

2
 𝐻2𝑂 +  𝑥 𝑒− →  𝑥 𝑂𝐻−                                       (8) 

                Overall reactions:  𝑀 +  
𝑥

4
 𝑂2  +  

𝑥

2
 𝐻2𝑂 →  𝑀(𝑂𝐻)𝑥                                      (9) 



 

8 

 

ELECTROLYTE FOR AQUEOUS METAL-AIR BATTERIES 

Except for the anodic and cathodic reactions, the parasitic hydrogen evolution reaction 

between metallic anode (M) and water also happens, which presents as following, 

                       Parasitic reaction: 𝑀 + 𝑥𝐻2𝑂 →  𝑀(𝑂𝐻)𝑥 +  
𝑥

2
𝐻2                              (10) 

Since the anodic reaction of aqueous metal-air batteries is the metal dissolution, 

understanding the thermodynamic equilibrium of the corresponding metal-water system is 

beneficial to understand the aqueous metal-air battery systems. Pourbaix diagram elucidates 

the thermodynamic equilibrium of metal-water system, which is indicative to show the 

theoretical condition of metallic anode materials in simple aqueous electrolyte under certain 

electrochemical potential and pH. Fig. 3 presents the theoretical conditions of  Zn, Al and Mg 

metals at 25 °C in presence of 10-6 M soluble species [25]. The potential is versus standard 

hydrogen electrode (SHE). As shown in Fig. 3, the upper dash line refers to the equilibrium of 

O2 evolution reaction and the lower dash line refers to the equilibrium of H2 evolution reaction. 

The region in between is the electrochemical stability window of water. As presented in Fig. 

3a, the zone of immunity represents the area where metallic state is the most stable state of Zn 

and Zn is totally immune from corrosion. With the increase of pH or potential, the corrosion 

zone is reached and the most stable state of Zn changes to the soluble ionic state. In other words, 

corrosion reaction of the metal happens. The zone of passivation depicts that the formed oxide 

or hydroxide layer on Zn surface prevents the contact of Zn with the solution. Zn and Al are 

amphoteric metals and, thus, both of them possess two corrosion zones. For Mg, there is only 

one corrosion zone, but it almost dominates the whole region when the environmental pH is 

less than 12. According to Fig. 3, the conventional anode materials for aqueous metal-air 

batteries corrode severely in acidic electrolyte, which may lead to anode utilization efficiency 

loss. Neutral and alkaline electrolytes may therefore be more preferable with regard to this 

issue. Nevertheless, Zn and Al anodes suffer from surface passivation in near neutral 

electrolytes, which is detrimental to the sustainability of anode discharge activity and practical 

output voltage. By contrast, for Mg anode, the surface passivation occurs only in alkaline 

electrolyte. Hence, for different anode materials, the favorable pH range of the electrolyte is 

different. 
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It is noteworthy that Fig. 3 only shows the condition in simple aqueous electrolyte in 

presence of 10-6 M soluble species. The real system is dynamic and influenced by the 

concentration of soluble species, the anions and cations in the background electrolyte (e.g. 

those induce precipitates formation), the existence of other additives (e.g. complexing reagents), 

etc. Thus, the composition and pH of the electrolyte are decisive and critical for the 

development of novel aqueous metal-air batteries with superior discharge performance. Note 

that the requirements on the electrolyte are diverse for different metal-air battery systems. 

Therefore, in the following, the basis and advances in the electrolyte for conventional metal-

air batteries based on different anodes are introduced. 

3. Aqueous Zn-air batteries 

As aforementioned, Zn-air battery is the oldest metal-air battery. The concept of Zn-air 

battery was proposed in 1840s and the first primary Zn-air battery was developed in 1878 with 

further practical commercialization in 1930s, like electric vehicles and hearing-aids [26]. 

Despite that the theoretical energy density of Zn-air battery is not competitive in comparison 

to other aqueous metal-air batteries (Fig. 1b), Zn anode exhibits one most appealing merit, 

namely the electrochemical reversibility of discharge reaction in aqueous electrolyte, which 

enables the implementation of rechargeable ZABs. However, the first commercial rechargeable 

ZAB from NantEnergy was launched in 2012 with limited energy density, ~ 35 Wh kg-1 [27]. 

Hence, much effort have been devoted to achieve rechargeable ZABs with fairly good cycle 

life and energy efficiency in the last decade. The discharge reactions happened in conventional 

aqueous alkaline ZABs are: 

    Anodic reactions: 𝑍𝑛 +  4 𝑂𝐻−  ↔ 𝑍𝑛(𝑂𝐻)4
2− +  2 𝑒− 𝐸0 = −1.25 𝑉 vs. SHE         (11) 

Fig. 3. Theoretical domains of corrosion, immunity and passivation of (a) Zn, (b) Al, and (c) Mg at 25 °C in 

presence of 10-6 M soluble species reproduced with permission from Ref. 25. 

 (a)   (b)   (c)  
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                                    𝑍𝑛(𝑂𝐻)4
2− ↔ 𝑍𝑛𝑂 +  𝐻2𝑂 + 2 𝑂𝐻−                                           (12) 

              Cathodic: 𝑂2  +  2 𝐻2𝑂 +  4 𝑒− ↔  4 𝑂𝐻−    𝐸0 = 0.41 𝑉 vs. SHE                 (13) 

                      Overall: 2 𝑍𝑛 + 𝑂2 ↔  2 𝑍𝑛𝑂        𝐸0 = 1.66 𝑉 vs. SHE                          (14)          

As shown in Eq. 11, the anodic reaction is the oxidation of Zn to soluble zincate Zn(OH)4
2-. 

When zincate ions are supersaturated in the electrolyte, they decompose via Eq. 12 and form 

insoluble ZnO, which may induce surface passivation for both anode and cathode depending 

on the solubility of zincate ion in the specified electrolyte and the properties of the precipitates 

film. If a dense and compact ZnO film is formed, the precipitated ZnO is not able to be 

completely reduced to Zn during charging process. Thus, the discharge capacity and cycle life 

of ZABs are reduced significantly. The dense ZnO film also gives rise to the increase of internal 

resistance and consequently influences the output voltage of ZABs. As presented in Fig. 4a, 

with the prolongation of discharge, the precipitated ZnO cover the surface of metallic Zn 

sponge anode and leads to the decrease of cell voltage. Therefore, it is crucial to hinder the 

formation of a dense ZnO film. Many researchers have attempted to clarify the nucleation and 

growth mechanism of ZnO with discrepant morphologies via modeling and experimental 

investigations [28-30]. 

Soluble zincate ions formed during discharge are supposed to be reduced and plated on Zn 

anode during charging process. Nevertheless, the free zincate ions may diffuse away from the 

vicinity of anode and reluctant to be redeposited back to the same place with the same 

arrangement during charge, leading to the change of electrode shape. Accordingly, preferential 

redepostion is triggered, which is influenced by many factors, including the difference in 

overpotential along Zn electrode, local current density, electric field, local concentration of 

zincate ions, and so on [18, 31-33]. Continuously preferential redeposition of zincate ions 

eventually turns to the growth of dendrite, as shown in Fig. 4b-d [34, 35]. Dendrite formation 

and electrode shape change during charge are detrimental to the cycle life of ZABs and even 

induces short-circuit between anode and cathode. Much effort have been made to reveal the 

mechanism of Zn dendrite formation and to alleviate the preferential redeposition [35-38].  
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Self-dissolution or self-corrosion of Zn anode in aqueous electrolyte is another drawback, 

which leads to undesirable loss of utilization efficiency and energy density of aqueous ZABs. 

Eq. 15 is the parasitic hydrogen evolution reaction, which occurs on Zn electrode in aqueous 

electrolyte though Zn possesses relative low overpotential of the hydrogen evolution reaction. 

This issue also shortens the shelf-life and cycle life of aqueous ZABs since the hydrogen 

evolution reaction is a spontaneous reaction over the whole pH range during charge/discharge 

(Fig. 3a). 

Parasitic reaction on anode: 𝑍𝑛 +  2 𝐻2𝑂 →  𝑍𝑛(𝑂𝐻)2 + 𝐻2                            (15)  

Except for the passivation, dendrite formation and self-dissolution of Zn anode, there are 

several other challenges hindering the further commercialization of rechargeable aqueous 

ZABs, such as electrolyte carbonation, evaporation of aqueous electrolyte, etc. Several 

approaches have been explored for addressing these problems. Hereinto, adopting suitable 

electrolyte system and relevant modification with effective electrolyte additives are considered 

as promising ways to control Zn anode dissolution, regulate zincate ions plating and hinder 

dendrite formation. Besides, using ammonia or other electrolyte compositions is able to 

moderate electrolyte carbonation, etc. The adopted electrolyte decides the electrochemistry of 

the battery. According to the pH of the electrolyte, aqueous ZABs can be sorted into two types: 

Fig. 4. Surface morphologies of Zn anode after cycling: (a) Surface morphologies of Zn sponge anode 

before and after discharge reproduced with permission from Ref. 29; (b) Second electron SEM images of Zn 

dentrite formed on Zn anode reproduced with permission from Ref. 34; (c) Operando synchrotron X-ray 

computed tomography of Zn dendrite evolution and (d) 3D reconstruction of Zn dendrite reproduced with 

permission from Ref. 35. 

 (a)   (b)  

 (c)   (d)  
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alkaline and non-alkaline ZABs. Hence, thereinafter the research progress of electrolyte 

modification for aqueous ZABs in different pH ranges is introduced.  

3.1 Alkaline electrolytes 

The most commonly used electrolytes for aqueous ZABs are alkaline solutions based on 

KOH, NaOH, LiOH, etc., due to the high ionic conductivity [39-41]. KOH electrolyte is more 

favorable since it has lower viscosity, higher oxygen diffusion coefficient, and better ionic 

conductivity (73.50 Ω-1 cm2 equiv-1 for K+ vs. 50.11 Ω-1 cm2 equiv-1 for Na+) [40, 42]. The 

ionic conductivity can be enhanced by increasing the concentration of KOH. Nevertheless, high 

concentration of KOH results in the increase of viscosity and the formation of ZnO. Hwang 

and co-workers [43] investigated the influence of KOH concentration on the electrochemical 

reactions of ZABs, indicating that 4 M KOH solution shows the most efficient corrosion 

inhibition effect for Zn anode among the solutions with 2-8 M KOH. 6 M KOH solution is also 

considered as the optimal concentration due to its high conductivity. However, the practical 

application of alkaline ZABs is still limited due to issues like the formation of insoluble 

carbonates, unfavorable dendrite growth, and self-dissolution of Zn anode as well as the 

hydrogen evolution reaction. 

Electrolyte carbonation and relevant side effects are major issues for alkaline ZABs. The 

reaction is as follows, 

                                      𝐶𝑂2  +  2 𝑂𝐻− →  𝐻2𝑂 +  𝐶𝑂3
2−                                         (16) 

CO2 from the ambient environment reacts with OH- in electrolyte and forms CO3
2-. It may 

induce the precipitation of insoluble carbonates, which deteriorates the performance via 

blocking active sites of air cathode. Besides, the increase of CO3
2- decreases the ionic 

conductivity of the electrolyte and complicates the diffusion of O2 by increasing viscosity of 

the electrolyte. As indicated by Drillet et al. [44], with the increase of CO2 concentration, the 

life time of air cathode dramatically decreases from 2500 h (pure O2 atmosphere) to 60 h (10000 

ppm CO2-containing atmosphere). Thus, they proposed to use solid adsorbents to capture CO2
 

in the feed gas. Cheng and Tan [45] suggested to adopt amine-based aqueous electrolyte 

combining piperazine (PZ) and its mixture with 2-(2-aminoethylamino) ethanol (AEEA) and 

monoethanolamine (MEA) as CO2 absorbents for ZABs. The results indicated that the CO2 

concentration in the feed gas can be controlled below 20 ppm with such treatment. As proposed 

by Kucka et al. [46], the increase of CO3
2- concentration in the electrolyte leads to the decrease 

of carbonation reaction rate. The addition of 28.6 mol% K2CO3 into 6 M KOH marginally 
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influence the discharge performance of ZAB [47]. Hence, the addition of K2CO3 into KOH 

electrolyte was proposed to be an efficient method to alleviate the side effect of electrolyte 

carbonation. 

3.2 Near-neutral electrolytes 

Employing near-neutral electrolytes is another direction for high performance aqueous ZABs. 

First, the aforementioned electrolyte carbonation is diminished due to a lack of OH–. Further, 

according to Pourbaix diagram (Fig. 3a), the dissolution of Zn in non-alkaline solutions does 

not give rise to a stable ZnO passive film, and thus the problem of surface passivation could be 

solved. Besides, the dendrite formation could be mitigated via using non-alkaline solutions [18]. 

However, only few works adopted acidic solution as the electrolyte for aqueous ZABs [48, 49], 

because the acidic environment induces severe corrosion of Zn anode. Meanwhile, there is a 

lack of suitable catalysts and support materials that possess desirable performance in acidic 

electrolyte. Hence, the pH range of non-alkaline electrolyte is normally around 5-7 depending 

on the salts added into the electrolyte. The anodic reactions happened in non-alkaline aqueous 

ZABs during discharge are as follow: 

           Anodic reaction: 𝑍𝑛 ↔ 𝑍𝑛2+ +  2 𝑒−, 𝐸0 = −0.76 V vs. SHE                   (17) 

          Cathodic: 𝑂2  +  4 𝐻+  +  4 𝑒− ↔ 2 𝐻2𝑂    𝐸0 = 1.23 𝑉 vs. SHE                (18) 

   Overall: 2 𝑍𝑛 +  𝑂2 +  4 𝐻+ ↔ 2 𝑍𝑛2+ + 2 𝐻2𝑂    𝐸0 = 1.99 𝑉 vs. SHE         (19) 

Widely investigated neutral electrolytes for aqueous ZABs are mainly chloride-based and 

ammonium-based solutions [50, 51]. However, chloride-based electrolytes have been 

demonstrated undesirable for rechargeable ZABs, because the charging process of ZABs in 

chloride-based electrolytes gives rise to the chlorine evolution reaction, which is even more 

favored than oxygen evolution reaction [52], 

                               2 𝐶𝑙−  →  𝐶𝑙2 + 2 𝑒−, 𝐸0 = 1.36  𝑉 vs. SHE                             (20) 

                               2 𝐻2𝑂 →  𝑂2 + 4 𝐻+ + 4 𝑒−, 𝐸0 = 1.23  𝑉 vs. SHE                   (21) 

The side reaction decreases the charging efficiency and may further lead to the formation of 

chloric acids. In order to tackle these side effects, namely the chlorine and/or hypochlorite 

formation, urea were suggested to be introduced into chloride-based electrolytes, because it 

can reacts with chlorine and releases innocuous gases (i.e. N2 ) [39].  
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The cation types of chloride salts also make great impact on the discharge/charge 

performance of Zn-air batteries. Bi3+, Pb2+, Hg2+ and Sn2+ chloride salts are able to enhance the 

hydrogen evolution overpotential and suppress unwanted hydrogen evolution reaction [52]. 

ZnCl2-NH4Cl electrolyte is well-known as the electrolyte for Leclanche batteries (Zn-MnO2/C 

batteries). The concentration of NH4Cl plays a vital role on deciding which Zn-based species 

are to be formed in the discharging process [53]. Low NH4Cl-containing electrolyte favors the 

formation of amorphous ZnCl2⋅ 4Zn(OH)2⋅H2O, whilst high NH4Cl-containing electrolyte leads 

to the formation of crystalline ZnCl2⋅2NH3 and may result in the surface passivation due to the 

dense structure of crystalline ZnCl2⋅2NH3 [54]. Except for these two Zn-based species, ZnO, 

Zn(OH)2, Zn(NH3)2Cl2  and other Zn-complexes are able to be formed depending on pH, Cl- 

concentration, temperature and water amount [53, 55]. Goh and co-authors developed a ZnCl2-

NH4Cl based electrolyte for a secondary ZAB, which enabled the battery to sustain hundreds 

of charge/discharge cycles and cycle life of more than 1000 h [56]. Polyethylene glycol (PEG) 

and thiourea were added into the ZnCl2-NH4Cl based electrolyte, showing inhibitory effects on 

Zn deposition. The further work from this team reported the combination of neutral chloride-

based electrolyte and directly grown MnOx catalyst boosts the cycling stability and cell voltage 

of a secondary ZAB [57]. The performance enhancement is due to the reduced electrolyte 

carbonization and suppressed carbon corrosion in cathode. Except for chloride-based and 

ammonium-based electrolytes, carbonate-based, sulfate-based, nitrate-based and perchlorate-

based solutions have also been reported as possible electrolyte systems for ZABs [52, 58]. 

However, near-neutral electrolytes indeed suppress the activity of catalysts and exhibit less 

ionic conductivity in comparison with alkaline electrolytes. Therefore, more attention should 

paid to tackle these drawbacks of near-neutral electrolytes to facilitate the practical utilization 

of these promising electrolytes in aqueous ZABs. 

3.3 Additives-containing electrolytes 

As above mentioned, some inorganic and organic additives were added into chloride-based 

neutral electrolyte to eliminate the side reactions. The strategy of adding inorganic or organic 

compounds with specific properties into the electrolyte has been proven to be an efficient way 

to address some typical issues of aqueous ZABs. As shown in Fig. 5, the common issues of 

aqueous ZABs include surface passivation, dendrite growth and self-corrosion, which could be 

alleviated via various functional electrolyte additives. 
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 As mentioned before, surface passivation is one of the biggest obstacles limiting ZABs 

performance in alkaline electrolytes. A high salt concentration in alkaline electrolytes is 

capable of increasing the solubility of ZnO film and consequently decreasing the passivation 

effect. However, high solubility also induces the unwanted diffusion of zincate ions and 

electrode shape change. Adding gel to aqueous electrolytes has been suggested to enhance the 

overall performance of ZABs. The addition of gel to aqueous electrolytes increases the 

viscosity of the electrolyte resulting in the suspension of zinc powder. Yang et al. [59] reported 

that the addition of a surfactant, i.e. sodium dodecyl benzene sulfonate (SDBS), to KOH 

solution suppressed the surface passivation via the adsorption effect and consequently 

enhanced the discharge capacity of Zn anode. Except for the adsorption effect of the surfactant, 

Ghavami and co-author [60] found that the negative charged head group of SDBS is more 

effective to tailor the precipitation of ZnO in comparison with the positive charged head group 

of cationic surfactant, cetyl trimethyl ammonium bromide (CTAB), and thus is beneficial for 

prolonging the service life of ZABs.  

The physical adsorption of surfactants on the dendrite sites of Zn anode is a possible strategy 

to hinder the dendrite growth. Tetrea-alkyl ammonium hydroxides (TAAHs) and some 

surfactants [61], such as sodium dodecyl sulfate (SDS) [62] and Triton-X [63], were reported 

Fig. 5. (a) Illustration of Zn anode: existing problems and solutions; (b) SEM images of Zn anode after 

1000 CV cycles and discharge performance of ZABs in blank KOH solution and EDTA-containing KOH 

solution reproduced with permission from Ref. 68; (c) In-situ optical images of Zn electrode in PEI-

containing electrolytes reproduced with permission from Ref. 69. 

 (a)  

 (b)   (c)  
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possessing the effect to diminish Zn dendrite formation. The inhibition effect of TAAHs for 

dendrite formation enhances with the increase of the alkyl group size and concentration of 

TTAHs due to the increase of steric hindrance and polarity [61]. Metal salts and oxides, such 

as BiCl3 [64], PbO [65] and SnO [66], were also reported as suitable electrolyte additives for 

inhibiting Zn dendrite formation. Wang and co-authors [64] found that the synergistic effect of 

Bi3+ and tetrabutylammonium bromide (TBAB) greatly suppressed the formation of dendrite 

at high cathodic overpotential. Organic acids, such as citric acids, with higher amount of polar 

groups effectively prevented dendrite formation, whilst tartaric acids with lower amount of 

polar groups increased the hydrogen overpotential and consequently suppressed self-

dissolution of Zn electrode [67]. Huang et al. [68] found that the addition of 

ethylenediaminetetraacetic acid (EDTA) into 6 M KOH electrolyte not only suppresses the Zn 

dendrite formation but also alleviates the corrosion of Zn anode. As shown in Fig. 5b, Zn anode 

after 1000 cycles of cyclic voltammetry (CV) measurements in EDTA-containing solution 

elucidates surface morphology without dendrite, distinctly different from that in blank KOH 

solution. Moreover, EDTA increases the discharge/charge cycling stability of Zn anode. 

Polymer additives, such as polyethylenimine (PEI), can adsorb onto propagating dendrite 

tips and serve as a physical barrier to dendrite formation [69]. As shown in Fig. 5c, with the 

increase of PEI concentration, the growth of Zn dendrite is significantly suppressed. Other 

polymer additives, such as PEG, are also proposed as effective corrosion inhibitors for Zn 

electrode in strong alkaline electrolyte [70]. Poly(ethylene glycol) bis (carboxymethyl) ether 

(PEG DiAcid) shows even better corrosion inhibition effect for Zn electrode than PEG and 

polyoxyethylene alkyl phosphate ester acid (GAFAC RA), because the introduction of PEG 

DiAcid is capable of forming a protective layer on Zn electrode [71]. The combination of 

imidazole (IMZ) and PEG 600 in 3M KOH also shows corrosion inhibition effect for Zn anode 

[23]. IMZ suppresses the anodic reaction whilst PEG works on inhibiting the cathodic reaction. 

The composite of PEG 600 and poly-sorbate 20 (Tween 20) shows the similar effect as reported 

[72] as well as some inorganic acid salts, silicates and borates [73]. 

All in all, in spite of numerous efforts have been put on searching suitable electrolytes for 

aqueous ZABs, the practical performance of ZABs is still unsatisfactory. There is a lack of 

universal electrolyte system which can tackle all issues. One solution to a problem may lead to 

the occurrence of other problems. For instance, non-alkaline electrolytes solve the problem of 

electrolyte carbonation, but they give rise to other issues, such as low ionic conductivity and 

sluggish reaction kinetics. Thus, further investigations on understanding interfacial reactions 
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and selecting efficient additives for alkaline and non-alkaline electrolytes are still required to 

alleviate surface passivation, reduce dendrites formation, decrease self-dissolution of Zn anode 

and consequently to achieve more advances in aqueous ZABs.  

4. Aqueous Al-air batteries 

The investigation of Al-air batteries can be traced back to 1962. According to previous 

research regarding Al as anode material, Zaromb firstly proposed the alkaline primary Al-air 

battery [11]. The basic chemistry for Al-air batteries (AABs) is the oxidation of Al on the anode 

(Eq. 22) and the reduction of O2 on the cathode (Eq. 13). The standard electrode potential of 

Al is much lower than the hydrogen evolution potential. Hence, electrochemically rechargeable 

AABs is not feasible in aqueous electrolytes. Notwithstanding, AABs possess several 

advantages. The theoretical specific energy of AABs is 8140 Wh kg-1, which is much higher 

than that of Li-ion battery, 631 Wh kg-1 [74]. Al as anode material is cost-efficient since it is 

the most abundant metal in the earth crust and the reaction products are easy to be recycled. 

Moreover, the volumetric capacity of Al anode is much higher than that of Zn anode (2981 

mAh g-1 vs. 820 mAh g-1) [23], since Al3+ ion is trivalent and the anodic reaction of AABs 

involves the transfer of three electrons. The discharge and parasitic reactions of conventional 

alkaline AABs are as follows [75]: 

      Anodic reaction: 𝐴𝑙 +  4 𝑂𝐻−  →  𝐴𝑙(𝑂𝐻)4
−  +  3 𝑒−       𝐸0 = −2.35 𝑉 vs. SHE     (22) 

  Overall: 4 𝐴𝑙 + 3 𝑂2 +  6 𝐻2𝑂 +  4 𝑂𝐻−  →  4 𝐴𝑙(𝑂𝐻)4
−     𝐸0 = 2.76 𝑉 vs. SHE    (23) 

                     Parasitic: 2 𝐴𝑙 +  6 𝐻2𝑂 →  2 𝐴𝑙(𝑂𝐻)3 +  3 𝐻2                                      (24) 

As above shown, the theoretical voltage of AABs is also higher than that of ZABs. However, 

the parasitic reaction of Al anode (Eq. 24) leads to the deposition of Al(OH)3 and H2 evolution, 

which is an irreversible reaction and certainly decreases the cell voltage and discharge capacity 

of AABs. Furthermore, Al-based anode materials suffer from the negative difference effect 

(NDE), which is the intrinsic property of Al-based and Mg-based materials. It refers to the 

anomalous accelerated hydrogen evolution reaction happened on electrode surface during 

anodic polarization in aqueous solutions, which dramatically decreases the utilization 

efficiency of Al-based anode materials. Hence, the utilization efficiency of Al-based anodes in 

aqueous electrolytes could never achieve 100%. There are many discussion and interpretations 

with respect to the origin of NDE on Al-based materials [76], including the occurrence of low 

valence species [77], the breakdown of passive film and the detachment of small metallic pieces 
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from electrode, termed as “chunk effect”. The parasitic reaction leads to the big difference 

between the theoretical and practical discharge performance of aqueous AABs (Fig. 1b). In 

addition, the compact native oxide layer of Al is detrimental to the discharge activity of aqueous 

AABs. As presented in Fig. 3b, this film rarely dissolves in a wide pH range from 4.0-8.5, but 

it breaks down easily in very alkaline and acidic environment [78]. This is also the reason why 

Al anodes in alkaline electrolytes suffer from sever self-corrosion, leading to unsatisfied anode 

efficiency and discharge capacity. The formation of hydrated alumina in aqueous electrolytes 

as parasitic reaction products also decreases the discharge capacity of aqueous AABs.  

In the preliminary stage, much more attention was paid on the development of Al-based 

anode materials [19]. Recently, increasing attention is given to the modification of electrolyte 

and the optimization of Al-air battery design. The most common aqueous electrolytes for AABs 

are neutral NaCl solution, sea water and alkaline electrolytes such as KOH or NaOH solutions 

[79]. Nevertheless, as above mentioned, there is an insoluble oxide layer covering the Al anode 

surface in neutral electrolyte, which may be detrimental to the discharge activity of Al anode. 

The pros and cons of adopting electrolytes of different pH and the relevant investigations are 

comprehensively introduced in the following part.  

4.1 Alkaline electrolytes 

Alkaline electrolyte are favorable for aqueous metal-air batteries because alkaline 

environment is in favor of oxygen reduction reaction to achieve an ideal energy density. The 

regular alkaline electrolytes for aqueous AABs are NaOH [80, 81] and KOH [82] solutions 

because both of them possess relatively high conductivity. Fan et al. [83] compared the 

discharge performance of AABs in 2 M NaCl, 4 M KOH, and 4 M NaOH electrolytes. The 

NaOH solution renders the battery with the highest cell voltage and the lowest utilization 

efficiency, whereas the battery with KOH-based electrolyte shows the highest energy density. 

The NaCl-based electrolyte is beneficial to the anodic efficiency but inimical to the cell voltage. 

Al as an amphoteric metal can dissolve rapidly in alkaline electrolytes leading to the evolution 

of hydrogen, since Al2O3 and Al(OH)3 are both soluble in concentrated alkaline electrolyte via 

the following reactions,   

                                     𝐴𝑙(𝑂𝐻)3 +  𝑂𝐻−  ↔  𝐴𝑙(𝑂𝐻)4
−                                               (25) 

                                    𝐴𝑙2𝑂3 +  2 𝑂𝐻−  ↔  2𝐴𝑙𝑂2
− + 𝐻2𝑂                                         (26) 
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From one side, the alkaline electrolytes mitigate the surface passivation of Al-based anode 

materials. However, from other side, the alkaline environment leads to the decrease of 

corrosion resistance of Al anodes and results in the efficiency loss during discharge and standby 

stage. Therefore, the main emphasis on developing novel alkaline AABs with superior 

performance is the improvement of the corrosion resistance and utilization efficiency of Al 

anodes. As above mentioned, doping Al with other alloying elements is one of the common 

methods to solve the relevant issues. Apart from that, the employment of electrolyte additives 

is also an efficient and economical strategy for the performance enhancement of alkaline AABs. 

Na2SnO3 is one of the most common inorganic corrosion inhibitors for Al anodes in alkaline 

electrolytes [84]. SnO3
2- can deposit on the anode surface and block the active sites for 

hydrogen evolution reaction. However, the deposited film of stannate is relatively porous. 

Therefore, Nie and co-authors [85] proposed to adopt casein to regulate the deposition of 

stannate and consequently to form a uniform protective layer on Al anode surface. This hybrid 

additives of stannate with casein results in an 83% inhibition efficiency for hydrogen evolution 

reaction and an 89% increment of discharge capacity. As shown in Fig. 6a and Fig. 6b, Wu and 

co-authors [86] employed alkyl polyglucoside (APG) to promote and tailor the deposition of 

K2SnO3 to form a uniform layer. The combination of APG and K2SnO3 yields a superior 

specific capacity of AABs, which is 2.5 times higher than that in blank KOH electrolyte. Kapali 

and co-authors [80] indicated the usage of 4 M NaOH based alkaline citrate cum stannate 

electrolyte is also capable of reducing the corrosion rate of Al-based anode materials and 

simultaneously maintaining relatively negative OCP.  

ZnO has also been reported as an effective inorganic corrosion inhibitor for Al-based anode 

materials in alkaline electrolytes based on the similar working mechanism with SnO3
2- [11, 87]. 

Sun and co-authors [88] compared the effect of ZnO and Na2SnO3 as electrolyte additives for 

alkaline AABs, indicating that both additives are capable of inhibiting the corrosion rate of Al-

In anode and improving its utilization efficiency via the deposition of Zn and Sn:  

                                𝑍𝑛𝑂 +  𝐻2𝑂 +  2 𝑂𝐻− →  𝑍𝑛(𝑂𝐻)4
2−                                            (27) 

                             3 𝑍𝑛(𝑂𝐻)4
2−  +  2 𝐴𝑙 →  3 𝑍𝑛 +  2𝐴𝑙(𝑂𝐻)4

−  +  4 𝑂𝐻−                      (28) 

                     3 𝑆𝑛𝑂3
2−  +  4 𝐴𝑙 +  9 𝐻2𝑂 →  3 𝑆𝑛 +  4 𝐴𝑙(𝑂𝐻)4

−  +  2 𝑂𝐻−                 (29) 

The inhibition efficiency of ZnO could be further improved through mixing with organic 

additives, such as dimethyl amine epoxy propane (DE) [89], polyaniline (PANI) [90], 
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carboxymethyl cellulose (CMC) [91], and 8-hydroxyquinoline (8-HQ) [92]. Jiang and co-

authors [93] studied the inhibition effect of ZnO with organic acids (EDTA, citric acid (C6H8O7) 

and acetic acid (C2H4O2)) for Al foam based on the experimental results and computational 

simulation. They proposed that these organic acids can adsorb on the surface of Al and Zn to 

form a composite protective film (RCOO-Al and RCOO-Zn) (Fig. 6c) and thus suppresses the 

corrosion of the Al anode. Fig. 6d shows that the solely addition of organic acid only induces 

minor improvement in specific capacity of AABs but the combination of citric acid with ZnO 

contributed to a remarkable improvement from 763 mAh g-1 to 1902 mAh g-1. Furthermore, 

the aforementioned PEG and PEG derivatives, which are extensively used as electrolyte 

additives for alkaline ZABs [71, 94], are also applicable for alkaline AABs. According to the 

work of Wang and co-authors [95], the combination of 0.2 M ZnO with 2 mM PEG leads to a 

98.8% corrosion inhibition efficiency for Al anode in alkaline electrolyte and around -1 VHgO/Hg 

discharge potential at 40 mA cm-2 [95]. The effect of hybrid inhibitors (ZnO/ PEG di-acid) was 

also investigated in 5 M KOH electrolyte, showing considerable enhancement of the corrosion 

resistance of Al anode and the battery capacity [96] owning to the adsorption of  PEG di-acid 

on the deposited Zn layer to protect Al anode. The addition of halide ions is beneficial for the 

adsorption of organic molecules [97, 98]. Hence, Umoren and co-authors [99] investigated the 

synergistic effect of PEG and halide ions (Cl-, Br-, and I-) and found that the addition of halide 

ions enhances the inhibition effect of PEG for Al in NaOH solution with different extent (I- ˃ 

Br- ˃ Cl-). For instance, the addition of 0.05 M KI and KCl increase the inhibition efficiency 

of 0.7 mM PEG from 43.8% to 55.7% and 49.9%, respectively.  
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CaO is also considered as a good electrolyte additive for alkaline AABs. Albert et al. [100] 

compared the synergistic effects of sodium citrate with CaO and CaCl2, demonstrating that the 

addition of CaO or CaCl2 with sodium citrate both alleviates the corrosion rate of Al anode. 

The mixed electrolyte of 20% sodium citrate and 2.5% CaCl2 shows the best inhibition effect 

[100]. Shao et al. [101] found the addition of Ca2+ ion into 4 M KOH can increase the corrosion 

resistance of pure Al, which can be further improved by the synergistic effect of Ca2+ and 

tartrate ion. They suggest the synergistic effect of the hybrid additives is based on the 

complexation of Ca2+ with tartrate ion, which makes the adsorption of Ca2+ on Al surface easier. 

Kang and co-authors [102] adopted experimental methods and quantum chemical calculation 

to investigate the working mechanism of CaO/ L-aspartic as an electrolyte additive for AABs, 

elucidating that CaO can react with water to form Ca(OH)2 on the top of Al surface and L-

Fig. 6. (a) Surface morphologies of Al anode after 2 h immersion in 4 M KOH with and without additives and 

the discharge performance of AABs in these electrolytes at 100 mA cm-2, (b) schematic of working mechanism of 

K2SnO3 and APG as electrolyte additives for Al anode reproduced with permission from Ref. 86; (c) illustration of 

inhibition mechanism of ZnO and ZnO/organic acid as electrolyte additive for AABs, (d) discharge performance 

of alkaline AABs with various electrolyte additives and surface morphologies of Al foam electrode after 1 h 

immersion in different solutions reproduced with permission from Ref. 93. 

 (a)   (b)  

 (c)   (d)  
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aspartic is able to adsorb on Ca(OH)2 layer and the rest bare Al surface, which therefore retards 

the anode self-corrosion reaction. Other sorts of hybrid additives for alkaline AABs based on 

similar working mechanism have been reported as well. Wang and co-authors [103] 

demonstrated that L-cysteine and Ce(NO3)3 as a hybrid additive owns the capability of 

preventing the hydrogen evolution reaction of AA5052 anode in 4 M NaOH electrolyte. The 

addition of Ce3+ ion gives arise to the deposition of CeO2 and Ce(OH)4 via the following 

reactions: 

                                             𝐶𝑒3+  +  3 𝑂𝐻− →  𝐶𝑒(𝑂𝐻)3                                                     (30) 

                                            2 𝐶𝑒(𝑂𝐻)3  →  𝐶𝑒2𝑂3 +  3 𝐻2𝑂                                            (31) 

                                       4 𝐶𝑒(𝑂𝐻)3 + 𝑂2 + 2 𝐻2𝑂 →  4 𝐶𝑒(𝑂𝐻)4                                    (32) 

                                                𝐶𝑒(𝑂𝐻)4  →  𝐶𝑒𝑂2 + 2 𝐻2𝑂                                             (33) 

Meanwhile, L-cysteine adsorbs on the anode surface and then interacts with Ce3+ ion to form 

a composite film, further retarding the anode corrosion reaction.  Similarly, the combination of 

L-glutamic acid and cerium acetate show a 77.85% corrosion inhibition efficiency for Al-Mg-

Sn-Ga anode in 4 M NaOH electrolyte [104]. Besides, this additives mixture is also beneficial 

to the cell voltage and discharge capacity of the battery, attributed to the formation of a complex 

film on Al anode.  

Since the adsorption of organic inhibitors is able to block the active sites on the anode surface 

and consequently mitigate the corrosion of Al anodes, the sole addition of organic inhibitors is 

also considered as an efficient and economical way to improve the discharge performance of 

AABs. Liu and co-authors [105] proposed three quaternary ammonium-type surfactants, i.e. 

dodecyl dimethyl benzyl ammonium bromide (DDBAB), cetyl trimethyl ammonium bromide 

(CTAB), and dihexadecyl dimethyl ammonium bromide (DDAB), as electrolyte additives for 

alkaline AABs. Among the tested systems, alkaline AABs with DDBAB additive shows the 

highest specific capacity and cell voltage (2430 mAh g-1 and 1.34 V at 20 mA cm-2). Deyab 

[106] reported an nonionic surfactant (i.e. Nonoxynol-9) with the capability of mitigating the 

cathodic reaction of Al anode in 4 M NaOH, which consequently exhibits a 92.8% corrosion 

inhibition efficiency. Except for surfactants, some carboxylic acids also attract great interest. 

Wysocka and co-authors [107] found the minor addition of citric, tartaric and tricarballylic acid 

achieved corrosion inhibition efficiencies exceeds 99% on Al anode, which were determined 

via galvanostatic dynamic EIS measurements. Other organic additives, such as gluconic acid 
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[108], urea and thiourea [109], and 6-thioguanine [110], have also been studied as electrolyte 

additives for alkaline AABs. 

Except for using different electrolyte additives, some researchers divert their attention from 

solutes to solvents. Comparing to water, methanol and other organic solvents possess less protic 

activity, thus hydrogen evolution reaction in those solvents is more difficult. Replacing a part 

of water to other solvents is beneficial for decreasing the self-corrosion rate of Al in alkaline 

media. Hence, alkaline methanol solutions were proposed to be suitable electrolyte systems for 

AABs [111-113]. Wang et al. [111] investigated 4 M KOH methanol solution with different 

water contents, revealing that the corrosion rate of Al anode increases with the increase of 

water content but the proper discharge performance requires adequate amount of water (20%) 

in the electrolyte. The addition of Na2SnO3 into 4 M KOH methanol-20% water electrolyte 

further improves the inhibition efficiency and discharge potential of Al anode [113]. Ma et al. 

[114] compared the discharge performance of Al-based anodes in 4 M NaOH ethanol-10% 

water with that of Zn anode in 4 M NaOH. 4M NaOH ethanol-10% water as the electrolyte for 

alkaline AABs can effectively inhibit parasitic hydrogen evolution reaction of Al anodes and 

simultaneously maintain the anode discharge activity. Apart from alcohols, ionic liquids are 

also considered as possible substituents of water as electrolyte solvents. Wang and co-authors 

[115] systematically studied the influence of 1-butyl-3-methyl imidazolium tetrafluoroborate 

(BMIMBF4) content and KOH concentration on the electrochemical behavior of pure Al. The 

results indicate that 2 M KOH BMIMBF4-H2O mixed electrolyte with 60% water is a 

promising electrolyte system for AABs in which Al anode exhibits moderate corrosion rate and 

good discharge potential. Moreover, the work of Deyab elucidates that the addition of 1.5 mM 

1-Allyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide) into 4 M NaOH is able to 

suppress the HER reaction and thus increase the discharge capacity of AABs [116]. 

Even though many achievements have been made for alkaline Al-air battery system, the 

electrolyte carbonation is still a main obstacle to the application of alkaline electrolytes for Al-

air batteries. The CO3
2- generated via Eq. 16 may react with the alloying elements or impurities 

in Al based anode and form insoluble carbonate, which is detrimental to air cathode and can 

block the active sites of air cathode. As reported in literature [23, 117], carbon-based air 

cathode is subject to corrosion in highly concentrated alkaline electrolyte via the following 

reaction, 

                                      𝐶 +  6 𝑂𝐻−  →  𝐶𝑂3
2−  +  3 𝐻2𝑂 +  4 𝑒−                                (34) 
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Besides, the working temperature, the concentration of the electrolyte and the ratio of 

electrode surface area to the electrolyte volume also have impact on the performance of AABs 

[118, 119]. The working temperature is decisive for the corrosion behavior and discharge 

performance of Al anodes. The discharge reaction of AABs is an exothermic reaction, leading 

to the increment of electrolyte temperature inevitably. Wilhelmsen and co-authors [120] 

investigated the corrosion behavior of super pure Al and Al-In alloy in 4 M KOH electrolyte 

under different temperatures (-20 to 60 °C). The results show that the corrosion rates of Al and 

Al-In alloy increases with the increment of temperature, but Al-In alloy possesses excellent 

corrosion resistance even at 60 °C. Similar conclusion were also conducted in the work of Chu 

et al. [119], reporting that higher working temperature and concentration of KOH induce faster 

dissolution of Al anode. By contrast, Ilyukhin and co-authors [121] found that, in concentrated 

NaOH electrolyte with minor addition of Na2SnO3 (8 M NaOH + 0.015 M Na2SnO3), the rise 

of working temperature increases the faradaic efficiency of Al anode. 60 °C is proposed as the 

optimal working temperature for efficient reaction activity of pure Al anode. It should also be 

remarked that battery testing performed at high temperatures are essential in order to simulate 

the real working condition [122]. In case of the relatively high working temperatures, the 

thermal management for Al-air batteries should also be taken into account for further 

development. 

4.2 Neutral salt-based electrolytes 

Al anodes possess better corrosion resistance and more uniform dissolution in neutral 

electrolyte than in acidic and alkaline electrolytes (as shown in Fig. 7). Hence, Ma et al. [123, 

124] proposed that neutral solution could be the most suitable electrolyte for aqueous AABs. 

Moreover, the adoption of neutral electrolytes is one feasible solution to get rid of the 

electrolyte carbonization issue. Among the neutral electrolytes for aqueous AABs, NaCl 

solution has been widely investigated as well as seawater [125, 126]. Akmal and co-authors 

[125] compared the performance of AAB in seawater and in NaCl solution of various  

concentrations (0.5-7 M), demonstrating that the battery exhibits the best discharge 

performance in 4 M NaCl electrolyte. Nevertheless, the discharge performance of AAB in 

seawater can be enhanced via adopting open-cell configuration, which is related to the ratio of 

exposed electrode area to the volume of electrolyte. Moreover, the work of Despic and co-

authors [76] concerning the influence of  various cations in the electrolyte (Li+, Na+, Ca2+, Sr2+, 

Ba2+, K+, and NH4
+) indicate that the cations also impart significant effect on the loss of Al 
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anode during anodic polarization. In Na+-based electrolyte, the loss of Al is moderate and could 

be further decreased via the dilution of NaCl concentration. 

 

 Notwithstanding several merits attributed to neutral electrolytes, the cell voltage and energy 

density of neutral AABs are relatively low in comparison with alkaline AABs, because the 

passive oxide film is stable in neutral electrolytes [114]. The surface passivation of Al-based 

anodes in neutral electrolytes is the main obstacle for AABs to achieving superior discharge 

performance. In order to tackle this problem, Al-based anode materials with various active 

alloying elements have been developed and tested in neutral electrolytes. A series of alloying 

elements and ternary Al alloys [76, 127, 128], such as Al-In, Al-Ga, Al-Ti, Al-Mg, Al-Sn, Al-

In-Ga and Al-Mg-Ga alloys were adopted as anode materials for neutral AABs. Al-In anode 

shows -1.2 V vs. SCE discharge potential and 95.4% utilization efficiency in 2 M NaCl solution 

at 20 mA cm-2 discharge current density [128]. These works clarify that neutral solutions could 

be suitable electrolytes for AABs providing high-performance anodes are adopted in the battery 

system. 

Fig. 7. (a) OCP and (b) polarization curves of Al-Zn-Mg alloy in HCl, NaCl with different pH, and NaOH 

solutions, reproduced with permission from Ref. 123; (c) surface morphologies of Al-Zn-In alloy after cyclic 

polarization test in in HCl, NaCl with different pH, and NaOH electrolytes, reproduced with permission from 

Ref. 124. 

 (a)   (b)  

 (c)  
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 Similar to anode alloying of these elements, the addition of sole or combined cations of 

these metallic elements, such as In3+ [129], Fe3+ [130], Zn2+ [131], Ga3+ [132], Sn2+ [133], etc., 

as electrolyte additives is also beneficial for the activation of Al anodes. The electrochemical 

behavior of Al-In alloy in neutral 0.5 M NaCl with various concentrations of ZnCl2
 was 

investigated by Tang and co-authors [134], elucidating that the addition of Zn2+ restrains the 

parasitic hydrogen evolution reaction and improves the anode potential. It should be noted that 

the activation effect of these cations is dependent on the adopted anode. For instance, the work 

of Shayeb et al. [133] indicates that the addition of SnCl2 into 0.6 M NaCl solution only imparts 

activation effect to Al-Zn-based anodes rather than pure Al and Al-Sn anodes. The activation 

mechanism of Sn2+ is attributed to the deposition of Sn on the Al surface, which changes the 

structure of the surface film. Only Al-Zn-based alloys allow the diffusion of Sn2+ into the 

interface because the ZnAl2O4 formed on Al-Zn alloys leads to defects and cracks of the surface 

film, which act as channels for penetration of the active metal cations through the interface 

between the oxide film and alloy matrix. Consequently, the deposited Sn results in the surface 

activation. The addition of In3+ as an electrolyte additive possesses similar effect to Sn2+, which 

shows more superior activating effect on Al-Zn alloy than pure Al and Al-Zn-Sn alloy [129]. 

Carroll and Breslin [135] investigated the activation mechanism of In3+ and Hg2+ on Al passive 

film formed in aqueous halide solutions. As concluded, the activation mechanism of In3+ is 

incorporated with halide ions, while the activation caused by Hg2+ is independent on the 

presence of halide ions but relies on the oxide detachment. 

Although the corrosion rate of Al-based anodes in neutral electrolyte is relatively moderate, 

the addition of corrosion inhibitors as electrolyte additives may be also helpful to improve the 

discharge performance of neutral AABs. Further investigations are indeed needed to explore 

the existing corrosion inhibitors as promising additives for neutral AABs.  

4.3 Acidic electrolytes 

The conventional acidic electrolytes for aqueous Al-air battery systems are sulfuric acid and 

hydrochloric acid. However, concentrated sulfuric acid leads to the formation of passive layer 

on Al anodes, which is detrimental to the output cell voltage. Except for the anode passivation, 

the slow kinetics of air cathode in acidic electrolyte is another issue hindering the utilization of 

acidic electrolyte.  

Rota and co-authors [136] compared the discharge performance of AABs with bipolar 

configuration in alkaline electrolyte and acidic electrolyte. The mixture electrolyte of 0.04 M 
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HCl and 3 M H2SO4 gives rise to higher power output 35 W (at 170 mA cm-2) than the highest 

power output 30 W (at 110 mA cm-2) achieved in 4 M NaOH electrolyte. Nevertheless, the 

voltage of alkaline Al-air batteries is higher than that in acidic electrolyte. Their follow-up 

work exhibits that the faradaic efficiency of Al-Zn-In anode in 3 M H2SO4 + 0.04 M HCl reachs 

up to 84%. The highest power density, 120 mW cm-2,  is achieved by the combination of Al-

Zn-Sn anode in the same acidic electrolyte [137]. Flamini and Saidman [138] compared the 

electrochemical behavior of Al-In-Ga and Al-Zn-Ga alloys in 0.5 M acidic NaCl solution and 

in 0.5 M HAc solution of pH 3. The results indicate that aggressive Cl- ions result in more 

negative OCP than that of the same alloy in HAc solution with the same acidity. The possible 

reason as proposed is the formation of a passive film via the reaction of oxidized Al and acetate 

ion. Therefore, similar to neutral AABs, activation of the Al anodes in acidic environment is 

needed. Accordingly, the aforementioned metal cations have also been evaluated as electrolyte 

additives for acidic AABs. The electrochemical behavior of Al anodes in acidic NaCl and NaCl 

solution with inorganic additives was investigated in 1990s [139, 140]. The addition of InCl3, 

ZnCl2 and HgCl3 into acidic NaCl solution is beneficial to the enhancement of anode discharge 

activity. Saidman et al. [141] investigated the dissolution behavior of Al in acidic NaCl solution 

with In2(SO4)3, indicating the concentration of In3+ is decisive for the activation of Al in acidic 

solutions. The research work from Holzer and co-authors [142] shows the addition of Cl-, Zn2+, 

and In3+ can moderate the passivation of Al anode in sulfuric acid.  

In summary, aqueous AABs in different pH environment are confronted with diverse 

problems which could be alleviated via adopting specific electrolyte additives or various Al 

alloy anode materials. Novel aqueous AABs with superior discharge performance could be 

achieved by the combination of a high performance anode with a tailored electrolyte system 

supported by battery design. Mokhtar et al. [143] summarized conventional electrolytes and Al 

anodes for Al-air batteries. They proposed that Al-In-based anodes, Al-Sn-based anodes, and 

Al-Zn-based anodes are suitable anode materials for acidic, neutral, and alkaline electrolytes, 

respectively. With the development of separator and battery design, dual-electrolyte or even 

tri-electrolyte aqueous AABs are emerging in recent years, which can improve the drawbacks 

of conventional aqueous AABs and are worthy of further development. Chen and co-authors 

[144] proposed a dual-electrolyte membrane less AAB adopted H2SO4 as catholyte and KOH 

as anolyte (Fig. 8b). The maximum power density of this dual-electrolyte system is 104.6% 

higher than that of the single electrolyte system under the same condition. As shown in Fig. 8a, 

the theoretical voltage of dual electrolyte system is much higher than that of single electrolyte 
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alkaline system due to the following favorable cathodic reaction in acidic catholyte different 

from that described in Eq. 13. 

Cathodic (acidic environment): 𝑂2  +   4 𝐻+  +  4 𝑒− →  2 𝐻2𝑂    𝐸0 = 1.23 𝑉 𝑣𝑠. 𝑆𝐻𝐸   (35)   

 

Therefore, the dual-electrolyte AABs exhibit higher cell voltage and power density than that 

of single alkaline AABs (Fig. 8c). Feng et al. [145] designed a recirculating dual-electrolyte 

Al-air cell based on a composite polytetrafluoroethylene/polyethylene/ polytetrafluoroethylene 

(PTFE/PE/PTFE) membrane, which is capable of simultaneously prolonging the electrolyte 

Fig. 8. (a) illustration of the theoretical voltage of alkaline and dual-electrolyte AABs; (b) schematic of dual-

electrolyte membraneless AAB; (c) discharge performance of alkaline AABs and dual-electrolyte AABs; (d) 

schematic and real prototype of tri- and single electrolyte AABs; (e) illustration of ion migration in tri-electrolyte 

AAB and (f) discharge curves of tri-electrolyte AAB under different load ((b) and (c) are reproduced with 

permission from Ref. 144; (e), (f) and (g) are reproduced with permission form Ref. 147. 

 (a)  

 (b)  

 (c)  

 (d)   (e)  

 (f)  
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utilization and maintaining high cell voltage after several cycles. Except for mixed-pH dual-

electrolyte system, dual-electrolyte or even tri-electrolyte systems based on the combination of 

aqueous and non-aqueous for Al-air batteries are emerging in recent years. For instance, Wang 

et al. [146] developed a dual-electrolyte system with KOH/CH3OH as anolyte and KOH/H2O 

as catholyte, showing 6000 mAh cm-3 discharge capacity at 30 mA cm-2. The researchers also 

proposed a tri-electrolyte Al-air battery system, which is composed of organic solvent-based 

alkaline anolyte (4 M NaOH/CH3OH), a cation membrane, an aqueous bridging electrolyte, an 

anion membrane and an air-breathing cathode in an aqueous acidic catholyte (Fig. 8d). The 

OCV of this tri-electrolyte system achieves 2.2 V and the cell voltage of this system under 5 

mA cm-2 current density is stable at ~1.95 V (Fig. 8f) [147]. All these works show the 

importance of selecting suitable electrolyte and battery prototype design for achieving high-

performance Al-air batteries. 

5. Aqueous Mg-air batteries 

Comparing to aqueous ZABs and AABs, aqueous Mg-air batteries (MABs) are less noticed 

in the last few decades due to the non-electrochemical rechargeable property and the most 

severe self-corrosion in aqueous electrolytes. Nevertheless, in recent years, there is a 

resurgence of the research interest in aqueous MABs due to the demand of lightweight and 

high specific energy systems. The specific energy density (excluding O2) and the faradic 

capacity of MABs are 6.8 kWh kg-1 and 2205 mA h/g, respectively [20]. Besides, the theoretical 

voltage of common aqueous MABs is the highest, 3.1 V vs. 1.66 V for ZABs and 2.76 V for 

AABs. The reactions involved in aqueous MABs are as follows: 

                   Overall:2 𝑀𝑔 + 𝑂2  +  2 𝐻2O →  2 𝑀𝑔(𝑂𝐻)2      𝐸0 = 3.1 𝑉                     (36)   

                         Parasitic: 𝑀𝑔 +  2 𝐻2𝑂 →  𝑀𝑔(𝑂𝐻)2 + 𝐻2                                         (37)   

Additionally, Mg is abundant in seawater and earth crust with low toxicity, good bio-

compatibility and high safety. Therefore, Mg-air battery is a promising electrochemical energy 

storage and conversion device, which shows good feasibility to supply power for marine 

equipment and implantable medical devices [148, 149]. As early as the 1960s, General Electric 

(GE, United State) obtained a neutral Mg-air fuel cell, which adopted NaCl solution as the 

electrolyte. MagPower Systems Inc. (Canada) also developed a Mg-air full cell adopting saline 

solution with electrolyte additive, which possesses 136.19 Wh kg-1. In 1993, Norwegian 

Defence Research Establishment (FEI, Norway) invented Mg/seawater/O2 cell for autonomous 

underwater vehicle (AUV) [150]. In 2004, CLIPPER battery system for AUV was created 
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cooperatively by FEI, Direction Generale Armanment (DGA, France), and Bassin d’Essais des 

Carenés (BEC, France). It allows the undersea vehicle to advance 1600 nautical miles with a 

speed of 2 m/s [151]. 

Even with these successful examples, the wide range practical application of aqueous MABs 

is still plagued by problems associated with the following issues. Fig. 9 presents the existing 

problems of aqueous MABs. The parasitic reaction of Mg anode (Eq. 37) in standby condition 

or under anodic polarization in aqueous electrolyte is serious due to the relatively high reaction 

activity of Mg with H2O, partially protective film and the intrinsic property of NDE, resulting 

in the decreased utilization efficiency and the shortened service life. The origin of NDE is 

controversial and there are many possible explanations for NDE of Mg [152-154]. The 

prevailing views regarding the mechanism of NDE include the univalent Mg+ mechanism [155-

157], the mechanism based on the enhanced cathodic catalytic activity [158-160], the 

mechanism based on the partially protective film [161], and the existence of MgH2 [162, 163]. 

NDE is one of the main causes for the unsatisfactory utilization efficiency of Mg-based anode 

materials. Besides, the detachment of metallic particles from matrix (Fig. 9), namely “chunk 

effect”, also leads to the loss of utilization efficiency. The “chunk effect” mainly refers to the 

detachment of undissolved matrix, second phases and impurities. According to the work of 

Deng et al. [164], the efficiency loss of Mg-based anodes caused by “chunk effect” can exceed 

the loss due to NDE for some Mg alloys under low current densities, such as WE43 and ZE41 

Mg alloys. Adding alloying elements is one of the strategies to alleviate the self-corrosion of 

Mg-based anode materials. However, a large amount of second phases may induce serious 

“chunk effect”. Hence, many research adopt thermo-mechanical treatment to tailor the 

microstructure of Mg-based anode materials to further reduce the self-corrosion and “chunk 

effect” [165-167]. A more detailed overview on the recent development about Mg-based anode 

materials can be found in other literature reviews [168, 169]. Besides, as the products of 

discharge reaction and parasitic reaction, a large amount of Mg(OH)2 forms and stably 

precipitates on the anode surface when the pH of electrolyte exceeds 10.4 in the ambient 

environment. The formed discharge product film blocks the anode surface and passivates 

anodic reactions, leading to large potential drop and energy loss. The large amount of H2, as 
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the by-products of the parasitic reaction, may provoke several technical issues, especially for 

closed systems [170]. 

 

Electrolyte, as one of the key components for aqueous MABs, greatly influences the battery 

performance and may remedy the drawbacks of aqueous MABs if suitable electrolyte is applied. 

Mg anodes self-corrosion and the products deposition are tightly dependent on the electrolyte 

composition. Therefore, the modification of electrolyte is of great interest to researchers 

worldwide. In the following sections, different electrolytes for aqueous MABs are introduced 

and relevant concepts for electrolyte tailoring are discussed in detail.  

5.1 Inorganic salt electrolytes 

According to the Pourbaix diagram of a Mg-water system at 25 C° in presence of 1 M soluble 

species [171], Mg is thermodynamically stable below -2.37 V with a large pH range, which is 

beyond the stable region of water. Mg2+ is the stable form in a pH range from 0 to 10, above 

which Mg(OH)2 forms. Consequently, in neutral and acidic aqueous environments, Mg 

spontaneously converts to Mg2+ ions, which further reacts with OH- generated by H2O to 

produce Mg(OH)2. Unlike amphoteric metallic electrodes like Al and Zn, the strong alkaline 

environment favors the formation of stable Mg(OH)2 precipitation and leads to sever surface 

passivation. Thus, the conventional aqueous electrolytes for MABs do not include strong 

alkaline electrolytes. Neutral salt solution is more favorable than alkaline and acidic solutions.  

The sort of salt in the electrolyte is decisive for the electrochemistry and interface control of 

aqueous MABs. Chloride, nitrate/nitrite, and sulfate have been used as the main components 

of neutral electrolyte. Leong and co-author [172] investigated the effect of different electrolyte 

salt species on the discharge performance of MABs. The results indicate that MAB in NaCl 

Fig. 9. Illustration of aqueous Mg-air battery. 
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solution shows the highest cell voltage but the shortest discharge lifetime. NaNO3 solution as 

MAB electrolyte is beneficial to prolong the discharge lifetime but it is detrimental to the cell 

voltage. The cell voltage of MAB in Na2SO4 solution is slightly higher than that in NaNO3 

solution when the applied current density is less than 50 mA cm-2 (Fig. 10a). The Coulombic 

efficiency of MAB in Na2SO4 solution is less than that in NaNO3 solution. Shrestha and co-

authors [173] compared the discharge behavior of pure Mg and Mg-RE (rare earth) alloy in 

NaCl, Na2SO4, and NaNO3 electrolytes. Being consistent with other research, chloride-free 

electrolytes are beneficial for high utilization efficiency via retarding self-corrosion of Mg-

based anodes. However, the IR drop caused by the discharge product film formed in chloride-

free electrolytes is tremendously huge, even leading to positive discharge potential (Fig. 10b). 

Table 1 lists the performance of MABs in different inorganic salt solutions. 

3.5 wt. % NaCl or 0.6 M NaCl solution is the most studied electrolyte for neutral MABs 

[174-176]. This concentration is similar to the salinity of seawater, which is a widely used 

electrolyte for aqueous MABs as reliable energy supplier for marine equipment. Moreover, this 

concentration is beneficial for achieving good comprehensive discharge performance [177]. 

Hamlen and coauthors [178] tested the cell voltage of AZ61 Mg alloy in NaCl and LiCl solution 

with different concentrations, indicating the cell voltage of MABs greatly depends on the type 

and concentration of salt in the adopted electrolytes. The cell voltage of MAB is higher in more 

concentrated NaCl solution (18%) in comparison with that in 7% NaCl or 7% LiCl solution. 

Nevertheless, high concentration Cl-
 ions lead to severe corrosion of Mg electrode[179]. Hence, 

in most cases, 3.5% NaCl is used as the background electrolyte for MABs. 
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Sathyanarayana and Munichandraiah [182] investigated a series of inorganic salt solutions 

as electrolytes for MABs to evaluate the impact of different salts on the discharge performance 

of MABs. Mixed Mg(NO3)2/NaNO2 solution was proposed as the best electrolyte among NaCl, 

KHCO3, NH4NO3, NaNO3, NaNO3 + HNO3, NaNO2, Na2SO4, MgCl2, MgBr2, and Mg(ClO4)2 

solutions. AZ21 Mg alloy shows superior anodic efficiency in the mixed Mg(NO3)2/NaNO2 

electrolyte. The calculation of anodic efficiency is based on the volume of anodic hydrogen 

evolution. This mixed electrolyte is also considered as a better electrolyte in comparison to 1.6 

M Mg(NO3)2 and 14% NaCl because of the inhibition effect for hydrogen evolution reaction 

[181]. Nevertheless, in the work of Richey and co-authors  [180], a delicate H-cell equipped 

with air pressure transducer and mass spectroscopy (Fig. 10a) was employed to investigate the 

dissolution behavior of Mg anode at OCV and during discharge in 0.5 M NaCl, NaNO3, 

Na2SO4, HNa2PO4 and the mixed solution of 0.5 M NaCl/0.05M HNa2PO4. As shown in Fig. 

10b, HNa2PO4 and NaNO3, especially NaNO3, as electrolytes significantly suppress the anodic 

hydrogen evolution, but another reduction reaction occurs in NaNO3 solution, 

                       𝑁𝑂 3
− +  𝐻2𝑂 +  2 𝑒− →  𝑁𝑂 2

− +  2 𝑂𝐻−    𝐸0 = 0.01 𝑉                         (38)   

After counting the efficiency loss caused by this reaction, NaNO3 as electrolyte still 

improves the faradaic efficiency of Mg anode in comparison with that in NaCl solution. 

However, the passive film formed in NaNO3 solution is detrimental to the anode discharge 

potential (-1.35 V vs Ag/AgCl), which also significantly deteriorates the anode potential in 

HNa2PO4 electrolyte (2.3 V vs Ag/AgCl). Mg anode exhibits the fastest anodic hydrogen 

evolution rate but the most negative discharge potential (-1.58 V vs Ag/AgCl) in NaCl solution. 

They proposed to adopt the mixed electrolyte (NaCl/HNa2PO4) to moderate the fast hydrogen 

evolution in blank NaCl solution. However, this strategy only works for hydrogen evolution 

reaction during OCV. Shrestha and co-authors [173] compared the discharge behavior of pure 

Mg and Mg-RE (rare earth) alloy in NaCl, Na2SO4, and NaNO3 electrolytes. Being consistent 

with other research, chloride-free electrolytes are beneficial for high utilization efficiency via 

retarding self-corrosion of Mg-based anodes. However, the IR drop caused by the discharge 

product film formed in chloride-free electrolytes is tremendously huge, even leading to positive 

discharge potential (Fig. 10c). The work of Leong et al. [172] shows that MABs exhibits the 

highest peak power density in NaCl solution than that in NaNO3 and Na2SO4 solutions (Fig. 

10d). 
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5.2 Additives-containing electrolytes 

Adding corrosion inhibitors as electrolyte additives is also an effective strategy to alleviate 

self-corrosion of Mg anode from electrolyte aspect. Low corrosion resistance is the key 

obstacle for Mg-based materials for their broad applications. Hence, a high amount of research 

has been done to screen efficient corrosion inhibitors for Mg-based materials via experimental 

studies and computing-assisted methods [183-186]. Diverse corrosion inhibitors have been 

investigated to reduce the efficiency loss of Mg anodes and to simultaneously maintain the 

negative discharge potential of Mg anodes in chloride-containing electrolytes. 

Fig. 10. (a) illustration of H-cell, (b) anodic hydrogen evolution of Mg anode in different salt solutions and 

NO2
- titration results of Mg in NaNO3 solution, reproduced with permission from Ref. 180; (c) discharge curves 

of pure Mg and Mg alloys in NaCl, Na2SO4, and NaNO3 electrolytes, reproduced with permission from Ref. 173; 

(d) polarization curves and power density of MABs in NaCl, Na2SO4, and NaNO3 electrolytes, reproduced with 

permission from Ref. 172. 

 (a)  
 (b)  

 (c)  

 (d)  
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5.2.1 Inorganic additives 

Several inorganic corrosion inhibitors for Mg-based materials were employed and tested as 

electrolyte additives for aqueous MABs. 0.1 wt.% LiCrO4 as an corrosion inhibitor added into 

3.5 wt.% NaCl electrolyte improves the anodic efficiency of AZ31 anode during intermittent 

discharge tests [187]. The possible working mechanism for the inhibition effect is proposed to 

be the formation of passive Cr(OH)3/Cr2O3 film on anode surface. However, species containing 

Cr (VI) is tremendously dangerous for human and other creatures. Thus, inhibitors containing 

Cr (VI) should be constrained in using and replaced by other environmentally benign inhibitors 

[188]. Cao and co-authors [189] proposed Ga2O3 as an electrolyte additive for Mg-Li-based 

anode materials. The addition of 0.05 mM Ga2O3 improves the discharging current and anodic 

efficiency of Mg-Li-based alloys. The possible mechanism for the improvement is that the 

Ga2O3 addition promotes the peel-off of oxidation products and inhibits parasitic reactions. In 

the work of Zhao et al. [190], NaVO3 and Na3PO4 were selected from commercial available 

Mg corrosion inhibitors as electrolyte additives for MABs owing to their corrosion inhibition 

efficiency and capability of keeping the electrochemical activity of Mg alloys. The sole 

addition of NaVO3 or Na3PO4 enhances the utilization efficiency of AZ31 anode. However, 

both of them induce negligible improvement of cell voltage, whilst the cell voltage in the 

intermittent discharge tests is even reduced. The working mechanism of Na3PO4 as electrolyte 

additives for AZ91-based [191] and AZ31-based [192] MABs is related to the much smaller 

solubility product constant of Mg3(PO4)2 than Mg(OH)2. The addition of Na3PO4 leads to the 

formation of phosphate-containing surface film and consequently reduces the corrosion rate of 

AZ-series Mg alloys under OCP. Nevertheless, the improvement for discharge performance of 

AZ-series Mg anode based MABs is limited. Moreover, the possibility of silicate as an 

electrolyte additive for MABs has been evaluated [193]. The XRD results reveal that silicate 

participates in the formation of discharge products film on AZ91 anode, which may hinder the 

prolongation of pitting corrosion and improve the anodic efficiency. Gore and co-authors [194] 

found the minor addition of InCl3 alleviated the NDE effect of Mg in 0.1 M NaCl and suggested 

it can be used as an electrolyte additive for aqueous Mg batteries. Afterwards, Wang and co-

authors [195] systematically evaluated InCl3 with different concentrations as electrolyte 

additives for MABs. The strong hydrolysis reactions of In3+ shift the pH of 3.5 wt. % NaCl 

electrolyte to around 4. In the acidic InCl3-containing electrolyte, the cell voltage of MAB is 

much better than that in blank NaCl solution as expected. However, something surprising is 
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that the utilization efficiency of the Mg-0.15Ca anode is also higher due to reduced self-

corrosion and alleviated chunk effect. 

Graphene is considered as potential materials for fuel cell and batteries owing to the superior 

conductivity and high specific area [196-198]. Meanwhile, the possibility of graphene as an 

electrolyte additive for aqueous MABs has also been reported [177]. The addition of water 

soluble graphene (WSG) into 3.5 wt. % NaCl solution shows the capability to extend the 

operating life of a MAB and increase the anode capacity to 1030.71 mAh g-1. However, the 

discharge voltage of MAB in WSG-containing electrolyte is lower than that in NaCl electrolyte. 

Ma and co-authors [199] evaluated the addition of reduced graphene oxide as an electrolyte 

additive to improve the discharge performance of MABs based on Mg-6 wt. % Al-1 wt. % In  

anode [200] and Mg-6 wt. % Al-1 wt. % In- 1 wt. % Ce anode. The improvement induced by 

the addition of poly (sodium 4-styrenesulfonate)/reduced graphene oxide (PSS/RGO) for the 

cell voltage and anodic utilization of MABs with commercial air cathode is not significant, 

whilst the combination of PSS/RGO-containing electrolyte and RGO/Mn3O4-containing air 

cathode increase the anodic utilization of Mg-Al-In anode from 52 to 82%. However, the latter 

combination deteriorates the cell voltage from 0.952 to 0.878 V. Except for graphene, another 

quasi-two-dimensional material, MoS2, were synthesized and used as electrolyte additives for 

MABs [201]. The OCV of MAB in nano MoS2 powder-containing electrolyte reaches 1.61V, 

which is 130 mV higher than that in blank MgCl2 electrolyte. 

5.2.2 Organic additives 

Owing to the adsorption effect, surfactants are always considered as one type of conventional 

corrosion inhibitors for Mg-based materials. In 2004, Oehr et al. reported the improvement of 

discharge performance of MABs via dithiobiuret, stannate, quaternary ammonium salt or the 

mixture of stannate with quaternary ammonium salt as electrolyte additives [202]. Recently, 

Deyab [203] investigated the feasibility of non-ionic surfactant, e.g. decyl glucoside (DG), 

indicating that 2.5 mM DG addition shows 94.2% inhibition effect for Mg corrosion at OCP 

and also improves the anode utilization efficiency during discharge. Sodium 

dodecylbenzenesulfonate [191, 192] has also been proposed as a potential electrolyte additive 

for MABs with the capability of adsorbing on Mg anode and thus enhancing the utilization 

efficiency. On the contrary, sodium alginate (SA), which is also able to adsorb on Mg surface 

and can serves as a corrosion inhibitor for AZ-series Mg alloy [204], leads to the reduction of 

utilization efficiency of AZ61 alloy in 0.6 M NaCl electrolyte [193]. Meanwhile, it introduces 

negative effect on the operating cell voltage of an AZ61-based MAB, which is attributed to the 
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formation of “coal cinder” SA-Mg composite film. The above mentioned works elucidate that 

the physical adsorption effect of organic additives is not always beneficial to the discharge 

performance of aqueous MABs. In some cases, the adsorption layer may lead to the increase 

of internal resistance and thus the decrease of cell voltage. 

Recently, Höche and co-authors [160] revealed that the NDE effect of Mg-based materials 

greatly depends on the re-deposition of Fe, which is one of the most common impurities in Mg-

based materials. Accordingly, Lamaka et al. [205] suggested to adopt Fe3+ complexing agents 

to suppress the hydrogen evolution reaction (HER) of Mg. Among the selected compounds, 

potassium cyanide and sodium salicylate (SAL) exhibits superior corrosion inhibition effect. 

Based on the observed HER inhibition effect of Fe3+ complexing agents on Mg, in their 

following work [206], they proposed to use organic complexants as electrolyte additives for 

aqueous MABs. As illustrated in Fig. 11a, this kind of organic additives possess strong 

complexing ability with Fe3+ ions and are simultaneously able to form soluble complexes with 

Mg2+ ions. Hence, they are capable of suppressing self-corrosion of Mg anodes and retarding 

the precipitation of discharge products. As shown in Fig. 11b, the cell voltages of MABs in the 

solutions containing strong Mg2+ complexing agents are significantly improved, such as that in 

nitrilotriacetic acid disodium salt (NTA)- or 4,5-dihydroxy-1,3-benzenedisulfonic acid 

disodium salt monohydrate (Tiron)-containing electrolytes. However, the addition of NTA and 

Trion leads to the decrease of utilization efficiency, especially at low current densities. 

Therefore, moderate Mg2+ complexing agents, such as SAL, are suggested. For strong Mg2+ 

complexing agents, Vaghefinazari et al. [207] concluded that the concentration is an important 

factor for their efficiency according to the study of the concentration effect of NTA and Trion 

on the discharge performance of 220 ppm Fe-containing pure Mg anode. The results manifests 

that diluted Trion (0.005 M) addition imparts not only more negative discharge potential but 

also the improvement of anodic efficiency in comparison with that in 0.5 wt. % NaCl 

electrolyte. The concept of adopting Fe3+ complexing agents to increase the anodic efficiency 

is proven to be more effective for pure Mg anode with a high Fe content (Fig. 11c) [208]. For 

Mg alloy anode with a low Fe content, Mg2+ complexing agents with different complexing 

abilities are also effective but the effectiveness is tightly dependent on the discharge load as 

demonstrated by the work of Wang et al. [209], in which citrate, SAL, 5-sulfoSAL, 2,6-, and 

3,4-dihydroxybenzoate were tested as electrolyte additives for aqueous MABs under different 

current densities. As reported, Mg2+ complexing agents are able to improve the anodic 

efficiency by decreasing the occurrence of “chunk effect”. The highest specific energy of 
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aqueous MAB in that work, 3 kWh kg-1 (calculated based on the weight loss of Mg-Ca anode), 

is achieved by adding 0.1 M sodium citrate. The recent work of Wang and co-author [210] 

reported the self-corrosion inhibition effect of 2,6-DHB for Mg-Ca anode during discharge. 

 

5.2.3 Mixture of additives 

Research regarding the application of hybrid additives in aqueous MABs is relatively rare. 

Li and Ma reported a series of works related to the influence of hybrid additives composed of 

surfactant and inorganic additive on the discharge performance of aqueous MABs [191-193]. 

The hybrid additives normally yield better performance than sole additive addition and the 

working mechanism is related to co-deposition of hybrid additives. Snihirova and co-authors 

[208] found the mixture of nitrate and SAL improved the utilization efficiency of commercial 

purity Mg (CP-Mg) from 45 % to 82 % via their synergistic effect. The possible mechanism of 

this synergistic effect is attributed to that the existence of nitrate promotes the oxidation of Fe2+ 

to Fe3+ and SAL as iron-complexing reagent is more sufficient to form complexes with Fe3+ 

rather than Fe2+ (Fig. 11c).  

 

Fig. 11. (a) illustration of working mechanism of Fe3+ complexing reagents as electrolyte additives for MABs, 

reproduced with permission from Ref. 206; (b) discharge performance of CP-Mg in NaCl solution in presence 

and absence of Fe3+ and Mg2+ complexing reagents with variant stability constants (logK), reproduced with 

permission from Ref. 207; (c) utilization efficiency of pure Mg anodes in SAL-, NO3-, SAL/NO3-containing and 

blank NaCl electrolytes and possible working mechanism of hybrid SAL/NO3 additives, reproduced with 

permission from Ref. 208. 

 (a)   (c)  

 (b)  
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The significance of suitable electrolyte system for high performance aqueous MABs is being 

noticed recently. However, the investigation of electrolyte and electrolyte additive screening 

for aqueous MABs is still limited. Meanwhile, there are still several unclarified points 

concerning the discharge behavior of Mg and its alloys, including the NDE effect, chunk effect, 

etc., which also requires much effort. The adoption of Fe3+ complexing agents as electrolyte 

additive is a successful example for the strategical selection based on Mg intrinsic property. 

With a better understanding on the discharge mechanism of Mg, efficient selection of 

electrolyte systems and thus improvement for MABs could be expected.  

6. Summary and perspective 

As environmentally friendly and inherently safe energy storage systems, aqueous metal-air 

batteries evoke high attention during the last decade. However, common and special issues of 

aqueous metal-air batteries based on different anode materials (Fig. 2) retard their broad 

practical applications and thus more advances are urgently required. Suitable electrolytes and 

electrolyte additives are crucial to the accomplishment of excellent discharge performance for 

aqueous metal-air batteries. Nevertheless, the research on electrolyte and electrolyte additives 

for aqueous metal-air batteries has been downplayed and is less intensive in comparison with 

the development of anode and cathode materials. On the other hand, it reflects that there is still 

a lot of potential and room to be further explored from the aspect of electrolyte systems.  

Aqueous ZABs, AABs and MABs possess same problems, e.g. self-dissolution, surface 

passivation and sluggish ORR reaction. In response to self-dissolution, the common solution 

is employing corrosion inhibitors as electrolyte additives. Many researchers have proposed the 

adoption of surfactants, organic acids, metal salts and oxides to alleviate the self-dissolution of 

anodes. The self-dissolution inhibition effect of surfactants is attributed to their adsorption 

effect. Computational approaches are proposed to study the mechanism behind the adsorption 

effect from additives. For instance, quantum chemistry calculation is applied to study the 

adsorption behavior and inhibition effect of EDTA, citric and acetic acid in combination with 

ZnO as electrolyte additives for AABs [93]. Thermodynamic descriptors are adopted to screen 

electrolyte components for ZABs [211]. Moreover, the possibility of efficiently screening 

potential corrosion inhibitors for Mg-based materials via machine learning modelling based on 

quantum chemistry calculation has been demonstrated [186, 212-214]. The combination of 

quantum chemical methods with machine learning-based quantitative structure property 

relationship (QSPR) methods has been used to predict the corrosion inhibition efficiency of 
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organic compounds, which enables the selection of potential corrosion inhibitors without deep 

understanding of the inhibition mechanism. This “in silico” screening method could be a 

powerful tool to efficiently screen and predict promising electrolyte additives for aqueous 

metal-air batteries. More importantly, the fundamental research is still needed. Strategical 

selection of electrolyte additives based on the intrinsic problems of metal-air battery is proven 

to be an efficient way. For instance, iron complexing agents as electrolyte additives boost the 

discharge performance of aqueous MABs, which is targeting at hindering the re-precipitation 

of iron impurities inside Mg anode and inhibiting the NDE effect of Mg anode. It is noteworthy 

that both AABs and MABs suffer from the NDE and chunk effect, which aqueous ZABs suffer 

from dendrite formation, electrode shape alteration. Hence, the fundamental research regarding 

these issues and the interfacial condition between electrodes and electrolyte must be further 

conducted.      

Regarding the surface passivation during discharge, one of the solutions is to choose 

electrolyte with suitable pH. For amphoteric metallic anodes, like Zn and Al anodes, employing 

alkaline electrolytes is able to moderate the surface passivation, which however has exactly the 

opposite effect on Mg anode. Nevertheless, the electrolyte carbonation is a critical issue for 

alkaline ZABs and AABs. Even though several solutions have been proposed as 

aforementioned, the electrolyte carbonation happens inevitably and deteriorates the 

performance of both anode and cathode. For Mg anode, non-alkaline electrolyte is more 

favorable since the surface passivation in this case is less significant. Another possibility is to 

adopting Mg2+ complexing agent to hinder the formation of Mg(OH)2. This method has been 

proven effective in literature [207-209]. The concept of adopting metal chelating agents may 

also work identically for ZABs and AABs. Successful strategies and brilliant ideas established 

for one specific system may also shed lights on other metal-air systems. For example, 

employing PEG and combining it with ZnO as hybrid electrolyte additives for AABs [95] is 

inspired by the application of PEG and its derivatives in ZABs batteries [71, 94]. Thus, the 

interaction between different metal-air batteries or even fuel cells in the future should be 

encouraged.  

In terms of the sluggish ORR or OER reaction, the most effective method is to develop novel 

catalysts for both reactions. At the meantime, the investigation regarding the catalyst efficiency 

and the electrolyte environment might be an interesting topic for future work, since the existing 

catalysts are more efficient in alkaline electrolyte and show dependence on the electrolyte 

environment. Much efforts are needed to study the interaction between each component of 
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metal-air batteries and the battery design. Rational prototype design is decisive for the realistic 

discharge performance of aqueous metal-air batteries. Great advances on metal-air batteries 

have been achieved with emerging battery designs, such as dual- or tri-electrolyte systems [147, 

172, 215], hybrid system to collect the parasitic reaction product hydrogen for fuel cell [216] 

and Al-air flow battery with oil displacement systems [7]. All in all, aqueous metal-air batteries 

are promising energy storage and conversion systems, which are worthy of more attentions for 

a more sustainable future.  
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3 Motivation and objectives 

Mitigating the gap between the theoretical and practical performance of AMABs has been the 

target of intense research in the past decades. Many efforts have been devoted to develop high-

performance anodes [8, 26-28], high-efficiency air cathodes [29-31] and suitable electrolytes 

[32-34]. However, the performance of existing AMABs is far from satisfactory, which achieves 

scarcely half of the theoretical limit. One of the drawbacks is the voltage drop caused by the 

blockage of the anode surface during discharge. The discharge products (Mg(OH)2/MgO) 

accumulate on the Mg-based anode surface, impeding the contact of active anode surface with 

the electrolyte. Moreover, the Mg-based anode materials suffer from self-discharge in aqueous 

electrolyte. Although novel Mg-based anode materials emerge rapidly in the last five years, the 

cell voltage of AMABs based on those anodes barely exceeds 1.6 V and the utilization 

efficiencies (UEs) of Mg-based anode materials are rarely higher than 50% under low current 

densities (e.g. 1 mA cm-2) [35-37]. Therefore, it is essential to introduce other approach to 

intervene the discharge behavior of Mg-based anode materials. Electrolyte with functional 

additives has been proven to be an efficient strategy for discharge performance enhancement 

in other aqueous metal-air batteries [38-43], such as Zn-air and Al-air batteries. Only few works 

were dedicated to the development of electrolytes with functional additives for AMABs before 

2016 [25, 44, 45]. However, electrolytes with functional additives have already shown the 

potential to be game changer in developing high-performance AMABs. Hence, one of the 

motivations for this dissertation is to unlock new possibilities for AMABs based on a newly 

developed Mg-Ca anode via tailoring suitable electrolyte additives. The usage of electrolyte 

additive is a simple, economical and versatile way to improve the discharge performance of 

AMABs. 

According to the available literature, the working mechanisms of electrolyte additives are 

mainly based on their capabilities of regulating interaction between Mg anode and electrolyte. 

For instance, Deyab [34] reported the addition of 2.5 mM Decyl glucoside (DG) significantly 

improves the UE of pure Mg from 39.4 to 89.7% at 2 mA cm-2. Furthermore, Höche et al. [7] 

proposed adopting complexing agents as electrolyte additives for AMABs, which improves the 

cell voltage of pure Mg based AMABs from 1.3 to 1.7 V at 0.5 mA cm-2. The UE improvement 

in the former work is stem from the physisorption of DG molecules on Mg anode surface, 

whilst the cell voltage increment in the latter one is attributed to the alleviation of precipitates 

form on Mg anode surface during discharge. Hence, it is essential to clarify the influence of 

interfacial condition changes (Mg/electrolyte) on the discharge behavior of Mg anode, which 
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would be instructive for the screening of suitable electrolyte additives and beneficial for 

developing high-performance AMABs. In order to identify the surface conditions of Mg anode 

and clarify the effect of additives, the reliable, non-destructive, in-situ characterization 

techniques are needed. Electrochemical impedance spectroscopy (EIS) is a powerful non-

destructive technique that has been used extensively to evaluate electrochemical systems. 

These make EIS an appropriate technique to detect the evolution of Mg anode surface condition 

during discharge. Nevertheless, the physical interpretation of Mg impedance spectra is still 

disputed. The controversial opinions regarding the origin of time constants in Mg impedance 

spectra definitely lead to diverse interpretations for the interfacial condition and 

electrochemical properties of Mg. Therefore, it is vital to elucidate the physical meaning of 

different time constants in Mg impedance spectra in order to accurately interpret the effect of 

electrolyte additives on the discharge behavior of Mg-based anodes. Hence, the work described 

in this dissertation is also encouraged by the necessity to clarify the physical interpretation of 

high frequency (HF) and middle frequency (MF) time constants in Mg impedance spectra (i.e. 

different capacitive loops in Nyquist plots). 

With this work, the following objectives are anticipated to be accomplished: 

1) Digging a deep understanding on the correlations between anode/electrolyte interfacial 

condition and the discharge behavior of Mg anode via EIS measurement. 

2) Clarifying the physical interpretation of HF and MF time constants (capacitive loops) in 

impedance spectra of Mg in NaCl solutions.  

3) Improving the discharge performance of novel Mg-Ca anode based AMABs by adopting 

electrolyte additives to regulate the anode/electrolyte interfacial condition.   

4) Investigating the working mechanism of a selected Mg2+ complexing additive (i.e. 2,6-

dihydroxybenzoate) on the discharge performance of Mg-Ca anode and its potential as a 

versatile electrolyte additive for AMABs based on diverse commercial Mg anodes.  

5) Studying the influence of addition of metallic ions (In3+) on the interfacial conditions and 

discharge properties of the Mg-Ca anode. Optimizing the concentration of In3+ ion with the 

purpose of alleviating anode self-discharge and motivating anode discharge activity. 
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Fig. 3-1. Illustration of the works presented in this thesis. 
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4 Experimental 

4.1 Materials and electrolytes 

4.1.1 Materials 

As-cast high purity Mg (HP-Mg), Mg-2.97 wt.% Al-0.73 wt.% Zn (AZ31), Mg-4.85 wt.% Al-

0.43 wt.% Mn (AM50) and Mg-Ca alloys were employed as working electrodes in this work. 

HP-Mg, AZ31 and AM50 Mg alloy were purchased from the market. Mg-0.04 wt.% Ca (Mg-

0.04Ca) and Mg-0.15 wt.% Ca (Mg-0.15Ca) were prepared via different casting procedures. 

For both, 99.96 wt.% pure Mg and 99.9 wt.% pure Ca were applied as raw materials and melted 

under protection of Ar/SF6 gas in a boron nitride coated steel crucible at 760 °C. For Mg-

0.04Ca, the molten metals were held at 760 °C for 30 min followed by a manual stirring process 

of 5 min to ensure composition homogeneity. Afterwards, the mixed melts were poured into 

cylindrical steel molds with diameter of 18 mm and cooled in air. The steel molds were pre-

heated at 300 °C before casting. The melts of Mg-0.15Ca were stirred electromagnetically and 

then poured into a 700 °C preheated steel mold with diameter of 60 mm. After that, the mold 

was then immersed into a flowing water bath with a descending speed of 15 cm min–1 for 

solidification. The actual chemical compositions of aforementioned Mg-based materials were 

analyzed via atomic absorption spectroscopy (AAS, Agilent) and spark discharge optical 

emission spectrometry (SD-OES, Ametek-Spectro), which are summarized in Table 4-1. 

                                    Table 4-1 Elemental composition of Mg-based materials used in this dissertation (wt. %). 

Materials Ca Al Fe Ni Cu Mn Si Zn Mg 

Mg-0.04Ca 

Mg-0.15Ca 

0.041 

0.15 

<0.010 

0.0021 

0.0021 

0.0014 

0.0010 

0.0002 

0.0012 

0.0002 

0.019 

0.016 

0.0086 

0.0056 

0.0038 

0.002 

Bal. 

Bal. 

HP-Mg-24 0.0016 0.0030 0.0024 0.0003 0.0004 0.025 0.0093 0.0018 Bal. 

HP-Mg-51 <0.0001 0.0050 0.0051 <0.0001 <0.0001 0.0008 <0.0001 0.001 Bal. 

AZ31 0.0011 2.97 0.0011 0.0007 0.0019 0.358 0.0309 0.732 Bal. 

AM50 0.0011 4.85 0.0002 0.0005 0.0017 0.430 0.0637 0.0418 Bal. 

4.1.2 Electrolytes  

The electrolyte used in Section 5.1 and Section 5.2 was 0.05 M NaCl solution to investigate 

the origin of high frequency and middle frequency time constants in electrochemical 

impedance spectra of Mg. The electrolyte was prepared by 99.5% NaCl from Carl Roth, CAS 

No. 7647-14-5, with deionized water. In Section 5.1, all the electrochemical measurements 
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were carried out in 0.05 M NaCl solution with different initial pH. The initial pH of 0.05 M 

NaCl without any pH adjustment was 5.6 ± 0.2 (owing to naturally dissolved CO2 from air), 

which is denoted as neutral NaCl solution in Section 5.1. In order to prevent the influence of 

compounds that constitute pH buffers, which may interact with Mg2+ ions or adsorb on Mg 

surface, the acidic NaCl solution (pH 3) and the alkaline NaCl solution (pH 11) were prepared 

by adding 0.1 M HCl and NaOH solution, respectively. The pH adjustment for all testing 

solutions was monitored by Hanna Metrohm-691 pH meter. 

The electrolytes used in Section 5.3 were 3.5 wt. % NaCl solutions in the presence and absence 

of diverse Mg2+ complexing agents, which were applied to investigate the influence of 

electrolyte additives with variant complexing abilities with Mg2+ ions on the corrosion and 

discharge performance of novel Mg-0.04Ca anode. The blank NaCl solution as the background 

electrolyte was prepared by adopting 99% NaCl from Fisher Chemical and deionized water. 

The following sodium salts were used as electrolyte additives: citrate (CIT); salicylate (SAL); 

2,6-dihydroxybenzoate (2,6-DHB); 5-sulfosalicylate (5-sulfoSAL) and 3,4-dihydroxybenzoate 

(3,4-DHB). Their corresponding organic acids were purchased from Sigma-Aldrich. The pH 

of all prepared solutions except for blank NaCl solution was adjusted to 7.0 ± 0.3 by adding 

NaOH, monitored by Metrohm-691 pH meter. 

According to the results obtained in Section 5.3, the concentration effects of 2,6-DHB were 

studied in Section 5.4. 3.5 wt. % NaCl solution was also utilized as the background electrolyte 

for all the electrochemical tests appearing in this work.  2,6-DHB with concentrations 0.05, 0.1, 

0.2, and 0.3 M were added into NaCl solution as electrolyte additives. All the electrolytes were 

prepared with deionized water and 2,6-DHB-containing electrolytes and were neutralized by 

NaOH to pH 7.0 ± 0.1 under monitoring of Metrohm-691 pH meter. 

InCl3 was also investigated as electrolyte additives for AMABs in Section 5.5. InCl3 with 

concentrations 1, 5 and 10 mM were introduced as electrolyte additives into the background 

NaCl solution (3.5 wt.%). The InCl3-containing electrolytes were unbuffered showing pH of 

4.4 ± 0.1, 4.1 ± 0.1 and 3.9 ± 0.1 corresponding to 1, 5 and 10 mM, respectively. All the 

electrolytes were prepared by chemical reagents purchased from Sigma-Aldrich and deionized 

water. 
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4.2 Surface and microstructure characterization 

4.2.1 Scanning electron microscope (SEM) 

Mg-based material surfaces and cross-sectional morphologies were characterized by scanning 

electron microscope (SEM, TESCAN VEGA 3) equipped with an energy dispersive 

spectrometer (EDS, IXRF systems). The morphology images were obtained under secondary 

electron (SE) mode and backscattered-electron (BSE) mode, as demonstrated in Fig. 4-1. the 

elemental information was carried out under 12-18 kV accelerating voltage with 15 mm 

working distance. Gold sputtering was employed for samples with insulated surface film to 

ensure good conductivity for high-quality and high-magnification images. For the cross-

sectional morphologies observation, specimens were embedded in resin and then carefully 

ground and polished. The grinding process was conducted on SiC emery papers from 320 grit 

successively up to 4000 grit. After grinding, specimens were polished on a water-free oxide 

polishing suspension (OPS) containing SiO2 to remove scratches. Afterwards, specimens were 

rinsed with ethanol and dried by a stream of cold air. 3D reconstruction for the surface 

topography without discharge products was conducted via SEM combined with Mex program 

(Bruker Alicona) for images processing. Depth profiles were obtained to examine the surface 

roughness and homogeneity. 

The HP-Mg electrodes after EIS measurements in 0.05 M NaCl solutions with different pH (in 

Section 5.1) were characterized by scanning electron microscope/ focused ion beam system 

(SEM/FIB, TESCAN L3) equipped with energy dispersion spectrometer (EDS, OXFORD 

AZtec Ultim 100). After immersion in testing electrolyte, the samples were rinsed with ethanol, 

Fig. 4-1. SE and BSE images of HP-Mg after 2 h immersion in 10 mM 3,4-DHB-containing electrolyte. 
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dried with a stream of cold nitrogen and then immediately stored into a vacuum desiccator. 

Sample surface was sputtered with Au prior to the characterization by SEM/FIB. The cross-

section lamellae for transmission electron microscope (TEM) observation were prepared by 

FIB in-situ lift-out technique. In order to minimize beam damage during ion beam thinning and 

polishing procedures, a platinum protective layer was deposited by ion beam to the region of 

interest for TEM observation. The accelerating voltage of FIB ion beam was gradually 

decreased during the lamellae preparation. The final thicknesses of the cross-section lamellae 

were approximately 100 nm and they were welded on to a copper grid, as shown in Fig. 4-2. 

The overview of the lamellae was carried out under scanning transmission electron (STEM) 

mode in SEM. Elemental maps were also obtained in SEM at a 30 kV accelerating voltage to 

reduce the possibility of corrosion film degradation during data acquisition. 

4.2.2 Transmission electron microscope (TEM) 

The cross-sectional morphologies and phase composition of HP-Mg electrodes after EIS 

measurements were characterized by transmission electron microscope (TEM, FEI Titan 80-

300 & Thermo Scientific Talos). The cross-section lamellae for TEM were prepared by FIB 

in-situ lift-out technique. The delicate microstructure of surface film/Mg matrix interface was 

observed in the TEM under STEM mode with 300 kV accelerating voltage. Bright field (BF) 

and high angle annular dark field (HAADF) images were acquired, as illustrated in Fig. 4-3. 

The electron diffraction patterns in the selected area were obtained in TEM and compared with 

the published diffraction patterns for Mg, MgO and Mg(OH)2 to ensure the phase compositions 

of characterized area. The thicknesses of Mg(OH)2 and MgO layer were measured by ImageJ 

Fig. 4-2. (a) Front view and (b) top-view of cross-sectional lamella prepared by FIB in-situ lift-out technique. 
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software. 

4.2.3 Laser confocal scanning microscope (LSM) 

Laser scanning microscope (LSM, Zeiss LSM 800) was employed to characterize the HP-Mg 

electrode surface after Tribo-electrochemical impedance spectroscopy (Tribo-EIS) 

measurement. Accordingly, the depth profile of scratch left by Tribo-meter was generated, as 

presented in Fig. 4-4. 

 

 

 

 

 

 

 

4.2.4 X-ray diffraction analysis (XRD) 

The phase compositions of Mg-0.15Ca anodes after discharged in 3.5 wt.% NaCl and 0.05 M 

2,6-DHB-containing NaCl solution were analyzed via X-ray diffraction measurement (XRD, 

D8 Advance, Brucker AXS) with CuKα radiation (40 kV, 40 mA). The diffraction angle was 

Fig. 4-3. TEM bright field (BF) and HAADF images of surface film formed on HP-Mg in NaCl solution. 

Fig. 4-4. Plane image and 3D topography of scratched Mg surface under LSM.  
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from 15° to 80° with 0.02° step size and the grazing angle was 1°. The dwell time was 1 s for 

each point.  

4.3 Conventional electrochemical measurements 

Conventional electrochemical impedance spectroscopy (EIS) and potentiodynamic 

polarization (PDP) curves were measured by Gamry interface 1000 potentiostat and Reference 

600 potentiostat to evaluate the electrochemical properties of all studied Mg-based materials. 

All measurements were performed in the classic three-electrode system with a Pt counter 

electrode, a Ag/AgCl reference electrode filled with saturated KCl solution and the Mg-based 

material as working electrode. All Mg samples, except those used in the EIS measurements 

after discharge, were ground with SiC emery papers up to 1200 grit before electrochemical 

measurements. After grinding they were rinsed with ethanol and dried by cold air stream.   

4.3.1 Electrochemical impedance spectroscopy (EIS) 

Conventional EIS measurements were performed at open circuit potential (OCP) with 10 mVrms 

perturbation voltage. In Section 5.1, HP-Mg-51 electrode with 1 cm2 exposed surface area was 

employed as working electrode. EIS measurements were performed at OCP under 

potentiostatic mode using Gamry Reference 600 potentiostat in order to follow the growth of 

corrosion product film on HP-Mg in 0.05 M NaCl with pH 3, pH 5.6 and pH 11. The EIS 

measurement was started from 100 kHz and ended at intermediate frequency (1 Hz) in order to 

avoid the latent influence on Mg surface caused by possible polarization during low frequency 

measurement. All the measurements were triplicated to assure data reproducibility and all of 

the impedance spectra were consistent with the Kramers-Kronig relations. 

In Section 5.3, Mg-0.04Ca electrode with 2.5 cm2 exposed surface area was embedded in resin 

and used as the working electrode. The specimen was connected with copper wire from 

backside for conducting. The EIS measurements for Mg-0.04Ca electrode were performed after 

1 h immersion in 3.5 wt.% NaCl solutions with and without 0.1 M Mg2+-complexing agents 

(CIT, 2,6-DHB, 3,4-DHB, SAL and 5-sulfoSAL). The tested frequency range was 100 kHz - 

0.01 Hz with 10.5 points per decade and all the EIS measurements were repeated three times. 

Mg-0.15Ca electrodes with 2.5 cm2 exposed surface area were prepared by the aforementioned 

procedure and used as working electrodes in Section 5.4 and Section 5.5. The anode surface 

conditions during discharge in blank NaCl and 2,6-DHB-containing electrolytes were 

evaluated by EIS measurements amid discharge interval in Section 5.4. The EIS measurements 
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were carried out at OCP after discharge for different periods (0, 5, 10, 15 and 24 h) in the 

frequency range from 100 kHz - 0.03 Hz with 9 points per decade. In Section 5.5, EIS 

measurements were also performed at OCP after discharge for a specific period (1, 5 and 24 h) 

to evaluate the surface condition alteration of Mg-0.15Ca electrode in blank NaCl and InCl3-

containing electrolytes. The applied frequency ranged from 100 kHz - 0.1 Hz with 10 points 

per decade. The setting value of the lowest frequency depends on the testing system and is 

intend to avoid possible polarization during low frequency EIS measurement.  

4.3.2 Potentiodynamic polarization (PDP) 

Potentiodynamic polarization curves of Mg-0.15Ca alloy in the NaCl and 2,6-DHB-containing 

electrolytes were measured by Gamry Interface 1000 potentiostat in the conventional three- 

electrode system adopting well-ground Mg-0.15Ca alloy with 1 cm2 exposed surface as the 

working electrode, Pt wire as the counter electrode and commercial Ag/AgCl electrode as the 

reference electrode. All the polarization curves were obtained after 1 h immersion in the testing 

electrolytes by potential scanning from – 400 mV to + 800 mV vs. OCP. The scanning started 

from the cathodic region to the anodic region with 0.5 mV/s scanning rate. 

4.4 Tribo-electrochemical measurements 

Tribo-electrochemical measurements were performed by Gamry interface 1010E potentiostat 

coupled with Tribotechnic pin-on-disc tribometer in a customized cell, as indicated in Fig. 4-

5. The pin-on-disc tribometer is mainly composed of a stationary abrasive pin and a rotating 

disc. The abrasive pin used in this work was a zirconia ball with 6 mm diameter, which was 

hold by an insulating plastic holder (Fig. 4-5d). The applied load was 5 N for all the tests and 

there were two different rotation speeds used in the tests, i.e. 2 or 20 rpm. 2 rpm is the slowest 

rotation speed of the tribometer and 20 rpm was chosen as fast rotation speed to elucidate the 

impact of rotation speed on the electrochemical measurement. Coiled Pt wire and KCl-

saturated Ag/AgCl electrode were used as counter electrode and reference electrode, 

respectively. Mg samples with various exposed surface areas (0.5, 1.1 and 2 cm2) were 

employed as working electrodes. The working electrode was embedded in the groove of the 

customized cell (Fig. 4-5e). A connection point on the bottom of the cell was used to electrically 

connect the working electrode with an external brass band. The conductivity of this set-up was 

checked by multimeter, indicating the resistance is less than 1 ohm. Waterproof adhesive tape 

with specified size hole stuck on the top of the working electrode and the groove in order to 
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control the exposed surface area of working electrode and to avoid electrolyte penetration. The 

water tightness of this set-up was also checked before Tribo-EIS measurement. 

4.4.1 Tribo-electrochemical impedance spectroscopy (Tribo-EIS) 

All Tribo-EIS measurements were conducted under potentiostatic mode at OCP with 10 mVrms 

perturbation voltage. All EIS measurements were done during cell rotation and divided into 

three different stages: (i) the initial stage without abrasion; (ii) the abrasion stage where 

abrasive pin was scratching Mg surface; (iii) the recovery stage where abrasive pin was 

removed from the cell after scratching. The EIS measurements without abrasion were started 

from 100 kHz and ended at 0.01 Hz with 9 points per decade. During EIS measurements 

without abrasion (i and iii), the abrasive pin did not touch the surface of the working electrode. 

During the abrasion stage, the working electrode was scratched by the abrasive pin, as 

illustrated in Fig. 4-5a. The EIS measurements in the abrasion stage (ii) were carried out in the 

frequency range from 100 kHz to around 0.04 Hz. A circular abraded ring was left on the 

working electrode surface. All the Tribo-EIS measurements were performed at least three times.  

4.4.2 Tribo-potentiodynamic polarization (Tribo-PDP) 

Tribo-PDP tests were also performed in the above mentioned experimental arrangement. In 

order to avoid the influence of electrolyte alkalization and change of electrode surface 

Fig. 4-5. (a) Schematic illustration and (b) real picture of experimental arrangement for Tribo-electrochemical 

measurement, (c) the pin-on-disc Tribo-meter, (d) the abrasive pin and (e) the electrochemical cell. 
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condition on the accuracy of PDP tests, anodic and cathodic polarization curves of Mg with 1.1 

cm2 exposed surface area under different states were obtained separately in fresh 0.05 M NaCl 

solution. All PDP tests were carried out after one hour OCP test to ensure the stabilization of 

the testing system. The potential scanning with 0.5 mV/s scanning rate was done from − 5 mV 

(vs. OCP) to + 800 mV (vs. OCP) for anodic branch and from + 5 mV (vs. OCP) to − 2.4 V 

(vs. Ag/AgCl) for cathodic branch. 

4.5 Discharge test 

4.5.1 Half-cell discharge test  

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

perform the half-cell discharge tests. Mg-0.04Ca and Mg-0.15Ca samples with 2.25 cm2 

exposed surface area were prepared by the same procedure as above mentioned in Section 4.3. 

Half-cell discharge tests were done in a galvanostaic mode with various applied current 

densities. In Section 5.3 and Section 5.4, working and counter electrodes were placed in two 

separated beakers connected by a salt bridge (Fig. 4-6).  The electrolyte in anode compartment 

stirred at the 350 rpm during discharge. The two compartments were used in order to avoid 

influence of rapid pH changes caused by cathodic processes on anode condition during 

discharge. In order to obtain accurate weight loss, ΔW, Mg-Ca anode samples after discharge 

were immersed into chromic acid aqueous solution (200 g L-1) for 10 min to remove discharge 

products and then rinsed with ethanol. Afterwards, the anode mass loss was determined via 

comparing the sample mass prior to discharge and after removal of discharge products. 

Utilization efficiency (UE) and specific capacity (SC) of Mg-Ca alloys in different electrolytes 

were calculated via the following equations [44, 46]: 

                       UE (%) = 
𝑊𝑡ℎ𝑒𝑜

∆𝑊
× 100%                                               (4-1) 

                              SC (Ah g−1) = 
𝐼×𝑡

∆𝑊
                                                         (4-2)  

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 [44, 46]: 

                                            𝑊𝑡ℎ𝑒𝑜(g) =  
𝐼×𝑡

𝐹×∑(
𝑥𝑖×𝑛𝑖

𝑚𝑖
)
                                                              (4-3) 

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. 
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4.5.2 Full-cell discharge test  

Full cell tests were performed in a lab-made Mg-air cell, which adopted air-breathing cathode 

with C/MnO2 fabric with polytetrafluoroethylene (PTFE) gas diffusion layer and Ni mesh 

(Gaskatel GmbH). The experimental arrangement and air cathode structure are illustrated in 

Fig. 4-7. Mg-Ca anodes with 2.5 cm2 surface area worked as anode in Section 5.3, Section 5.4 

and Section 5.5. The discharge voltage profiles were obtained at various applied current 

densities (0.5~10 mA cm-2). 3.5 wt. % NaCl solution with and without additives. After 

discharge, the specific energy of Mg-air batteries were calculated according to the anode mass 

loss and the equation is expressed as [47]: 

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

𝑡
0

∆𝑊
                                          (4-4) 

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 applied current and discharge time.  

Fig. 4-6. Schematic illustration of experimental arrangement for half-cell discharge test. 

Fig. 4-7. Schematic illustration of experimental arrangement for full-cell discharge test. 
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In Section 5.4, four kinds of Mg-based materials including HP-Mg-24, Mg-0.15Ca, AZ31 and 

AM50 alloys, were applied as anode materials. The cell voltages of various AMABs in blank 

NaCl and 0.2 M 2,6-DHB-containg electrolytes were tested at 1, 5 and 10 mA cm-2. The 

improvements of discharge performance introduced by 2,6-DHB addition were evaluated by 

the specific energy and power density, which were calculated via Eq. 4-4 and Eq. 4-5, 

respectively.  

                                       Power density (mW cm-2) = 
𝐼 ×𝑈

𝐴
                                                (4-5) 

Where 𝐼 (A) and 𝑈 (V) refer the applied current and cell voltage, respectively. A (cm2) is the 

surface area of anode. All the above mentioned measurements were repeated at least twice. 

4.6 Hydrogen evolution test (HET)  

4.6.1 HET at OCP condition 

Hydrogen evolution tests were carried out using eudiometers, as presented in Fig. 4-8. Unlike 

typical burette-funnel setup, eudiometer is a closed system, thus it excludes the additional 

intake of O2, CO2 and N2 apart from 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 rpm. The hydrogen was collected during 24 

h. All tests were repeated twice, the difference between them was less than 10%. 

Fig. 4-8. Eudiometer for hydrogen evolution test at OCP. 
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4.6.2 HET during discharge 

Effect of electrolyte additives on the self-discharge behavior of Mg-0.15Ca anode during 

discharge was investigated by the real-time hydrogen evolution test under galvanostatic 

polarization. Fig. 4-9 exhibits the experimental set-up for real-time HET during discharge. The 

traditional inverted burette-funnel setup was applied to collect evolved hydrogen with 

minimum accuracy of 0.1 mL. A Gamry Interface 1000 potentiostat with the aforementioned 

three-electrode arrangement was applied to perform an half-cell discharge measurement.  

4.7 Localized measurements 

The information about the concentration of the relevant species (pH and dissolved O2) over the 

surface of Mg electrode at micro-scale was obtained by scanning ion-selective electrode 

technique (SIET system Applicable Electronics) and fiber-optic micro-optode (Pyroscience). 

The experimental set up is described in Fig. 4-10.  

In Section 5.1, the local pH of HP-Mg-51 immersed in NaCl was detected via a glass-type pH 

microelectrode with a tip diameter of 10 µm (pH-10, Unisense), with an external Ag/AgCl 

reference electrode. The pH microelectrode was calibrated daily. The local dissolved O2 

concentration was measured by FireStingO2 fiber-optic O2 micro-sensor coupled with an O2 

concentration meter (Pyroscience). HP-Mg-51 with approximately 2 mm diameter was 

embedded in epoxy resin and fixed in a sample holder. Both, the pH microelectrode and O2 

concentration meter, were fixed at 50 μm above the HP-Mg-51 sample by using a custom made 

dual head stage to simultaneously monitoring the evolution of local pH and dissolved O2 

Fig. 4-9. Experimental arrangement for real-time HET during discharge 
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concentration. The relevant data was acquired by LV4 software (Science Wares) in parallel 

with PyroOxygenLogger software (Pyroscience). 

In Section 5.5, the local pH of Mg-0.15Ca anode in 3.5 wt. % NaCl with and without InCl3 

under 1 mA cm–2 galvanostatic polarization was measured via the same pH-10 micrometer. 

The pH microelectrode was fixed at 20 μm above the Mg-0.15Ca sample with approximately 

1 mm diameter in order to record the real-time evolution of local pH during galvanostatic 

polarization. The applied current density was 1 mA cm-2 with the same configuration adopted 

in half-cell discharge test. The local information for Mg-0.15Ca sample surface was acquired 

on a sample-centered area (2000 μm × 2000 μm) at 50 μm above it to monitor the distribution 

of local pH on polarized Mg-0.15Ca surface. All the relevant data was acquired by LV4 

software (Science Wares).  

 

 

 

Fig. 4-10. Experimental arrangement for localized measurement of Mg electrodes. 
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5 Results (Published) 

The work described in this thesis aims at tailoring electrolyte additives for high-performance 

Mg-based anode materials in primary AMABs based on the mechanistic understanding of 

interfacial condition between Mg anode and electrolyte. Hence, the content of this work is 

composed of two main parts: (i) adopting electrochemical impedance spectroscopy to 

investigate the surface condition of Mg; (ii) controlling the discharge behavior and surface 

condition of Mg anode by organic and inorganic electrolyte additive. The research in frame of 

part (i) focuses on clarifying the physical interpretations of the two time constants with 

capacitive behavior in Mg impedance spectra. It will facilitate a mechanistic understanding of 

the effect of selected AMABs electrolyte additives on the interfacial condition of Mg in 

different electrolytes. Within the frame of part (ii), the investigation aims to address the surface 

passivation and self-corrosion during discharge via adding organic and inorganic compounds 

to regulate the interaction between Mg anode and electrolyte. The results are presented in form 

of four published papers in scientific journals with peer-review process and one submitted 

paper. The physical interpretation of high frequency time constant in Mg impedance spectra 

was thoroughly studied in paper 1, proposing that the high frequency time constant originates 

from the barrier effect of MgO-based surface film. Subsequently, Tribo-EIS measurements 

were applied to study the origin and interpretations of two capacitive loops (high and middle 

frequency time constants) in Mg impedance spectra in paper 2. The results further prove that 

the high frequency time constant should be attribute to the barrier film-relevant behavior and 

the middle frequency time constant originates from the charge transfer process. Based on the 

mechanistic study of physical interpretations regarding time constants in Mg impedance spectra 

in paper 1 and paper 2, EIS measurements were employed to characterize the quasi-in-situ 

surface condition of Mg anode in additive-containing electrolytes. In paper 3, the influence of 

five organic additives with varying Mg2+ complexing capabilities on the corrosion and 

discharge performance of novel Mg-Ca anodes based AMABs was investigated. The results 

indicate that Mg2+ complexing agents are capable of inhibiting the precipitation of discharge 

products film and regulating non-uniform dissolution. The selection of suitable electrolyte 

additives with different Mg2+ complexing ability is dependent on the change of the discharge 

loads. According to the results presented in paper 3, 2,6-DHB addition is capable of 

simultaneously improving  utilization efficiency and discharge potential of Mg-Ca anode. 

Hence, the working mechanisms of this organic compound as a versatile electrolyte additive 

for AMABs was further investigated in paper 4. EIS measurement amid intermittent discharge 
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and real-time hydrogen evolution test during discharge were applied in this work. The results 

obtained via these two novel methods lead to a deeper mechanistic understanding of the 

additive performance and determining the relevant practical conditions. Same methods 

combined with localized measurements were applied to study the working mechanism of 

inorganic additive, i.e. InCl3, in AMABs (paper 5).  The results propose another strategy to 

improve the discharge performance of AMABs via adding metallic ions with strong hydrolysis 

effect.  

 

 

 

 

 

 

 

Fig. 5-1. Schematically illustration of the thesis structure. 
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5.1 Insight into physical interpretation of high frequency time constant in 

electrochemical impedance spectra of Mg 

Paper 1 is published in Corrosion Science, 187 (2021), 109501. 

The aim of this work is to clarify the physical interpretation of high frequency time constant in 

impedance spectra of Mg, which is revealing and beneficial for accurately evaluating interfacial 

condition and corrosion behavior of Mg-based materials. EIS measurement has been wildly 

applied to investigate the corrosion properties of Mg and its alloys [48-51]. However, the 

analysis and interpretation of EIS results for Mg are controversial. These discrepant 

explanations for the origin of the time constants definitely lead to diverse interpretations for 

the corrosion behavior of Mg and its alloys. Therefore, it is essential to clarify the physical 

meaning of different time constants for a better understanding of the information provided by 

EIS measurement. In this work, the evolution of the high frequency time constant and the 

surface condition of high purity Mg (HP-Mg) in NaCl solution was studied at three different 

pH (3,  5.6, and 11) via EIS, TEM and in-situ spatially resolved techniques for tracing local 

concentration of dissolved oxygen and local pH. The results indicate that the most protective 

film is formed on HP-Mg surface at pH 11, which is also the thinnest film in comparison with 

that formed at pH 3 and 5.6 according to the cross-sectional images observed by TEM. This 

experimentally observed tendency is consistent with the calculations based on the HF 

capacitive loop in the EIS plots, suggesting that the high frequency time constant in impedance 

spectra of Mg originates from the barrier properties of MgO-based surface film. 

 

  

Fig. 5-2. Graphical abstract for Section 5.1. 
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A B S T R A C T   

Electrochemical impedance spectroscopy measurements were performed to study the evolution of surface con
dition, which related to the high frequency time constant of Mg, in 0.05 M NaCl solution at three different pH. 
Based on the assumption that the high frequency time constant originates solely from the surface film, the 
thickness of MgO film was calculated via fitting EIS results. The deduced results were compared with the actual 
surface condition, characterized by transmission electron microscopy and local measurements. The results 
verified that the time constant at the high frequency range originates from the barrier properties of the surface 
film.   

1. Introduction 

Electrochemical impedance spectroscopy (EIS) is an electrochemical 
technique, which is carried out by applying small sinusoidal perturba
tion (potential or current) to measure the response and compute the 
impedance at each frequency. Therefore, EIS is capable of detecting the 
minor changes in electrode surface state and correlated electrochemical 
processes at the electrode/electrolyte interface without changing the 
surface state. Due to its intrinsic characteristics, EIS is widely applied to 
study corrosion behavior and mechanism of different bare and coated 
metals [1–3]. Revealing the corrosion mechanism and enhancing the 
corrosion resistance of Mg are the subject of intense research during the 
last decades [4–8]. EIS has been wildly applied to investigate the 
corrosion properties of Mg and its alloys [9–11], coatings on Mg-based 
substrate [12–14] and the effect of inhibitors for Mg [15–17]. 

However, the analysis and interpretation of EIS results for Mg are 
controversial. The analysis often involves the fitting procedure via 
equivalent circuit, which is proposed according to the possible electro
chemical processes happened on the electrode surface. The corre
sponding values of electrical parameters for each process can be 
deduced from fitting procedure. Thus, well-designed equivalent circuit 
is helpful for the quantitative analysis of EIS results. Nevertheless, there 

is no agreement on the equivalent circuit for Mg corrosion process. 
Diverse equivalent circuits are used by different researchers to fit the 
similar impedance spectra. The common Nyquist plot of bare Mg is 
normally composed of two capacitive loops and occasionally one 
inductive loop appearing in the low frequency range as shown in Fig. 1a. 
For the impedance spectra, which are similar with the one presented in 
Fig. 1a, some researchers used the equivalent circuit with two in-series 
connected RC elements as shown in Fig. 1c to fit the spectra [18,19], but 
other researchers applied the equivalent circuit displayed in Fig. 1d [20, 
21]. Meanwhile, several works introduce an inductor into the above
mentioned two kinds of equivalent circuits to fit the inductive tail 
[22–24]. The values obtained from these two circuits may not be 
significantly different, but they reflect different physical meanings, 
which leads to different conclusion on studied processes. Hence, atten
tion should be paid when choosing the correct connection mode for 
circuit elements. 

Moreover, the physical interpretations of each electrical circuit 
element (CPE1, R1, CPE2 and R2) are also disputed. Table 1 lists the 
concise interpretations of time constants and corresponding circuit el
ements at different frequency ranges of Mg impedance spectra. Some 
researchers suggest that the first capacitive loop, namely the one 
appearing in the high frequency range, corresponds to the surface film 
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capacitance, in parallel with the resistance from the charge transfer 
process. Here the middle frequency time constant is associated to the 
mass transport process through the corrosion product film [9,25]. 
However, some other researchers deem the high frequency time con
stant to be related to the surface film formed on Mg and its alloy, whilst 
the charge transfer resistance in parallel with double layer capacitance is 
the origin of the second time constant in the middle frequency range [21, 
22,26]. Moreover, there are also many researchers suggesting that the 
high frequency capacitive loop is double layer capacitance in parallel 
with charge transfer resistance [11,19,23]. Regarding the inductive loop 
in the low frequency range, different researchers also hold various 
views. Some researchers attribute it to the relaxation processes of Mg+

species on the surface [9,25]. Meanwhile, some researchers assume it 
might be related to a breakdown of the partially protective Mg(OH)2 
film [27,28] or might refer to the occurrence of localized corrosion, such 
as pitting corrosion [29]. The publication of Shkirskiy and co-workers 
[30] claims that the inductive loop is due to the higher Mg corrosion 
rate in low frequency range, which should not be associated to any 
process related to Mg+ ion. These discrepant explanations for the origin 
of the time constants definitely lead to diverse interpretations for the 
corrosion behavior of Mg and its alloys. Therefore, it is essential to 
clarify the physical meaning of different time constants for a better 
understanding of the information provided by EIS measurement. It will 
be beneficial for accurately evaluating the corrosion behavior of 
Mg-based materials. 

In this work, we thoroughly discuss the physical interpretation of the 
high frequency time constant of impedance spectra for pure Mg in NaCl 

solutions, which is revealing for the investigation related to corrosion 
behavior of Mg and its alloys. We suggest the high frequency (HF) time 
constant is related to surface film presented on Mg surface, mainly 
attributed to comparatively dense MgO film. Based on this assumption, 
0.05 M NaCl solutions with various initial pH (3, 5.6, and 11) were 
adopted as testing solutions to introduce different surface conditions of 
high purity Mg (HP-Mg) in EIS measurements. The influence of various 
pH on the evolution of HF time constant of HP-Mg was investigated and 
the results were compared with the surface film morphologies observed 
via transmission electron microscope (TEM). Local pH, local O2 con
centration and surface conditions of HP-Mg during immersion in NaCl 
solution with various pH were recorded to monitor the growth of surface 
film and the corrosion behavior of HP-Mg. 

2. Experimental 

As-Cast HP-Mg was used in this study to avoid the influence of 
alloying elements on the corrosion and electrochemical behavior. The 
chemical composition (Table 2) was measured via spark discharge op
tical emission spectrometry (SD-OES) with spark analyzer vision 

Fig. 1. (a) and (b) Representative Nyquist plot and Bode plot for HP-Mg in 0.05 M NaCl solution; (c) and (d) two kinds of common equivalent circuits for the EIS 
results of Mg and its alloys. 

Table 1 
Interpretation of time constants at different frequency range for Mg-based materials.  

Ref. 
High frequency (capacitive loop) intermediate frequency (capacitive loop) Low frequency (inductive loop) 

CPE1 R1 CPE2 R2 L 

[9,25,43] Surface film 
capacitance 

Charge transfer 
resistance 

Diffusion of electroactive species inside 
corrosion products 

Relaxation of the adsorbed intermediates on Mg surface 

[16,18,21,22, 
24,26,55] 

Surface film 
capacitance 

Surface film 
resistance 

Double layer 
capacitance 

Charge transfer 
resistance 

Electrochemical reactions at film/Mg interface [26], Desorption of Mg 
(OH)2 film [22], Relaxation of the adsorbed intermediates [24] 

[11,23,54] Double layer 
capacitance 

Charge transfer 
resistance 

Surface film 
capacitance 

Surface film 
resistance 

Desorption of corrosion products or nucleation of local corrosion [11,54], 
Desorption of intermediate [23] 

[19,27,56] Double layer 
capacitance 

Charge transfer 
resistance 

Mg(OH)2 film 
capacitance 

Mg(OH)2 film 
resistance 

Breakdown of partial protective Mg(OH)2 film [27] 

[57] Double layer 
capacitance 

Charge transfer 
resistance 

Product adsorption in the localized 
corrosion 

Collapse of partial protective film due to Mg+ reaction  

Table 2 
Chemical compositions of HP-Mg (ppm).  

Materials Fe Cu Si Mn Al Zn Zr Ag Mg 

Mg 51 <1 <1 8 50 10 23 0.71 Bal.  
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software (SPECTROLAB). The samples were grinded with emery papers 
up to 1200 grit, rinsed with ethanol, and dried with cold compressed air 
before each test. 

All the electrochemical measurements were carried out in 0.05 M 
NaCl solution with different initial pH. The initial pH of 0.05 M NaCl 
without any pH adjustment was 5.6 ± 0.2 (owing to naturally dissolved 
CO2 from air), which is denoted as neutral NaCl solution in the 
following. In order to prevent the influence of compounds that consti
tute pH buffers, that can interact with Mg2+ ions or adsorb on Mg sur
face, the acidic NaCl solution (pH 3) and the alkaline NaCl solution (pH 
11) were prepared by adding 0.1 M HCl and NaOH solution, respec
tively. The pH adjustment for all testing solutions was conducted by 
Hanna Metrohm-691 pH meter. The open circuit potential (OCP) and EIS 
measurements were performed using Gamry Reference 600 potentiostat 
with three electrodes arrangement. HP-Mg with 1 cm2 exposed surface 
area served as a working electrode. Pt coiled wire and KCl-saturated Ag/ 
AgCl electrode were respectively used as counter electrode and refer
ence electrode. The EIS measurements at OCP were conducted under 
potentiostatic mode and the applied perturbation voltage was 10 mVrms. 
The EIS measurement was started from 100 kHz and ended at inter
mediate frequency (1 Hz) in order to avoid the latent influence on Mg 
surface caused by possible polarization during low frequency measure
ment. All the measurements were triplicated to assure data reproduc
ibility and all of the impedance spectra were consistent with the 
Kramers-Kronig transfer relations [31,32]. The corrosion rates of 
HP-Mg in different pH media were calculated via the weight loss of 
HP-Mg after 2 h immersion in 3.5 wt. % NaCl solution with different 
initial pH. Higher concentration of NaCl was adopted to get sufficient 
weight loss for accurate calculation. 

The HP-Mg electrode after EIS measurement was characterized by 

scanning electron microscope/ focused ion beam system (SEM/FIB, 
Tescan LYRA3) equipped with energy dispersion spectrometer (EDS, 
Oxford Aztec Ultim 100) and transmission electron microscope (TEM, 
FEI Titan 80–300 & Thermo Scientific Talos). After removal from the 
testing electrolyte, the sample was rinsed with ethanol, dried with a 
stream of cold nitrogen and then immediately stored into a vacuum 
desiccator. Sputter coating with gold was performed on the sample 
surface prior to the characterization by SEM/FIB. The cross-section 
lamellae for TEM were prepared by FIB in-situ lift-out technique. In 
order to minimize beam damage during ion beam thinning and polishing 
procedures, a platinum protective layer was deposited by ion beam to 
the region of interest for TEM observation. The accelerating voltage of 
FIB ion beam was gradually decreased during the lamellae preparation. 
The final thicknesses of the cross-section lamellae were approximately 
100 nm and they were welded on to a copper grid. The overview of the 
lamellae was carried out under scanning transmission electron (STEM) 
mode in SEM and the delicate microstructure of surface film/Mg inter
face was observed with the TEM in STEM mode with 300 kV accelerating 
voltage. Elemental maps for Mg and O were obtained in SEM at a 30 kV 
accelerating voltage to reduce the possibility of corrosion film degra
dation during data acquisition. The electron diffraction patterns in the 
selected area were obtained in TEM and compared with the published 
diffraction patterns for Mg, MgO and Mg(OH)2 to ensure the phase 
composition of characterized area. Then, the thicknesses of Mg(OH)2 
and MgO layer were measured by ImageJ software. 

The local pH was measured via a glass pH microelectrode with a tip 
diameter of 10 μm (Unisense) with an external Ag/AgCl reference 
electrode. The local dissolved O2 concentration was measured by Fire
StingO2 fiber-optic O2 micro-sensor coupled with an O2 concentration 
meter (Pyroscience). HP-Mg with approximately 2 mm diameter was 

Fig. 2. (a) OCP of HP-Mg in 0.05 M NaCl solution with different initial pH and EIS results of HP-Mg after various immersion time in 0.05 M NaCl of different initial 
pH: (b) Nyquist plots, (c) modulus value plots, and (d) phase angle plots. 
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embedded in epoxy resin and fixed in a sample holder. Both, the pH 
microelectrode and O2 concentration meter, were fixed at 50 μm above 
the HP-Mg sample by using a custom made dual head stage to simulta
neously monitoring the evolution of local pH and dissolved O2 concen
tration. SVET system (Applicable Electronics) was used to position and 
move the probes, sample and the video camera. The relevant data was 
acquired by LV4 software (Science Wares) in parallel with PyroOx
ygenLogger software (Pyroscience). 

3. Results and discussion 

3.1. Electrochemical impedance measurement 

3.1.1. Influence of initial pH on evolution of EIS for HP-Mg 
The OCP and EIS plots for HP-Mg in NaCl solution with initial pH of 

3, 5.6 and 11 are presented in Fig. 2 and Fig. S1. Fig. 2a illustrates 
evolution of the OCP of HP-Mg at different pH of NaCl solutions. The 
OCP in acidic NaCl solution is more negative than that in neutral NaCl 
solution. Acidic NaCl solution (initial pH 3) was obtained by adding HCl 
solution, thus the concentration of Cl− is slightly higher than 0.05 M, 
which can slightly increase the corrosion rate. Moreover, according to 
the corrosion rate of HP-Mg in 3.5 wt. % NaCl solution with different 
initial pH (Table S1), higher amount of H+ induces faster corrosion, 
resulting in more negative OCP. The OCP of HP-Mg in alkaline NaCl 
solution is the most positive among the three tested pH. The initial pH of 
alkaline NaCl solution is 11. It is above the critical pH of thermody
namically stable Mg(OH)2 formation, which is typically around 
10.2–10.5 [33]. Accordingly, the corrosion of HP-Mg in alkaline NaCl 
solution is slower than that in the neutral solution, leading to relatively 
positive OCP. 

EIS measurements were consecutively performed to monitor the 
evolution of the HF time constant at the initial stage of immersion. 17 
EIS plots were obtained for each testing condition within two hours of 
immersion. The representative EIS plots of HP-Mg after 3, 15 and 
106 min immersion times in NaCl solutions with different pH are 
normalized and displayed in Fig. 2b–d. Obviously, the increase in im
mersion time leads to expansion of the HF capacitive loop, which can be 
attributed to the corrosion of HP-Mg and the following growth of surface 
film (MgO and Mg(OH)2). As illustrated in Fig. 2c, the |Z| values at lower 
frequencies on HP-Mg soaked in acidic NaCl solution are less than the 
corresponding |Z| values in neutral and alkaline NaCl solution. With the 
increase of immersion time, these |Z| values associated to different 
initial pH are increasing. The |Z| value in alkaline NaCl solution is the 
highest, manifesting the surface film formed on HP-Mg in alkaline NaCl 
solution is the most protective. 

The equivalent circuit displayed in Fig. 3c was adopted to fit the 
measured impedance spectra. The fitted resistance values are depicted in 
Fig. 3a. During the first 20 min, the surface film resistance in the alkaline 

NaCl solution grows slowly. After that, the enhancement is accelerated 
and the resistance achieves the highest value at 85 min. By contrast, the 
change of surface film resistance for HP-Mg in the neutral and acidic 
NaCl solution follows a very similar tendency, which differs from that in 
the alkaline NaCl solution. The growth is rapid in the initial 20 min and 
then becomes stabilized. The surface film resistance in the acidic NaCl 
solution is always the lowest during the whole immersion time and that 
in the alkaline solution is the highest. The CPEox parameters (Q and α) 
are also fitted by the equivalent circuit (Fig. 3c) and the CPEox value (Q) 
is presented in Fig. 3b, showing a decreasing tendency with the increase 
of immersion time. The value of CPEox in acidic and neutral NaCl solu
tion are very close, which are higher than that in alkaline solution 
during the first 10 min. Nevertheless, the final CPEox value in alkaline 
NaCl solution is the highest, indicating the minimum decrease of CPEox 
value in alkaline NaCl solution during the whole immersion time. 

3.1.2. Influence of initial pH on film thickness calculated from EIS 
The surface film formed on HP-Mg in NaCl solution is mainly 

composed by Mg(OH)2 and MgO [26,34]. The Mg(OH)2 layer does not 
possess capacitive characteristic due to its porous structure. Thus, if we 
assume the inner MgO layer acts as an ideal capacitor, the thickness of 
MgO layer can be deduced from the effective capacitance of time con
stant by Eq. (1) [9], 

dox =
εε0

Ceff
(1)  

Where dox represents the thickness of MgO layer formed on HP-Mg, ε0 is 
the permittivity of vacuum (8.854 × 10− 14 F cm-1), ε is the dielectric 
constant for MgO, which is taken to be 9 [9]. Ceff (F cm-2) is the 
normalized effective capacitance of MgO layer if it acts as a capacitor, 
which can be extracted from CPEox. As shown in the equivalent circuit 
used for fitting (Fig. 3c), the time constant is normally represented as a 
constant-phase element (CPE) rather than ideal capacitor, because the 
phase angle is not exactly − 90◦ (Fig. 2d). The overall impedance Z can 
mathematically be expressed as, 

Z = Rs +
Rf

Rf (jω)αQ + 1
(2)  

Where Rs and Rf represent solution resistance and film resistance, Q and 
α are the CPEox parameters, ω is angular frequency. Based on Eq. (2), 
several works have been done to clarify the suitable conversion formula 
from CPE to effective capacitance Ceff [35–37], which are expressed as, 

CB = Q1/α
(

1
Rs

+
1
Rf

)(α− 1)/α

(Surface distribution) (3)  

CHM1 = Q
(
ω’’

m

)(α− 1)
(Normal distribution) (4) 

Fig. 3. Fitting results of HP-Mg after various immersion time in 0.05 M NaCl with different initial pH: (a) resistance of surface film, (b) CPEox, and (c) equiva
lent circuit. 
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CHM2 = Q1/αR(1− α)/α
f (Normal distribution) (5) 

Eq. (3) is proposed by Brug et al. [35], where CB represents the 
effective capacitance calculated from this equation. Eq. (5) is derived 
from Eq. (4) and both of them are deduced from the equation proposed 
by Hsu and Mansfeld [36,37], where ω’’

m represents the characteristic 
angular frequency at which the imaginary part of the impedance reaches 
maximum and other symbols have the same meaning as aforemen
tioned. The applicable conditions of these equations were thoroughly 
investigated by Hirschorn et al. [38]. The Brug’s equation is adequate 
for the calculation of time constant with surface distribution, where the 
total impedance response is represented by the impedance response 
distributed along the electrode surface. Whereas, the equation and its 
derivate proposed by Hsu and Mansfeld are suitable for time constant 
with a normal distribution, which refers to the total impedance repre
sented by the impedance response from different parts of the layer 
distributed in the direction normal to the electrode. As indicated by 
Jorcin et al. [39], the capacitance of oxide film formed on AZ91 Mg alloy 
shows a normal time constant distribution and is independent on the 
position where the local impedance result obtained. Thus, Eqs. (4) and 
(5) are more suitable for the calculation of effective capacitances for 
MgO layer on HP-Mg. The effective capacitance calculated from Eq. (5) 
is presented in Fig. 4a. The effective capacitances of oxide film decrease 
with the increase of immersion time except for that in alkaline NaCl 
solution within the first 10 min. The increase of effective capacitance in 
the initial period may be due to the progressive conversion of the 
air-formed film into the surface film formed by corrosion reaction in 
NaCl solution. In particular, the transition process is more pronounced 
in alkaline NaCl solution than that in acidic and neutral NaCl solution 
because the corrosion of Mg is relatively slow and moderate in alkaline 

environment. The same tendency can also be observed in Fig. S2, which 
exhibits the effective capacitance calculated via Eqs. (3) and (4). Both of 
Fig. 4a and Fig. S2 reveal that the final effective capacitance of oxide 
film is the lowest in acidic solution and the highest in alkaline NaCl 
solution. The thickness of oxide films is calculated via Eq. (1) and dis
played in Fig. 4b. Surprisingly, the oxide film formed on HP-Mg in the 
acidic NaCl solution is the thickest whilst the surface film resistance 
(Fig. 3a) and capacitance (Fig. 4a) are the lowest. Moreover, the oxide 
film thickness calculated by Eqs. (1) and (5) is much less than the re
ported thickness for oxide film on Mg and Mg alloy [9,40–43]. In the 
research work of Leleu et al. [43] and Gomes et al. [9], they adopt a 
special method to extract effective capacitance based on a unique 
graphical representation of EIS data, Cole-Cole plot or so-called com
plex-capacitance plot, which was proposed to extract effective capaci
tance for passive film on passive metal [44,45]. As indicated in the study 
[44], the extrapolation of the high-frequency data to the real part of C 
value can be used to calculate the thickness of ZrO2 film on pure Zr. The 
calculated results are validated by the thickness value determined via 
XPS. However, the error on the calculation of the effective capacitance 
for MgO film (a few nanometers) is big, as referred by Nguyen et al. [46]. 
Moreover, the dispersion of the initial points in the high-frequency range 
makes it impossible to extract accurate effective capacitance [43]. This 
methodology greatly depends on the estimation of electrolyte resistance 
and the accuracy of the data points in the high-frequency range. Fig. 4c 
displays the Cole-Cole plots corresponding to the EIS results of HP-Mg 
presented in Fig. 2. There are several scattered points for the case 
after 106 min immersion in alkaline NaCl solution, since the initial few 
points in the high-frequency range of EIS plot is scattered, as shown in 
Fig. 4d. This phenomenon can also be observed in acidic and neutral 
NaCl solution, which may also lead to inaccurate estimation of 

Fig. 4. (a) Effective capacitance and (b) thickness of oxide film on HP-Mg in 0.05 M NaCl with different initial pH, calculated by Eqs. (5) and (1); (c) Cole-Cole plots 
corresponding to the EIS results of HP-Mg presented in Fig. 2 and (d) magnification of Fig. 2b. 
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electrolyte resistance and the choice of high frequency limit of imped
ance, C∞, which theoretically can be calculated from the integral for
mula of the power law model for the HF time constant or determined by 
extrapolation of the HF time constant presented in Cole-Cole plot [44]. 
In the study of Leleu et al. [9] and Gomes et al. [43], the points at 
different frequencies (< 42 kHz and 15 kHz) were adopted to calculate 
the thickness of MgO film on Mg. However, as shown in Fig. 4c, it is not 
straightforward to obtain the value of C∞ via this method for our case. 
Nevertheless, it is notable that Fig. 4c also indicates the same tendency 
as shown in Fig. 4a and Fig. S2. The effective capacitance of the MgO 
film in acidic NaCl solution is the lowest, implying the thickness of the 
MgO film in acidic NaCl solution is the thickest according to all of these 
calculation methods. The differences between calculated results and the 
observed thickness may be explained by the discrepancy between the 
geometric surface area of working electrode adopted for the calculation 
(1 cm2) and the actual surface area of HP-Mg exposed to NaCl solution 
for a while. Moreover, this calculation is based on the assumption that 
MgO film can act as ideal capacitor. Nevertheless, the structure of MgO 
film formed on various Mg and its alloys in different solution 

environment is not completely the same. Hence, the calculated thickness 
herein is used merely to show the difference of MgO film on HP-Mg in 
acidic, neutral and alkaline NaCl solution. More accurate calculation 
methods for MgO film thickness need further detailed investigation. 

3.2. Surface film morphology in NaCl solution 

The corroded surfaces of HP-Mg in acidic, neutral and alkaline NaCl 
solution were characterized by SEM as respectively presented in Fig. 5. 
As displayed in Fig. 5(a–c), the highest amount of black spots left by 
corrosion process present on the surface of HP-Mg after immersed in 
acidic NaCl solution indicating the corrosion of HP-Mg in acidic NaCl 
solution is more severe than that in other two kinds of NaCl solutions. 
The cross-section lamella of HP-Mg was taken from the marked region 
via standard lift-out sample preparation procedure and thinning with 
ion beam. The contrast in the dark field image Fig. 5(d–f) reflects the 
amount of scattered electron in the specific region, which may be 
influenced by the mass, the density, the thickness of the sample or even 
the porosity of the specimen for this case. As shown in Fig. 5d, there is a 

Fig. 5. Secondary electron image of corroded surface for HP-Mg in 0.05 M NaCl solution of (a) initial pH 3, (b) initial pH 5.6 and (c) initial pH 11; Dark field image 
and EDS mapping results for HP-Mg in 0.05 M NaCl solution of (d) initial pH 3, (e) initial pH 5.6 and (f) initial pH 11. (Corresponding element distribution of Au, C 
and Pt on the corrosion section of HP-Mg can be found in Fig. S3.) 
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distinct boundary along the interface between Mg matrix and porous 
corrosion products when HP-Mg surface was exposed to the acidic NaCl 
solution. Above the dividing line, the porous layer presents as black 
holes, where less electron scattering happens. The dividing line is much 
brighter than the porous layer, suggesting it is a much denser layer. The 
EDS elemental maps acquired from the region marked in Fig. 5d shows 
that there is a notable enrichment of O in the interface between Mg 
matrix and the porous layer. During elemental maps acquisition, there 
are several lines appearing on the sample, which should be attributed to 
the degradation of this extremely porous outer layer under medium 
intensity beam with long time accumulating EDS. Nevertheless, the in
tensities of Mg and O signal still can be clearly observed. Combining the 
elemental information and structure information, this inner layer is most 
likely to be the MgO film which is supported by other techniques in the 
following results. The elemental information of Au, C and Pt signal was 
also acquired and used to exclude the possibility that the contrast of the 
inner layer is caused by the redeposition during FIB thinning procedure, 
which can be found in Fig. S3a. As represented in Fig. 5e, the surface film 
formed on the HP-Mg surface in neutral solution is thinner than that 
formed in acidic NaCl solution and there is also a visible boundary be
tween Mg matrix and the porous layer. On the top of the porous layer, it 
is supposed to be crystalline Mg(OH)2 flakes covered by sputtered gold 
according to the EDS elemental maps (Fig. 5e and Fig. S3b). It is mainly 
composed by Mg, Au, and O. On the top of this Mg(OH)2 flake and 
sputtered gold layer is the protective Pt layer mixed with C as a conse
quence of gas deposition system. The enrichment of O signal in the 
interface between Mg matrix and the porous layer is also observed and 

there is almost no elemental information found in the porous layer. The 
surface film formed on HP-Mg surface in alkaline NaCl solution is even 
thinner than that formed in neutral NaCl solution. The boundary be
tween Mg matrix and the porous layer is almost invisible and needed to 
be characterized under TEM with higher resolution and magnification. 

To acquire more specific microstructure of the surface film formed on 
HP-Mg, the cross-section lamellae of HP-Mg were analyzed by TEM. 
Fig. 6 presents the high angle annular dark-field (HAADF) images of the 
surface film on HP-Mg in acidic NaCl solution. As displayed in Fig. 6a, 
the surface film of HP-Mg in acidic NaCl solution is relatively thick and 
the average thickness is 1.5 μm. Along the red line presented in Fig. 6a, 
several layers with various structures are observed. Fig. 6b displays the 
microstructure of the region adjacent to Mg matrix. The bottom part is 
Mg matrix and the top part represents a cellular structure. The bright 
layer between Mg matrix and the layer with cellular structure is sup
posed to be the dense MgO layer since it has even stronger contrast than 
metallic Mg matrix in HAADF image. Nevertheless, the boundary of this 
layer is ambiguous, which may be the consequence of active corrosion in 
acidic NaCl solution. Thus, the thickness of this layer can only be 
roughly estimated as 7− 18 nm. Fig. 6c shows a microstructure image of 
the central region of the surface film. As discussed above, the porous 
structure in dark field image presents as black hole because fewer 
scattered electrons are collected from the area. Thus, at least three 
different structures are distinctly observed in Fig. 6c. The upper region 
of Fig. 6c displays as more porous structure than the lower region except 
for the bottom right corner, which shows the same cellular structure as 
demonstrated in Fig. 6b. Fig. 6d displays the Pt layer and Au layer 

Fig. 6. STEM dark field image on the cross section of HP-Mg after immersion in 0.05 M NaCl pH 3 solution: (a) an overview; (b) the magnified view of point b; (c) the 
magnified view of point c; and (d) the magnified view of point d. 
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artificially deposited on the top of surface film. Crystalline Mg(OH)2 
flakes are hidden under the deposited layer. According to its micro
structure, the surface film of HP-Mg formed in acidic NaCl solution can 
be classified as Mg(OH)2 flake layer, a porous layer might be composed 
by Mg(OH)2, and a relatively dense inner layer might be composed by 
MgO. 

In order to further confirm the composition of the different layers, 
the electron diffraction patterns for the Mg matrix and specified in
terfaces were obtained and are presented in Fig. 7. Fig. 7a shows the 
diffraction patterns of HP-Mg matrix, which is close to the [2-1-13] zone 
axis. The diffraction patterns shown in Fig. 7b are obtained in the 
interface between Mg matrix and the porous layer, which is consistent 
with the MgO (200) and MgO (220) diffraction ring by d-spacing 
calculation. Meanwhile, the diffraction patterns of Mg are also found in 
Fig. 7b. The same phenomenon has already been reported in the liter
ature [47,48], which is most likely because the MgO film is too thin. 
Fig. 7c was obtained from the middle of the porous layer and compared 
with the standard diffraction rings of Mg(OH)2. Except for the diffraction 
rings belong to Mg(OH)2, two symmetric diffraction points can be found 
between with the Mg(OH)2 (101) and Mg(OH)2 (102) diffraction rings, 

which is from MgO (200) plane. Comparing with the diffraction patterns 
in Fig. 7c, the diffraction patterns obtained from the top Mg(OH)2 flake 
(Fig. 7d) does not show any diffraction points belongs to MgO. It is well 
fitted with the standard diffraction rings of Mg(OH)2 reported in liter
atures [42,49]. Thus, the corrosion product films formed on HP-Mg in 
acidic NaCl solution is certainly composed by crystalline Mg(OH)2 flake 
layer, a porous layer mainly composed by Mg(OH)2, and a thin MgO 
layer close to Mg matrix, which is coherent with the corrosion products 
film of Mg reported elsewhere [34,42,50]. 

Fig. 8 displays the surface film formed on HP-Mg in neutral NaCl 
solution, which is much thinner and more uneven than that in the acidic 
NaCl solution. A deep cave left by preferential corrosion was found on 
the cross-section lamella presented in Fig. 8a. The average thickness of 
the corrosion products film is around 178 nm and the highest thickness 
measured in Fig. 8b is 260 nm, which is much thinner than that formed 
on HP-Mg in acidic NaCl solution. The top layer of the surface film is also 
made up of Mg(OH)2 flakes. A porous Mg(OH)2 layer is found under Mg 
(OH)2 flakes. As indicated in Fig. 8c, the thickness of the MgO layer is 
around 3− 6 nm, which is also thinner than that formed in the acidic 
NaCl solution. Additionally, the boundary of this MgO layer with Mg 

Fig. 7. Diffraction patterns obtained on HP-Mg after immersion in 0.05 M NaCl pH 3 solution from: (a) Mg matrix; (b) the interface between Mg matrix and porous 
layer; (c) the middle part of the porous layer; and (d) the crystalline Mg(OH)2 flakes. The standard Mg(OH)2 diffraction pattern inserted in the right side of Fig. 7c and 
7d are reprinted from reference [49] with permission of Elsevier (Copyright 2015). 

L. Wang et al.                                                                                                                                                                                                                                   

85



Corrosion Science 187 (2021) 109501

9

matrix is more distinct and uniform than that presented in Fig. 6b. Thus, 
the MgO layer formed in neutral NaCl solution may be more protective 
than that formed in acidic NaCl solution, leading to higher surface film 
resistance detected by EIS (Fig. 3a). 

Fig. 9a and b show the overview of the surface film of HP-Mg formed 
in an alkaline NaCl solution. The film is very thin and the boundary 
between the porous Mg(OH)2 and Mg matrix is fuzzy and indistinct. The 
average thickness of surface film is around 100 nm. As presented in 
Fig. 9c, the surface film formed in alkaline NaCl solution is the thinnest 
among that formed in these NaCl solutions with different pH. The 
contrast between MgO layer and Mg matrix is weak, which makes the 
accurate measurement of MgO layer thickness difficult. A rough esti
mation suggests that the MgO layer formed in alkaline NaCl solution is 
less than 3 nm thick. Fig. 9d shows that the top layer formed on HP-Mg 
in alkaline NaCl solution is also crystalline Mg(OH)2 flake. 

The morphologies of surface films formed on HP-Mg in NaCl solution 
of different initial pH manifest that the dense MgO layer formed in acidic 
NaCl solution is unexpectedly thicker than that in neutral NaCl solution, 
which agrees with the calculated results obtained by EIS measurement. 
Besides this, the surface films formed on HP-Mg in different NaCl solu
tions possess differing characteristics, which likely affect the film 
resistance estimated from EIS measurements. Although the thickness of 
the surface film formed on HP-Mg is markedly higher at pH 3 than at pH 
11, the film resistance is measurably lower. 

3.3. Local pH and dissolved O2 concentration 

Mg(OH)2 is supposed to be unstable in acidic solution environment. 
Thus, it is counterintuitive that the layer formed on the surface of HP-Mg 
in NaCl solution of pH 3 is even thicker than that in NaCl solution of pH 
5.6 and 11. The mentioned pH is the initial bulk pH, which typically 
does not reflect the real situation at the interface between HP-Mg and 
electrolyte. To clarify this point, the local pH of the region 50 μm above 
sample surface was measured by pH-microelectrode. The local concen
tration of dissolved O2 in the same region was also measured via fiber- 
optic micro optode in order to acquire information about the growth 
of surface film and the corrosion of Mg. Fig. 10 shows the real-time 
surface condition of HP-Mg during immersion in different NaCl solu
tions. As displayed in Fig. 10a, there are multiple H2 bubbles generated 
on the HP-Mg surface in acidic NaCl solution after 180 s immersion, 
indicating ongoing Mg corrosion. Similarly, hydrogen evolution is also 
visible in neutral NaCl solution after 180 s immersion as shown in 
Fig. 10b, slightly smaller amount of H2 bubbles. Nevertheless, no visible 
H2 bubbles are found on the HP-Mg in alkaline NaCl solution after 180 s 
immersion (Fig. 10c). 

Possible reactions happening in acidic, neutral or alkaline NaCl so
lutions are listed below.  

Anodic reaction: Mg → Mg2+ + 2e− (6)  

Cathodic reaction in acidic solution: 2H+ + 2e− → H2                          (7)  

O2 + 4H+ + 4e− → 2H2O                                                                (8)  

Fig. 8. STEM dark field image on the cross section of HP-Mg after immersion in 0.05 M NaCl pH 5.6: (a) an overview; (b) the magnified view of the marked area in 
green color; and (c) the magnified view of the marked area in red color. 
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Cathodic reaction in neutral or alkaline solution: 2H2O + 2e− → H2 +

2OH− (9)  

O2 + 2H2O + 4e− → 4OH− (10) 

The cathodic reaction, like the hydrogen evolution reaction, is al
ways accompanied by the increase of local pH no matter in which kind of 
solution. The dissolved O2 is consumed by the cathodic reactions (Eqs. 
(8) and (10)). Thus, the change of local pH and dissolved O2 concen
tration can reflect the intensity of cathodic reaction and corrosion 
products formation. The local pH and dissolved O2 concentration of HP- 
Mg are depicted in Fig. 11. 

As shown in Fig. 11a, the first 50 s correspond to the waiting period 
without electrolyte. In acidic NaCl solution, the local pH increases 
rapidly from 3 to 10 in 100 s and there is a clear O2 consumption near 
the surface (Fig. 11b), indicating that active corrosion of HP-Mg gen
erates favorable conditions for growth of Mg(OH)2 even in NaCl with 
bulk pH equal to 3. The local pH decreases from 10 to 8 after 300 s, 
which may correspond to the consumption of OH− due to crystalline Mg 
(OH)2 formation or the partial suppression of corrosion activities in the 
specific location. After that, the local pH is stabilized at around 9, which 
is a compromise value between the bulk pH 3 and the pH at the 
corroding interface. Rationally, the local pH closer to Mg surface (probe 
to sample distance < 50 μm) is expected to be even higher than 9 [51]. 
Thus, crystalline Mg(OH)2 flakes can be formed at that local pH. The 
local pH of HP-Mg in neutral NaCl solution also increases sharply from 7 
to 11 accompanied by clear reduction of dissolved O2 concentration. By 
contrast, the local pH of HP-Mg in NaCl solution with initial pH 11 does 
not change significantly. The consumption of dissolved O2 is also slower 

than that in neutral and acidic NaCl solution. As shown in Fig. 11b, the 
local concentration of dissolved O2 is only 2.0 and 1.7 ppm after 180 s 
immersion in acidic and neutral NaCl solution, respectively, whilst in 
alkaline NaCl solution it is almost twice of that (3.8 ppm). After 300 s 
immersion, the local concentration of dissolved O2 in neutral NaCl so
lution starts to increase gradually and reaches 4 ppm after 1800s. The 
corresponding local pH of HP-Mg in neutral NaCl solution starts to 
decrease after 300 s immersion. By comparison, the O2 concentration 
keeps at a relatively low level in acidic NaCl solution. The decrease of 
local O2 concentration indicates that the oxygen reduction reaction took 
place at three initial pH conditions. However, it shows slower kinetics of 
oxygen consumption in alkaline media than in acidic and neutral media, 
which may be attributed to the barrier effect of Mg(OH)2 film formed in 
alkaline environment [52]. The acidic bulk pH promotes HP-Mg corro
sion but the alkaline local pH allows the formation of stable Mg(OH)2 on 
the surface of HP-Mg, leading to the thickest but the least protective 
surface film. The local pH in alkaline NaCl solution keeps decreasing 
slowly during 1800s immersion, which is likely the consequence of 
competition between the influence of dissolved CO2 and cathodic re
action of HP-Mg on local pH. As represented in Fig. 3a, the resistance of 
surface film in the alkaline solution shows a plateau in the initial 20 min. 
There also might be a competition between the film growth and the 
reaction with dissolved CO2 [53]. The concentration of dissolved O2 in 
alkaline NaCl solution changes slowly and maintains a relatively high 
value, demonstrating the corrosion as well as the corrosion products 
formation of HP-Mg in alkaline NaCl solution is slower. As shown in 
Table. S1, the corrosion rate of HP-Mg in acidic NaCl solution is 

Fig. 9. STEM dark field image on the cross section of HP-Mg after immersion in alkaline 0.05 M NaCl pH 11: (a) an overview; (b) the magnified view of the marked 
area in green color; (c) the magnified view of (b); and (d) Mg(OH)2 flake formed on the top. 
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0.049 mg cm-2 h-1, whilst that in alkaline NaCl is 0.015 mg cm-2 h-1. 
Therefore, more corrosion products (MgO and Mg(OH)2) are expected 
formed in the acidic solution than in the neutral and alkaline solutions, 
as demonstrated in Figs. 5–9. The result is in agreement with the 
calculated MgO thickness based on the assumption that the HF time 
constant originates from surface film, as indicated in Fig. 4. 

3.4. Discussion on the origin of the high frequency time constant 

According to the fitting results presented in Fig. 4a, the HF time 
constant of HP-Mg in acidic NaCl solution exhibits the lowest effective 
capacitance and should be attributed to the highest film thickness. As 
clearly illustrated in Figs. 6b and 8 c, the thickness of MgO formed in the 
acidic NaCl solution is clearly higher than that formed in the neutral 
solution, being fully consistent with the calculation results shown in 

Fig. 10. Surface morphology of HP-Mg during immersion in (a) acidic, (b) neutral, and (c) alkaline NaCl solution. (Two microprobes, pH and O2 sensitive, are visible 
in the left central part of each micrograph.) 

Fig. 11. (a) Local pH and (b) dissolved O2 concentration over HP-Mg in NaCl solutions of different initial bulk pH. The results were obtained in the region that is 
50 μm above sample surface. 
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Fig. 4b. Therefore, the capacitance of the HF time constant most possibly 
originates from the oxide film. The continuous MgO film is an insulator, 
thus implying the resistance of MgO would not be directly reflected as 
the surface film resistance. However, the surface of Mg is not fully 
covered by MgO. The resistance of the HF time constant mentioned here 
is the resistance associated to the MgO film-free area, namely, the de
fects of MgO film. It depends not only on the structure and thickness of 
the surface film but also on the fraction of film-free area. The corrosion 
only happens in the MgO film-free area because the transport of electron 
is rather improbable through the dielectric MgO film. The corrosion of 
HP-Mg in acidic NaCl solution is the most active in the circumstance of a 
thickest oxide film, indicating there should be a largest fraction of de
fects (or film-free area). In this case, the surface film resistance in acidic 
NaCl solution is the lowest. Accordingly, the charge transfer resistance 
in parallel with double layer capacitance is supposed to be represented 
by the second time constant. Certainly, the confirmation of the physical 
interpretation for the second time constant needs to be further investi
gated and will be discussed in our future works. Based on the results 
presented in this work, the schematic illustration of surface film and 
correlated equivalent circuit elements concerning HP-Mg in NaCl solu
tion is demonstrated in Fig. 12. 

4. Conclusions 

In this work, the physical interpretation of high frequency time 
constant in EIS of Mg immersed in NaCl is thoroughly investigated. The 
HF time constant is ascribed to the surface film resistance in parallel 
with the oxide film capacitance. The corresponding equivalent circuit 
model is proposed. 

The surface film on Mg was investigated at different pH of NaCl so
lutions. EIS confirms the different corrosion activity of Mg in solutions 
with pH 3, 5.6 and 11. Interestingly, TEM characterization indicates that 
the surface film formed on Mg in the pH 3 solution is the thickest 
comparing to that in pH 5.6 and pH 11 solution. This experimentally 
observed tendency is consistent with the calculations based on the HF 
capacitive loop in the EIS plots. 

Local pH and dissolved oxygen concentration were measured over 
the surface of corroded Mg in NaCl with three different pH. Local 
alkalization was observed for all the samples, even for the one with bulk 
pH 3. Thus, the thickest surface film formed in the acidic solution, 
confirmed by TEM, is attributed to the high local pH (above 9) and 
relatively high oxygen consumption in the vicinity of Mg surface. 

This work will continue in order to elaborate on the origin of the 
middle frequency time constant in EIS spectra measured on Mg. 
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RESULTS 

5.2 Revealing physical interpretation of time constants in electrochemical 

impedance spectra of Mg via Tribo-EIS measurements 

Paper 2 is published in Electrochimica Acta, 404 (2022), 139582.  

This work is the follow-up of Section 5.1 (paper 1). The motivation of this work is to elucidate 

the origin of both high frequency (HF) and middle frequency (MF) capacitive loops in 

impedance spectra of Mg in NaCl solution via the unique Tribo-EIS measurement. The intrinsic 

surface film formed on Mg in NaCl solution was intentionally abraded by the Tribo-meter 

resulting in the following changes reflected on HF and MF ranges of impedance spectra. The 

abrasion leads to the decrease of the total impedance of affected Mg surface, but the influence 

of abrasion on the HF time constant is less significant than that of the MF time constant. The 

effect of scratch on the integral surface film resistance and the charge transfer resistance of Mg 

was quantitatively analyzed, verifying the high frequency time constant originates from the 

barrier properties of the MgO-based surface film and the middle frequency time constant stems 

from the charge transfer process.  

 

 

 

 

 

 

 

 

 

Fig. 5-3. Graphical abstract for Section 5.2. 
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Tribo-electrochemical impedance spectroscopy (Tribo-EIS) measurements of pure Mg were performed to 

identify the origin of two time constants during standard EIS measurements in NaCl solution. The in- 

fluence of abrasion introduced by tribometer on EIS spectra was investigated under different rotation 

speeds. Further quantitative analyses of abrasion on Mg with different surface areas were performed. 

The resistances associated to the two time constants on the abraded surface were deduced from the fit- 

ted results, verifying that the high frequency time constant originates from the barrier properties of the 

MgO-based surface film and the middle frequency time constant stems from the charge transfer process. 

© 2021 Elsevier Ltd. All rights reserved. 

1. Introduction 

Electrochemical impedance spectroscopy (EIS) measurement 

possesses several merits to investigate the corrosion behavior of 

metals and coatings [1–3] , due to low disturbance to the tested 

sample, high sensitivity for electrochemical reaction detection, and 

capability for diffusion-limited reactions identification. In recent 

years, a number of research works have focused on revealing the 

corrosion mechanism of Mg via EIS measurement [4–9] . However, 

researchers have not reached an agreement on the origin of time 

constants and relevant interpretation of Mg impedance spectra. 

When there are two capacitive loops and one inductive loop in 

the whole frequency range for bare Mg in simple media, such as 

NaCl solution, several researchers attribute the high frequency ca- 

pacitive loop (HF time constant) to the surface film formed on Mg. 

Accordingly, the middle frequency capacitive loop (MF time con- 

stant) is explained as the resistance from charge transfer process in 

parallel with double layer capacitance [10–12] . Nevertheless, some 

researchers hold an opposite view [13–15] . They believe that the 

HF time constant is associated with the electrical double layer and 

the MF time constant is related to the surface film. There are also 

some other opinions regarding the assignment of relaxation pro- 

cesses on corroded Mg surface [ 5 , 16 ], which are briefly summa- 

rized in our previous work [17] . The multifarious interpretations 

∗ Corresponding author. 

E-mail address: linqian.wang@hereon.de (L. Wang). 

concerning the origin of time constants that appear in different 

frequency ranges may cause the misleading explanations for Mg 

corrosion behavior. Hence, it is very important to reveal the phys- 

ical interpretations of each time constant in impedance spectra of 

Mg-based materials for a better understanding of respective cor- 

rosion mechanisms. Our previous work investigated the origin of 

the HF time constant, which was attributed to the barrier effect of 

thin surface film that always presents at the metal surface even at 

acidic conditions. However, the physical interpretation for the MF 

time constant is still not clear. The conventional electrochemical 

techniques usually reflect the generalized electrochemical informa- 

tion on the surface of the sample. Therefore, it is hard to distin- 

guish the single electrochemical process and identify the origin of 

the HF and MF time constants on Mg EIS spectra. 

Except for conventional EIS measurement, many other electro- 

chemical test methods have been used to study the corrosion be- 

havior and interfacial condition of metallic materials, such as scan- 

ning vibrating electrode technique (SVET) [18–20] , scanning elec- 

trochemical microscopy (SECM) [ 9 , 21 , 22 ], and modified EIS mea- 

surements [23–25] , etc. Tribo-electrochemical technique is one of 

the unique electrochemical test techniques that adopts traditional 

electrochemical measurement set-up to acquire the electrochemi- 

cal response of the surface undergoing mechanical abrasion from 

tribometer [26–29] . This technique is similar to the scratched elec- 

trode technique, which generates a bare surface by removing the 

passive film on the testing materials and measures the associ- 

ated electrochemical response, such as transient current, transient 

potential, or impedance evolution [ 23 , 30 , 31 ]. These electrochemi- 

https://doi.org/10.1016/j.electacta.2021.139582 
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cal responses throw light on the recovery process happening on 

the scratched surface and contribute to a better understanding of 

metal dissolution on film-free area, reconstruction of double layer 

and recovery of surface film. Thus, tribo-electrochemical technique 

and scratched electrode technique have been used in the mecha- 

nistic study of corrosion behavior for various passive metallic ma- 

terials [32–36] . Recently, the scratched electrode technique was 

also adopted to study the corrosion mechanism of pure Mg and 

Mg-Li alloys [ 37 , 38 ]. Through detecting the current transient un- 

der polarization or the dissolution rates of different alloying ele- 

ments, the dissolution and re-passivation processes that happen on 

the scratched Mg surface can be in-situ characterized. This infor- 

mation may also be useful to distinguish the origin of the different 

time constants on Mg impedance spectra since it may follow the 

dynamic reconstruction process of double layer and surface film. 

During tribo-electrochemical tests, the applied force and the speed 

at the contact point can be precisely controlled to create bare 

metal surface. Hence, comparing to the normal scratched electrode 

technique, the tribo-electrochemical technique gives more possibil- 

ities to identify the origin of the time constants on Mg impedance 

spectra. Based on the results presented in our previous work, we 

conclude that the HF time constant is related to the surface film 

formed on Mg. Accordingly, the origin of the MF time constant is 

most likely related to the charge transfer process and respective 

double layer structure formed at the interface. As demonstrated in 

previous literature [ 17 , 39 , 40 ], the surface film formed on pure Mg 

in NaCl is composed of an outer Mg(OH) 2 flakes (brucite) layer, a 

Mg(OH) 2 and MgO mixed layer and a dense inner MgO layer. The 

dielectric constant of MgO is around 9 [5] and the band gap for a 

pure bulk MgO is about 7.8 eV [ 41 , 42 ], indicating that MgO can be 

considered as an insulator and, thus, the electron transition pro- 

cess can rarely happen in the region covered by integrated MgO 

film. Rather, corrosion reaction with charge transfer process can 

only happen in the defects of MgO film, which is also termed as 

film-free area on Mg surface [ 5 , 6 ]. By performing Tribo-EIS mea- 

surement on Mg, the ratio of film-free area could be artificially tai- 

lored and the influence of the reconstruction of surface film and 

double layer on the evolution of time constants can be investi- 

gated. 

Thus, in this work, Tribo-EIS measurements were performed on 

pure Mg in 0.05 M NaCl solution to elucidate the physical inter- 

pretations of two time constants in Mg impedance spectra. The in- 

trinsic surface film on Mg was intentionally damaged using a tri- 

bometer with the following changes reflected on high and middle 

frequencies of impedance spectra. The influence of rotation speed 

and abrasion on the evolution of time constants of Mg electrodes 

with various surface areas was investigated. The effect of scratch 

on the integral surface film resistance and the charge transfer re- 

sistance of Mg was quantitatively analyzed. The corrosion and re- 

passivation behavior on the scratched surface of Mg in diluted NaCl 

solution was discussed. 

2. Experimental 

2.1. Materials 

As-cast high purity Mg with 99.98% Mg; 51 ppm Fe; 50 ppm Al; 

23 ppm Zr; 10 ppm Zn; 8 ppm Zn; and less than 1 ppm Si, Cu, and 

Ag was used in this work. The chemical composition was deter- 

mined by spark discharge-optical emission spectrometry (SD-OES). 

Before every electrochemical test, the Mg sample was well ground 

by emery papers from 320 to 1200 grit. 0.05 M NaCl solution was 

adopted as the testing electrolyte for electrochemical tests, which 

was prepared by 99.5% NaCl from Carl Roth, CAS No. 7647–14–5, 

with deionized water. The pH of NaCl solution was measurement 

by Metrohm-691 pH meter. 

Fig. 1. Schematic illustration of experimental arrangement for Tribo-EIS measure- 

ment. 

2.2. Tribo-electrochemical tests 

All electrochemical measurements were performed by Gamry 

interface 1010E potentiostat coupled with tribotechnic Pin-on-Disk 

tribometer in a customized cell as schematically indicated in Fig. 1 

and optical photograph Fig. S1. The pin-on-disk tribometer is 

mainly composed of a stationary abrasive pin and a rotating disk. 

The abrasive pin used in this work was a zirconia ball with 6 mm 

diameter, which was held by an insulating plastic holder. The ap- 

plied load was 5 N for all the tests and there were two differ- 

ent rotation speeds used in the tests, i.e. 2 or 20 rpm. 2 rpm is 

the slowest rotation speed of the tribometer and 20 rpm is cho- 

sen as a fast rotation speed to elucidate the impact of rotation 

speed on the electrochemical measurement. Coiled Pt wire and 

KCl-saturated Ag/AgCl electrode were used as counter electrode 

and reference electrode, respectively. Mg samples with various ex- 

posed surface areas (0.5, 1.1 and 2 cm 

2 ) were employed as working 

electrodes. The working electrode was embedded in the groove of 

the customized cell (Fig. S1c). A connection point on the bottom 

of the cell was used to electrically connect the working electrode 

with an external brass brand. The conductivity of this set-up was 

checked by multimeter, indicating that the resistance of this set-up 

is less than 1 ohm. Green waterproof adhesive tape with a hole of 

specified size was stuck on the top of the working electrode and 

the groove in order to control the exposed surface area of work- 

ing electrode and to avoid electrolyte penetration. The water re- 

sistance of this set-up was also checked before Tribo-EIS measure- 

ment. All Tribo-EIS measurements were conducted under poten- 

tiostatic mode at open circuit potential (OCP) with 10 mV rms per- 

turbation voltage. All EIS measurements were done during cell ro- 

tation and divided into three different stages: (i) the initial stage 

without damage; (ii) the abrasion stage where abrasive pin was 

scratching Mg surface; (iii) the recovery stage where abrasive pin 

was removed from the cell after scratching. The EIS measurements 

without abrasion were started from 100 kHz and ended at 0.01 Hz 

with 9 points per decade. During EIS measurements without abra- 

sion (i and iii), the abrasive pin did not touch the surface of the 

working electrode. During the abrasion stage, the working elec- 

trode was scratched by the abrasive pin as illustrated in Fig. 1 . 

The EIS measurements in the abrasion stage (ii) were carried out 

in the frequency range from 100 kHz to around 0.04 Hz. A circu- 

lar abraded ring was left on the working electrode surface. All the 

Tribo-EIS measurements were performed at least three times. Af- 

ter Tribo-EIS measurement, the electrode surface was characterized 

by laser scanning microscope (LSM, Zeiss LSM 800) and scanning 

electron microscope (SEM, TESCAN VEGA 3). 
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Fig. 2. (a) OCP of Mg in 0.05 M NaCl solution at different states; (b) Nyquist plots; and (c) Bode plots of Mg in 0.05 M NaCl solution (rotation rate: 2 rpm). 

Potentiodynamic polarization tests were also performed in the 

above mentioned experimental arrangement. In order to avoid the 

influence of electrolyte alkalization and change of electrode surface 

condition on the accuracy of potentiodynamic polarization tests, 

anodic and cathodic polarization curves of Mg with 1.1 cm 

2 ex- 

posed surface area under different states were obtained separately 

in fresh 0.05 M NaCl solution. All potentiodynamic polarization 

tests were carried out after 1 h OCP test to ensure the stabiliza- 

tion of the testing system. The potential scanning for anodic polar- 

ization curves was from − 5 mV (vs. OCP) to + 800 mV (vs. OCP) 

and that for cathodic polarization curves is from + 5 mV (vs. OCP) 

to − 2.4 V (vs. Ag/AgCl) with a 0.5 mV/s scanning rate. 

3. Results and discussion 

3.1. Tribo-electrochemical test for Mg 

In comparison with the fast rotation speed adopting in other 

literature [ 9 , 43 ], a low rotation speed of 2 rpm is applied in or- 

der to diminish the impact of rotation caused stirring on the elec- 

trochemical measurements and to make the obtained results com- 

parable with that obtained in the steady state measurements. The 

results of electrochemical measurements performed under 2 rpm 

rotation are presented in Fig. 2 . As depicted in Fig. 2 a, the OCPs of 

Mg in NaCl solution before, during and after abrasion reflect the 

general surface condition of Mg under different states. The time- 

line for the measurements is also illustrated in Fig. 2 a. The initial 

state corresponds to the first and second consecutive OCP and EIS 

tests without any interference of abrasive pin. As shown in Fig. 2 a, 

the OCP of Mg at the initial state shifts positively with the increase 

of time during the initial one hour because of the corrosion reac- 

tion and the accumulation of corrosion products on the Mg surface. 

The first EIS measurement is performed after the testing condition 

is stabilized and the OCP of Mg reaches a stable value of −1.6 V 

(vs. Ag/AgCl). The change of OCP is less than 1 mV per min. After 

the first EIS measurement, the OCP of Mg still remains at −1.6 V 

( Fig. 2 a), indicating a sufficient stability of the testing system for 

EIS measurement with 2 rpm rotation. As presented in Fig. 2 b, the 

Nyquist plots of two EIS measurements in the initial stage are sim- 

ilar and are composed of two well-defined capacitive loops. The 

total impedance increases slightly with time. 

When the abrasive pin is put inside the cell and the abrasion 

on Mg electrode starts, the OCP decreases sharply from −1.6 V to 

−1.7 V and then increases back to −1.65 V ( Fig. 2 a). Consequently, 

the HF capacitive loop (EIS-3) slightly shrinks but the MF capac- 

itive loop becomes less evident. The overall impedance modulus 

value decreases in comparison to that of Mg at the initial state 

(EIS 1–2) and there is no distinct time constant in the middle fre- 

quency range as indicated by Fig. 2 c. The decrease of impedance is 

expected under the abrasion state, since the abrasive pin continu- 

ously scratches the surface film formed on Mg and creates a fresh 

film-free area for a certain time. Nevertheless, it is more notewor- 

thy that the responses of the two time constants to the abrasion 

are different. At the initial state, the dimensions of two capaci- 

tive loops appearing in different frequency ranges are comparable. 

However, the MF capacitive loop during abrasion is almost invisi- 

ble, while the HF capacitive loop only slightly shrinks. With the in- 

crease of abrasion time, the OCP of Mg nearly stabilizes at −1.64 V 

(OCP 4–5), indicating that the surface is under a quasi-steady state. 

Correspondingly, the Nyquist plots at the abrasion state are also 

presented in a similar way as a stretched semi-circle with approx- 

imately equal impedance values. 

When the abrasive pin is removed from the cell, the OCP also 

decreases, which may be related to the change of local condition 

on the Mg surface. For instance, the fast corrosion in the scratched 

region leads to the rapid increase of local pH and the movement 

of abrasive pin incidentally disturbs the local environment. Conse- 

quently, the OCP drops and then shifts to a more positive value. 

3 94



L. Wang, D. Snihirova, M. Deng et al. Electrochimica Acta 404 (2022) 139582 

Fig. 3. Polarization curves of Mg obtained in 0.05 M NaCl solution at different states with various rotation rates. 

As indicated in Fig. 2 b, the first EIS result at the recovery state 

(EIS-6) shows a similar impedance value and shape to that at the 

abrasion state (EIS 3–5). However, the second EIS result at the re- 

covery state (EIS-7) represents as an expanded semi-circle and the 

modulus value is even higher than that at the initial state, which 

demonstrates a transition process from the abrasion state to the 

recovery state. Meanwhile, the corresponding OCP is the most pos- 

itive, i.e. −1.58 V. This exceptional spectrum may be caused by 

the above mentioned disturbance introduced by the lift out pro- 

cedure of the abrasive pin and the following transportation pro- 

cess of OH 

− happened during this transition process. After that, 

the Nyquist plot of EIS-8 is almost identical with that at the initial 

state, which is also composed of two well-defined capacitive loops 

and the impedance modulus value is comparable with that at the 

initial state, manifesting that the abraded surface of Mg has recov- 

ered and the newly formed surface film on the scratched region 

possesses similar property as the intrinsic film on the unscratched 

area. After all the EIS measurements, the bulk pH of the NaCl so- 

lution increases from 5.6 to 7.7. 

3.1.1. Influence of rotation speeds 

As mentioned above, 2 rpm rotation is adopted to eliminate 

the influence of stirring caused by rotation on the electrochemi- 

cal measurements. Nevertheless, several research works have in- 

vestigated the influence of rotation speeds on the corrosion behav- 

ior of Mg-based materials, indicating that faster rotation speeds 

induce higher corrosion rates because faster rotation speeds de- 

crease the amount of precipitated corrosion products [ 43 , 44 ]. In 

order to clarify the influence of rotation speeds on the tribo- 

electrochemical measurements, the potentiodynamic polarization 

tests and EIS measurements of Mg in 0.05 M NaCl solution under 

different rotation speeds were performed. 

As shown in Fig. 3 , the corrosion potential of Mg is more 

negative when the rotation is accelerated. The corrosion potential 

tested with 20 rpm rotation speed is −1.63 V, whilst that tested 

without rotation is −1.58 V. The corrosion potential difference be- 

tween the reference test (0 rpm) and the test with 2 rpm rotation 

is only 17 mV and the measured anodic branches are almost over- 

lapped, indicating that 2 rpm rotation speed would not introduce 

significant influence on the dissolution behavior of Mg. Therefore, 

the EIS measurement conducted under 2 rpm rotation can be con- 

sidered similar to the test done without rotation. As shown in 

Fig. 3 a, the anodic branch of Mg significantly shifts towards the 

position with higher current density when the rotation speed in- 

creases to 20 rpm. The anodic current density of Mg at −1.5 V 

(vs. Ag/AgCl) is 26.5 μA cm 

−2 when the rotation speed is 2 rpm 

in comparison to 75.4 μA cm 

−2 with 20 rpm, indicating that the 

kinetics of anodic reaction tends to be faster with a higher rota- 

tion speed. Abrasion during polarization test further increases the 

anodic current density of Mg and the corrosion potential of Mg 

under abrasion is more negative than that without abrasion. More- 

over, the rotation induces stronger impact on unscratched Mg sur- 

face than on the surface under abrasion. Nevertheless, different ro- 

tation speeds and abrasion do not have significant influence on the 

cathodic branch ( Fig. 3 b). 

Fig. 4 a displays the OCP of Mg in NaCl solution under different 

states with 20 rpm rotation. Comparing to the OCP of Mg shown 

in Fig. 2 a, higher rotation speed shifts the OCP of Mg at differ- 

ent states to a more negative potential, which is consistent with 

the results presented in Fig. 3 . At the initial state, faster rotation 

promotes the dissolution of Mg, which may be attributed to the 

acceleration of mass transport process in the electrochemical cell. 

The re-passivated area of the scratched surface is reduced amid 

abrasion at a higher rotation speed. Thus, the OCP of Mg at the 

abrasion state (OCP 4–5) with 20 rpm rotation also stabilizes at a 

more negative potential ( −1.74 V Ag/AgCl ) than that with 2 rpm ro- 

tation ( −1.64 V Ag/AgCl ). With a faster rotation speed, the OCP of Mg 

at the recovery state also differs from that under a slower rotation 

speed. As illustrated in Fig. 4 a, the OCP of Mg (OCP-6) only shows a 

small fall after the abrasive pin is removed from the cell and then 

sharply increases to a more positive value than the final OCP at the 

recovery state (OCP-8). Nevertheless, the OCP of Mg at the recov- 

ery state (OCP 6–8) is always more negative than that measured at 

the initial state (OCP-2). 

Fig. 4 b and c show the EIS results of Mg in NaCl solution un- 

der different states with 20 rpm rotation. According to the Nyquist 

plots presented in Fig. 4 b, the acceleration of rotation speed leads 

to the shrinkage of both capacitive loops at high and middle fre- 

quency ranges in comparison to the spectra presented in Fig. 2 b, 

but the two well-defined capacitive loops are visible at the ini- 

tial and full recovery stages for both rotation speeds. However, the 

Nyquist plots of Mg at the abrasion state with 20 rpm rotation are 

different from those with 2 rpm rotation. When the rotation speed 

is 20 rpm, the shrinkage of the HF capacitive loop is more signif- 

icant than that with 2 rpm rotation and the MF capacitive loop 

does not disappear completely. In order to obtain the full spectra 

of the MF time constant, the total abrasion duration in Tribo-EIS 

measurements with 20 rpm rotation is slightly longer than that 

with 2 rpm rotation (0.75 h vs. 0.6 h). As presented in Fig. 4 c, the 

MF time constant at the abrasion state can be readily observed. 

Nevertheless, the reduction of the MF time constant is still more 

significant than that of the HF time constant. Besides, the recov- 
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Fig. 4. (a) OCP of Mg in 0.05 M NaCl solution at different states; (b) Nyquist plots; and (c) Bode plots of Mg in 0.05 M NaCl solution (rotation rate: 20 rpm). 

ery process of Mg with 20 rpm rotation is also different from that 

with 2 rpm rotation. The first EIS result at the recovery state (EIS- 

6) with 20 rpm rotation has already presented as two capacitive 

loops with slightly lower impedance value than that at the initial 

state (EIS-1), indicating that faster rotation speed also accelerates 

the recovery process of the abraded surface. Moreover, the transi- 

tion process from the abrasion state to the recovery state, as indi- 

cated by EIS-7 in Fig. 2 b, is not observed in Fig. 4 b. Therefore, it 

is rational to deem that the transition process observed in Fig. 2 b 

is possibly related to some transport limitations happening on the 

abraded surface, such as the transport of OH 

−and Mg 2 + from the 

abraded area to the unscratched area. 

3.1.2. Influence of exposed electrode surface area 

As presented in Figs. 2 and 4 , the influence of intentionally in- 

creased film-free area on the HF and MF time constants of Mg in 

EIS measurement is not equal. As recently demonstrated, the HF 

time constant is related to the barrier effect of the surface film 

[17] . The MF time constant then is most probably related to the 

double layer capacitance and relative charge transfer process hap- 

pening on the film-free area where electrochemical reaction oc- 

curs [ 6 , 17 , 45 ]. Thus, by fixing the scratched area and changing the 

area of surface covered with film, it is possible to clarify the origin 

of both time constants. For this purpose, the OCP and impedance 

spectra of Mg electrodes with three different exposed surface areas 

were tested. The abraded surface area is always kept the same but 

the ratio of abraded surface area to the unscratched surface area 

varies ( Fig. 5 c). The applied rotation speed is 2 rpm. The represen- 

tative OCP of Mg with various exposed surface areas (0.5, 1.1 and 

2.0 cm 

2 ) at different states are displayed in Fig. 5 a and b. The rest 

of the information is provided in Fig. S2. 

As shown in Fig. 5 a, the OCPs of Mg electrodes with various 

surface areas before abrasion are almost the same. During abra- 

sion, the OCP of Mg decreases sharply and there is a strong corre- 

lation between the exposed surface area and the OCP value at the 

abrasion state (OCP-3). The tendency is the same for the OCP of 

Mg at the initial stage of recovery (OCP-6) in Fig. 5 b. With higher 

exposed surface area, the OCP of Mg at the abrasion state (OCP-3) 

and at the initial stage of recovery (OCP-6) is more positive. The 

alteration of OCP between the two different surface states is less, 

because the ratio of abraded to exposed surface area is less. Thus, 

the impact introduced by abrasion is less. Nevertheless, the final 

OCP of Mg (OCP-8) does not depend on the exposed surface area 

and shows the similar value with that at the initial state (OCP-2). 

The surface conditions at the final stage of recovery are relatively 

stable and comparable between samples with different surface ar- 

eas. 

The representative EIS spectra of Mg with various exposed sur- 

face areas are presented in Fig. 6 . The rest of EIS spectra for Mg 

with 0.5 and 2.0 cm 

2 exposed surface areas also can be found in 

Fig. S2. All the EIS results are normalized by the total exposed 

surface area. As shown in Fig. 6 a, the Nyquist plots and modu- 

lus values on Mg samples with various exposed surface areas at 

the initial stage are similar to each other. The HF time constants 

(EIS-3) shrink during abrasion for all the samples. The reduction 

shows a strong correlation with the exposed surface area. The HF 

capacitive loop of Mg-0.5 cm 

2 strongly shrinks during abrasion, but 

the HF capacitive loop of Mg-2 cm 

2 amid abrasion almost over- 

laps with that at initial stage. Meanwhile, the abrasion makes the 

shape of the MF time constant dispersed for all Mg samples, and 

no well-defined time constant can be observed in the frequency 

range between 1 Hz to 0.03 Hz ( Fig. 6 b). After removing the abra- 

sive pin from the Mg electrode surface, the HF capacitive loop 

of Mg-0.5 cm 

2 (EIS-8) is slightly smaller than that of the initial 

state, and the MF capacitive loop is still not distinct. Nevertheless, 

the Nyquist plots of Mg electrodes with 1.1 and 2.0 cm 

2 exposed 

surface areas are composed of two explicit capacitive loops. Addi- 

tionally, the total impedance of Mg-2.0 cm 

2 at the recovery stage 
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Fig. 5. OCP of Mg with various exposed surface areas in 0.05 M NaCl solution at (a) initial and abrasion states, (b) at recovery state, and (c) illustration of abraded surface 

(rotation rate: 2 rpm). 

Fig. 6. (a) Nyquist plots and (b) Bode plots of Mg with various exposed surface areas in 0.05 M NaCl solution at different stages (rotation rate: 2 rpm). 

(EIS-8) is the highest and it is even higher than that at the initial 

stage. 

3.2. Discussion on the origin of time constants 

In order to quantitatively analyze the influence of abrasion on 

the two time constants respectively, the EIS results of Mg with var- 

ious exposed surface areas need to be fitted. Fig. 7 a and b present 

the representative Nyquist and Bode plots of pure Mg in 0.05 M 

NaCl solution, respectively. The plots are obtained from Mg with 

2.0 cm 

2 exposed surface areas under 2 rpm rotation (EIS-2). As in- 

dicate by Fig. 7 a, the Mg Nyquist plot mainly consists of HF and MF 

capacitive loops, which are represented as HF and MF time con- 

stants in the Bode plot. The resistances of electrolyte, HF time con- 

stant, and MF time constant can be fitted via adopting the equiv- 

alent circuit illustrated in Fig. 7 c. The values obtained from Fig. 7 c 

are referred to as fitted values. 

The average fitted results and standard deviations of three par- 

allel tests for each state are presented in Fig. 8 and Tables. S1–S4. 

The resistances of the HF time constants R HF of Mg with various 

exposed surface areas follow a similar evolution tendency ( Fig. 8 a). 

When the rotation rate is the same (2 rpm), the R HF at the ini- 

tial states obtained from different samples are close to each other 

(EIS 1–2), which encounters a sharp decrease when the abrasion 

starts (EIS-3). The reduction of R HF is less for Mg with larger ex- 

posed surface area. It is worth noting that the R HF of Mg-2.0 cm 

2 

firstly decreases and then increases significantly during abrasion, 

with R HF of EIS-4 being higher than that at the initial states (EIS- 
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Fig. 7. (a) Nyquist plot, (b) Bode plot of Mg in 0.05 M NaCl solution, and (c) equivalent circuit used for fitting. 

1 and EIS-2). With higher unscratched surface area, the increase 

of R HF is more pronounced. Nevertheless, when the rotation speed 

is 20 rpm, the R HF at the abrasion states (EIS 3–5) maintains a 

relatively stable and low value in comparison with that obtained 

with 2 rpm rotation. The abrasion also causes a significant loss of 

R MF of all tested Mg samples with different exposed surface areas. 

However, the loss of R MF does not show strong correlation with 

exposed surface area. During abrasion, regardless of the exposed 

surface area and rotation rate, no significant change is observed. In 

the recovery stage, the R MF of Mg-0.5 cm 

2 keeps increasing. Nev- 

ertheless, the R MF values of Mg with higher exposed surface ar- 

eas (1.1 and 2.0 cm 

2 ) firstly increase and then decrease to a value 

close to the initial value in EIS-1. As above mentioned, EIS-7 is ob- 

tained at an unstable transition stage from abrasion state to recov- 

ered state. The deviation of parallel experimental results for this 

state is also more significant than other results because of the in- 

stability of this state. Faster rotation makes the transition becomes 

shorter. The R MF at the recovery state obtained with 20 rpm rota- 

tion increases and then stables at the value similar to the initial 

value. 

As shown in Fig. 7 c, the constant phase element (CPE) is 

adopted for the fitting procedure rather than capacitor, because the 

phase angles of time constants in Mg impedance spectra vary and 

are less than −90 °. CPE parameters include the CPE value and the 

exponent, which are referred to as CPE and α in this work. Fig. 8 c 

and d present the fitted CPE values of high frequency time constant 

CPE HF and middle frequency time constant CPE MF of Mg in NaCl 

solution. Even though there are large standard deviations of the 

fitted CPE values, all CPE HF increase when the abrasion starts (EIS- 

3), which may relate to the decrease of oxide film thickness. The 

CPE MF of Mg-1.1 cm 

2 with 20 rpm rotation also increases in EIS-3. 

Nevertheless, all CPE MF of Mg with 2 rpm rotation decrease after 

abrasion starts. CPE values at different states may be not directly 

comparable due to the different exponent α (Tables S1–S4), espe- 

cially for CPE MF . There are several methods with variant application 

limits that are capable of extracting effective capacitance C eff from 

CPE parameters [46–49] . As discussed in previous works [ 17 , 24 ], 

the equation proposed by Hsu and Mansfeld [47] is well-suited for 

the CPE-to-C eff conversion of Mg time constants due to the normal 

distribution characteristic. This refers to the time constants distri- 

bution along the direction perpendicular to the Mg surface rather 

than the direction horizontal to the Mg surface. However, the dis- 

tribution of time constants for the scratched Mg surface is more 

complex than that under steady state condition, which is neither 

a purely normal distribution nor a surface distribution. Hence, the 

conversion of CPE to effective capacitance is not performed in this 

work. 

In order to analyze the influence of abrasion quantitatively, 

a factor k is introduced, which is defined as the ratio between 

abraded and total surface area ( Eq. (1) ), 

k = 

S A 
S W E 

(1) 

Where S A is the abraded surface area and S WE represents the 

total exposed surface area of the working electrode. The surface 

morphology of Mg-1.1 cm 

2 after abrasion is illustrated in Fig. 9 a 

and b. As shown in Fig. 9 b, the maximum depth of the scratch 

is around 5–8 μm, which is around hundred times less than the 

width of the scratch presented in Fig. 9 a. Thus, the depth of scratch 

was not considered in the calculation of the abraded surface area. 

According to Fig. 9 a, the abraded surface area is calculated to be 

4.2 mm 

2 . The calculated ratios for different sam ples, k , are pre- 

sented in Fig. 9 c. A higher k value means a higher weighting factor 

of the abraded area. Thus, the impact of scratch and the reduction 

of impedance should be more significant, which is consistent with 

the results presented in Fig. 8 a. In order to clarify the correlation 

between the ratio k and the change of two time constants caused 

by abrasion, the difference of resistance before and after abrasion 

( R EIS-2 and R EIS-3 ), �R , is calculated by Eq. (2) and also presented 

in Fig. 9 c. 

�R = R EIS−2 − R EIS−3 (2) 

As presented in Fig. 9 c, �R HF shows a positive correlation with 

k . Nevertheless, there is no clear relationship between �R MF and k . 

The reduction of film resistance most likely shows a positive cor- 

relation with k , since k is inversely proportional to the surface film 

coverage. Thus, �R HF is most likely to be the reduction of the sur- 
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Fig. 8. (a) Fitted resistance and (c) fitted CPE parameter of HF time constant R HF ; (b) fitted resistance and (d) fitted CPE parameter of MF time constant R MF of Mg in 0.05 M 

NaCl solution with various exposed surface areas. (Fitted by equivalent circuit presented in Fig. 7 c). 

Fig. 9. (a) Actual surface morphology of scratched Mg under SEM ; (b) 3D topography of scratched Mg under LSM; (c) reduction of resistance caused by abrasion and ratio 

of scratched surface area for Mg with different exposed surface areas (rotation rate: 2 rpm). 
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Fig. 10. (a) Equivalent circuit of abraded surface and (b) calculated results of abraded Mg in 0.05 M NaCl solution with various exposed surface areas. 

face film resistance, rather than �R MF . The difference in CPE values 

of Mg with various exposed surface areas before and after abrasion 

are neither calculated nor compared since the standard deviations 

of CPE values are large and the exponents α for different states are 

not the same. 

To further verify the origin of the two time constants, the in- 

fluence of scratched surface is estimated for R HF and R MF . Accord- 

ingly, the equivalent circuit presented in Fig. 7 c is updated and il- 

lustrated in Fig. 10 a. This equivalent circuit ( Fig. 10 a) is designed 

to separate the contribution from the surface of the scratch and 

the surface of the unscratched electrode, where k and (1- k ) are 

adopted to define the impact of each contribution. This model is 

used to explain the way to calculated R HFs and R MFs , and is not 

used in the fitting procedure via software. As shown in Fig. 10 a, 

R HFs and CPE HFs represent the resistance and capacitance of high 

frequency time constant in the scratch. R MFs and CPE MFs are the re- 

sistance and capacitance of middle frequency time constant in the 

scratch, respectively. R HFn , R MFn , CPE HFn , and CPE MFn represent the 

corresponding elements for the unscratched surface. R e is the elec- 

trolyte resistance. At the initial stage, the scratched surface area 

is 0 and k is also equal to 0. In this case, the total resistance in 

the direct current mode (without the contribution from imaginary 

component), R total , is the sum of R e , R HFn , and R MFn . At the abrasion 

stage, R total depends on the ratio of abraded surface area, k . The to- 

tal resistance of the whole system, R total , can be expressed as [50] , 

R total = R e + 

1 

( 1 −k ) 
R HFn + R MFn 

+ 

k 
R HFs + R MFs 

(3) 

Theoretically, R total is equal to the value of Z real when Z imag is 

equal to 0, which can be obtained from the Nyquist plot, as illus- 

trated in Fig. 7 a. Besides, the diameter of the HF capacitive loop 

in Nyquist plot is equal to the total resistance of the HF time con- 

stant, R HF , which can be obtained by fitting procedure and also can 

be calculated by the following equation, 

1 

R HF 

= 

1 − k 

R HF n 

+ 

k 

R HF s 

(4) 

If we assume the unscratched surface film possesses the same 

properties as the surface film at the initial stage, then the R HFn 

should be equal to the fitted R HF 
’ , estimated from EIS-2 via the 

equivalent circuit in Fig. 7 c. The R HF 
’’ is the total fitted resistance 

of the HF time constant at the abraded state, which is estimated 

from EIS-3 via the same circuit ( Fig. 7 c). Thus, Eq. (4) can be trans- 

formed to the following equation, 

1 

R 

′′ 
HF 

= 

1 − k 

R 

′ 
HF 

+ 

k 

R HF s 

(5) 

Thus, R HFs can be expressed as following, 

R HF s = 

k 
1 

R ′′ 
HF 

− 1 −k 
R ′ 

HF 

(6) 

R MFs can be expressed from Eq. (3) by: 

R MF s = 

k 
1 

R total −R e 
− 1 −k 

R HFn + R MFn 

− R HF s (7) 

Where R MFn is equal to the fitted R MF 
’ of MF time constant 

in EIS-2 via the equivalent circuit from Fig. 7 c. By combining 

Eqs. (6) and (7) , R MFs is expressed as: 

R MF s = 

k 
1 

R total −R e 
− 1 −k 

R ′ 
HF 

+ R ′ 
MF 

− k 
1 

R ′′ 
HF 

− 1 −k 
R ′ 

HF 

(8) 

The R HFs and R MFs of abraded Mg with different exposed sur- 

face areas under rotation with different speeds are calculated by 

Eqs. (6) and (8) , which are referred to as calculated values and 

presented in Tables S5 and S6. The average values and deviations 

calculated from three parallel testes are illustrated in Fig. 10 b. As 

shown in Fig. 10 b, the calculated R HFs and R MFs are much less than 

R HFn and R MFn , indicating that the surface film and corrosion resis- 

tance on the abraded surface are much less than those on the sur- 

face covered by natural film. The calculated R HFs for Mg with differ- 

ent surface areas under 2 rpm rotation are very close to each other. 

20 rpm rotation leads to the decrease of both R HFs and R HFn . The 

calculated R MFs for Mg with different surface areas are very close 

to zero or even negative values. Neither the resistance of surface 

film nor the resistance of charge transfer process is expected to 

be negative. The unexpected results appear probably because the 

actual value of R MFs is very small and some inevitable errors are 

introduced in the process of obtaining R HF 
’ (R HFn ), R HF 

’’ , R MF 
’ (R MFn ) , 

and R total - R e values, such as the fitting error introduced by scatter- 

ing of MF time constant and the estimation of scratched surface 

area. 

As mentioned above, the native surface film of Mg formed in 

NaCl solution is composed of Mg(OH) 2 and MgO [ 17 , 39 , 40 ]. Dur- 

ing abrasion, the abrasive pin mechanically removes the natural 

surface film and exposes bare Mg to the electrolyte for a certain 

amount of time. Fig. 11 illustrates the surface film of Mg during 

abrasion. As shown in Fig. 11 , a part of the native surface film 

(Mg(OH) 2 /MgO) is removed by the abrasive pin and more active 

sites for corrosion reaction are exposed in the scratch, and, thus, 

the surface film resistance and the charge transfer resistance in the 

scratch should be much less than those of the unscratched sur- 

face, which is consistent with the calculated results presented in 

Fig. 10 b. The film resistance is related to the film intrinsic proper- 

ties, integrity, presence of natural defects and induced damage, if 

any. When the abraded surface area does not change, but the ex- 

posed surface area of working electrode increases, the unscratched 
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Fig. 11. Schematic illustration of surface film of abraded Mg in NaCl solution (cross section). 

area increases, and, thus, the reduction of overall film resistance 

should be less and proportional to the weighting factor of the 

abraded area, k . As shown in Fig. 9 c, �R HF shows a positive cor- 

relation with k , elucidating that most likely the origin of the high 

frequency time constant is related to the surface film. Besides, with 

the same rotation rate, the film resistance in the scratch should 

possess a similar value in spite of the different exposed area of 

the Mg electrode because the properties of the film formed on the 

scratched region of Mg with different exposed areas with the same 

rotation rate should be close to each other. It is consistent with the 

calculated value of R HFs as presented in Fig. 10 b. Moreover, a faster 

rotation rate will reduce the re-passivated area during abrasion, 

resulting in the decrease of surface film resistance in the scratch. 

This is also compliant with the results of R HFs in Fig. 10 b. Further- 

more, the fast re-passivation procedure of surface film ensures that 

the resistance of surface film in the scratch should never be zero. 

The values of R MFs are calculated to be close to zero or even neg- 

ative. Hence, the surface film resistance in the scratch should be 

R HFs instead of R MFs . 

The charge transfer resistance, referred to in this work, reflects 

the kinetics of Mg corrosion reaction and, theoretically, should not 

be directly influenced by this kind of mechanical abrasion. Mg 

under anodic polarization is known to be a nearly ideally non- 

polarizable electrode with very small charge transfer resistance 

[51–54] , which is consistent with the calculated R MFs . However, as 

mentioned above, corrosion reaction can only happen in the film- 

free area enabling electrolyte access. Thus, the overall charge trans- 

fer resistance of Mg obtained by EIS measurement is also related 

to the ratio of film-free area to the entire exposed surface. The 

film-free area in native film of Mg is supposed to count for a very 

small area of the total exposed surface. According to the research 

of Gomes and co-authors [5] , the proportion of film-free area is 

calculated as 0.003 of the total area of the natural surface film 

formed on Mg in Na 2 SO 4 solution after 10 h under 10 0 0 rpm ro- 

tation. The proportion of film-free area in our case is certainly dif- 

ferent from their case due to the disparity of material, electrolyte 

and testing parameters. If we assume the ratio of film-free area 

in the native film of Mg under our testing condition is also 0.003, 

the total film-free area was in natural surface film varies from 0.15 

to 0.6 mm 

2 taking into account different exposed surface areas of 

0.5 ∼2.0 cm 

2 . During abrasion, the surface area of scratch is around 

4.2 mm 

2 , which is 7 ∼28 times larger than the native film-free area. 

The corrosion reaction would preferentially happen in the abraded 

region and the corrosion rate of Mg is greatly accelerated. The 

significantly increased film-free area created by abrasion certainly 

leads to remarkable reduction of the overall charge transfer resis- 

tance on entire exposed Mg surface, which is consistent with the 

evolution of the second time constant. Besides, during abrasion, 

the charge transfer resistance of Mg with different exposed sur- 

face areas should possess a similar value since it is mainly deter- 

mined by the film-free area in the scratch and the created scratch 

is the same for all samples. Therefore, after abrasion, the reduc- 

tion of overall charge transfer resistance is alike concerning the 

different exposed surface areas and does not show any correlation 

with the k value. This further demonstrates that the charge trans- 

fer process is represented by the MF time constant in the EIS of 

Mg concluded from the results presented in Figs. 6–10 . Meanwhile, 

no well-defined time constant related to charge transfer process 

is expected to be observed in Mg EIS spectra under the abrasion 

state, because the impact of scratch on the charge transfer process 

is much larger than that of the intrinsic defects of MgO. The latter 

one can be considered as a state of dynamic equilibrium but the 

former one is always varying and is influenced by the abrasion, 

the reconstruction of double layer, and the reconstruction of sur- 

face film. Hence, the origin of the second time constant should be 

attributed to the charge transfer process. Based on the above dis- 

cussion, the equivalent circuit with clear physical interpretations 

of time constants appearing in abraded Mg EIS spectra is proposed 

and presented in Fig. 11 . 

4. Conclusions 

In this work, the origin and physical interpretations of time 

constants appearing in the high and middle frequency range of Mg 

EIS spectra in 0.05 M NaCl were studied by tribo-electrochemical 

technique. The results indicate that the abrasion introduced by tri- 

bometer, dramatically increases film-free sites for Mg corrosion re- 

action. Abrasion leads to the decrease of the total impedance of 

affected Mg surface, but the influence of abrasion on the high fre- 

quency time constant is less significant than that of the middle 

frequency time constant. The resistance reduction of the high fre- 

quency time constant is associated with the ratio of the abraded 

surface area to the total exposed surface area of Mg, which is con- 

sistent with the expectation for the change of surface film resis- 

tance caused by abrasion. The quantitative analysis further proves 

that the high frequency time constant stems from the surface film. 

The values of extracted film resistance in the scratch of Mg were 

comparable, even if the exposed area of the electrode was varied 

from 0.5 cm 

2 to 2 cm 

2 . This is due to the similar properties of the 

surface film in the scratch. The middle frequency time constant 

is attributed to the double layer capacitance in parallel with the 

charge transfer resistance, which possesses extremely small value 

in the scratch. This shows the non-polarizable feature of Mg. 
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RESULTS 

5.3 Tailoring electrolyte additives for controlled Mg-Ca anode activity in 

aqueous Mg-air batteries 

Paper 3 is published in Journal of Power Sources, 460 (2020), 228106. 

The emphasis of the work is to enhance the discharge performance of primary AMAB with 

newly developed Mg-0.04Ca anode by tailoring the electrolyte additives. In this paper, we 

proposed to use Mg2+ complexing agents as electrolyte additives and investigated the effect of 

selected electrolyte additives (CIT, SAL, 5-SulfoSAL, 2,6-DHB and 3,4-DHB) on the 

corrosion behavior and discharge performance of Mg-Ca anode. The results indicated that Mg2+ 

complexing agents overall have positive effect on the discharge performance of Mg-Ca based 

MAB, attributed to their capability of hindering the precipitation of discharge products and 

reducing the efficiency loss caused by chunk effect. Nevertheless, different additives should 

be used for different discharge loads to obtain optimal effect because strong complexing agents 

(like 3,4-DHB) cause significant loss of UE at low current densities but moderate complexing 

agents (like SAL) are not sufficient to hinder the formation of precipitates at high current 

densities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-4. Graphical abstract for Section 5.3. 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� Mg2þ complexing agent was used as 
electrolyte additive for aqueous Mg-air 
battery. 
� Discharge properties depend on the 

stability of the complex formed with 
Mg2þ. 
� Coverage of Mg(OH)2 was hindered and 

Chunk effect was reduced. 
� High specific energy density of 3007 Wh 

kg� 1 and voltage of 1.86 V was 
achieved.  
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A B S T R A C T   

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 Mg2þ 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 Mg2þ 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.   

1. Introduction 

Aqueous primary Mg-air batteries can be adopted as attractive 

electrochemical energy storage and conversion devices because of su
perior discharge performance, safety, low cost, and environmental 
amiability [1–3]. Mg-air batteries consume oxygen from the air and the 
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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 ap
plications 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 pro
voked 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 per
formance 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 due to activation or their own electronegativity. 
Meanwhile, the addition of alloying elements improves the deform
ability 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 re
searchers [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 H€oche 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 
Mg2þ 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. The effect of selected Mg2þ 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 
Mg2þ 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 ab
sorption spectroscopy (AAS) and spark optical emission spectrometry 
(SOES), which is summarized in Table 1 and indicates low impurity 
contents (Fe, Cu and Ni). 

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-sul
fosalicylic 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 ex
cludes the additional intake of O2, CO2 and N2 apart from 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 im
mersion 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 mea
surements, Mg-Ca surface was prepared by the same procedure as the 
sample for hydrogen evolution test. The sample was immersed into the 
electrolyte for 1 h 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 
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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 sur
face of the remaining Mg-Ca anode was 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 ð%Þ ¼
Wtheo

ΔW
� 100% (1) 

Where Wtheo (g) means the theoretical weight loss of anode and ΔW 
(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]: 

Wtheo¼
I � t

F �
P
ðxi�ni

mi
Þ

(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. 

2.5. Mg-air battery full cell test 

Mg-air battery full cell tests were performed in 3.5 wt % NaCl solu
tion 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 ðWh ​ kg� 1Þ¼

R t
0 I � U � Δt

ΔW
(3)  

where U (V) represents the voltage of discharge, ΔW (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 accom
panied by hydrogen evolution. Eq. (4) represents the global reaction of 
Mg corrosion, where 1 mol corroded Mg produces 1 mol 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 consid
ering 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 þ 2H2O → Mg(OH)2 þ H2↑                                                        (4) 

Fig. 2a represents the volume of evolved hydrogen during 24 h test. 
Several additives with different abilities to form complexes with Mg2þ

were tested. The lowest hydrogen volume, thus the lowest corrosion 

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.  

Fig. 1. Schematic of discharge test performed in half-cell arrangement.  
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rate, was detected for Mg-Ca in blank 3.5 wt % NaCl solution, which 
demonstrates good corrosion resistance. All selected additives acceler
ated the dissolution of Mg-Ca in NaCl solution at different extent. The 
different hydrogen evolution rates can be correlated to the stability 
constants of Mg2þ 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 Mg2þ 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 Mg2þ 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 Mg2þ 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 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 so
lution 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 in
fluence 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 Mg2þ 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 so
lution. 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 Mg2þ 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 0.1 M 3,4- 

Fig. 2. (a) Hydrogen evolution curves 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 24 h hydrogen evolution test. The optical images of samples after 24 h hydrogen evolution test are shown in (e). (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Stability constants of Mg2þ complexes produced by selected electrolyte additives 
and equilibrium constants of selected additives after 24 h hydrogen evolution 
tests [46–48].  

Complexing 
agent 

Stability constants pH after 24 h of hydrogen evolution 
test (initial pH 7) 

logKMg2þ 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  
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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 Mg2þ 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-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. 

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 Mg2þ among selected ad
ditives and the amount of hydrogen evolved within 24 h 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 

Mg2þ and 3,4-DHB can be written as Eq. (5) and Eq. (6) [49,50].  

Mg2þ þ (C7H5O4)- → MgC7H3O4
� þ 2Hþ (5)  

MgC7H3O4
� þ (C7H5O4)- → Mg(C7H3O4)2

4� þ 2Hþ (6) 

Most of the OH� generated during HER (Eq. (4)) is consumed to 
neutralize the Hþ 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 b) 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 dis
cussion. 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 

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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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 

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 h discharge test at 5 mA cm� 2 in different 
electrolytes. 
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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 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 Mg2þ, which stim
ulates the dissolution kinetic via near surface interaction. A correlation 
shows: 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. 

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 sub
stances 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 1 h 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 h, the discharge po
tential of Mg-Ca in NaCl solution with SAL increased sharply and the 
final discharge potential was even higher than the reference. Strong 
Mg2þ complexing agents, like 5-sulfoSAL and 3,4-DHB, maintained a 
relatively negative discharge potential with a decreasing tendency even 
after 24 h discharge. The discharge potential of Mg-Ca with 2,6-DHB was 
50 mV lower than the reference and relatively stable along 24 h test. At 
10 mA cm� 2, the discharge potential of Mg-Ca in NaCl solution with SAL 
increased rapidly to positive direction after 4 h discharge. In NaCl so
lution with CIT, the discharge potential of Mg-Ca was also more positive 
than in blank NaCl solution. Nevertheless, with the addition of 5-sul
foSAL, 2,6-DHB and 3,4-DHB the discharge potential of the anode was 
still more negative than the reference. 

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

Eanode ¼ 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 min of 
the test is presented in Fig. 4e, because the open circuit potential of 
Mg-Ca in the last 10 min 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 24 h discharge in blank NaCl solution, in 
NaCl solution with SAL and in NaCl solution with 3,4-DHB at dry con
dition. 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 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 Mg2þ, 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, 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 
Mg2þ, 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 differ
ence 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 Mg2þ, 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 mate
rials 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 Mg2þ. At 5 mA cm� 2, the Mg-Ca in 
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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 ef
ficiency 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 Mg2þ, the utilization efficiencies of Mg-Ca increased with the in
crease 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. 

According to Eq. (1), utilization efficiency shows the difference be
tween 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 Mg2þ 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 Mg2þ complexing agents. One of the rea
sons 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 h 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 sur
rounded 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 for
mation of undissolved metallic chunks. During discharge, those undis
solved metallic chunks were trapped by discharge products or released 
into the electrolyte. This leads to weight loss of anode without any 
contribution to the discharge current. In turn, this massively causes the 

Fig. 5. Surface morphologies of Mg-Ca after 24 h 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. 

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  
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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 product 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 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 Mg2þ 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 solu
tion 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 addi
tives 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 solu
tion. At 5 mA cm� 2, the addition of Mg2þ 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 prod
ucts, and therefore, the Mg-air batteries failed. However, in NaCl solu
tion with 2,6-DHB, 3,4-DHB and 5-sulfoSAL, which have relatively high 
complexation ability with Mg2þ, 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 cur
rents, higher specific energy was achieved by adding CIT and SAL. Both 
of them have relatively weak complexation ability with Mg2þ. The lower 
current density indicates lower rate of Mg2þ 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 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 

Fig. 6. Cross-section SEM images (BSE mode) of Mg-Ca after 24 h discharge at 5 mA cm� 2 in (a) 3.5 wt % NaCl and the same electrolyte with 0.1 M (b) CIT; (c) SAL; 
(d) 5-sulfoSAL; (e) 2,6-DHB; (f) 3,4-DHB. 
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anodes in different aqueous electrolytes, although the different experi
mental environment and 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 Mg2þ generated and released into the electro
lyte. In this case complexing agents with strong ability of forming 
complex with Mg2þ, 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 Mg2þ 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 Mg2þ. 

4. Conclusions 

In this work, Mg2þ complexing agents were used as electrolyte ad
ditives 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 Mg2þ overall have 
positive effect on the discharge performance of (Mg-Ca)-air bat
tery. According to their complexation ability with Mg2þ, different 
additives should be used for different discharge loads to obtain 
optimal effect. 

(2) Stability constants of soluble complexes with Mg2þ is an impor
tant aspect enhancing anode activity. (Mg-Ca)-air battery at 
lower discharge current exhibits ideal performance by using ad
ditives 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-sul
foSAL 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 

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. 
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according to their different complexation ability with Mg2þ, 
resulting in more negative OCP and less potential drop caused by 
discharge products. In half-cell discharge test, the average 
discharge potential of Mg-Ca in NaCl with 0.1 M 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-sul
foSAL 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 Mg2þ 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 uni
form, eliminating the weight loss caused by chunk effect which is 
significant in pure NaCl solution. 
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RESULTS 

5.4 Enhancement of discharge performance for aqueous Mg-air batteries in 

2,6-dihydroxybenzoate-containing electrolyte 

Paper 4 is published to Chemical Engineering Journal, 429 (2022), 132369. 

This work is the follow-up of Section 5.3 (paper 3). The results in paper 3 demonstrate that 

2,6-DHB yielded not only the highest UE via the suppression of the chunk effect on Mg-0.04Ca 

but also a considerable improvement for the discharge potential among a range of organic 

electrolyte additives. Previous results showed that 2,6-DHB is able to simultaneously improve 

the UE and discharge potential of Mg-Ca anode. Further improvement is possible by exploring 

the effect of concentration of this additive. Additionally, the performance of 2,6-DHB towards 

other anode materials was evaluated. Therefore, this work is dedicated to finding out main 

mechanisms and common features responsible for improved performance on various anode 

materials, namely HP-Mg, Mg-0.15Ca, AZ31 and AM50 Mg anodes. EIS measurements amid 

intermittent discharge and real-time hydrogen evolution measurements during discharge were 

applied to clarify the effective mechanisms of 2,6-DHB. The results reveal that sufficient 

amount of 2,6-DHB simultaneously improves the discharge activity and inhibits self-discharge 

of Mg-0.15Ca anode, leading to negative average potential and high anodic UE. Combining 

with its effect on the alleviation of chunk effect, 2,6-DHB efficiently improves the discharge 

performance of AMABs with different Mg anodes. 

 

 

 

 

 

Fig. 5-5. Graphical abstract for Section 5.4. 
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A B S T R A C T   

In this work, 2,6-dihydroxytbenzoate (2,6-DHB) is evaluated as an efficient electrolyte additive for aqueous Mg- 
air batteries based on diverse metallic Mg anodes. EIS measurements amid intermittent discharge and real-time 
hydrogen evolution measurements during discharge were applied to clarify the effective mechanism. The 
dependence of working mechanism on 2,6-DHB concentration was investigated for a newly developed Mg- 
0.15Ca anode. The results reveal that sufficient amount of 2,6-DHB simultaneously improves the discharge ac
tivity and inhibits the self-discharge of Mg-0.15Ca anode, leading to negative average potential and high anodic 
utilization efficiency. Accordingly, 0.2 M 2,6-DHB is determined as the most suitable electrolyte concentration 
and applied during Mg-air battery tests based on diverse commercial Mg anodes (pure Mg, Mg-0.15Ca, AZ31 and 
AM50). The results demonstrate that 2,6-DHB efficiently improves the discharge performance of Mg-air batteries 
with different Mg anodes.   

1. Introduction 

In past decades, metal-air batteries have been investigated inten
sively due to superior theoretical discharge performance [1–5]. The 
theoretical specific energy of metal-air batteries based on different 
metallic anodes varies from 1.3 to 13.0 kWh kg− 1 (excluding the molar 
loss of O2), which is 3 to 30 times higher than that of Li-ion batteries 
[6,7]. Aqueous Mg-air batteries as desirable energy storage options 
attracted much attention among existing metal-air battery systems. The 
advantages of these batteries include the high security owing to aqueous 
electrolyte, cost-effectiveness due to abundant resources from earth 
crust and environmental amiability [8–10]. The mechanically 
rechargeable feature and long shelf life of aqueous Mg-air battery sys
tems contribute to its potential as a reliable energy supply for marine 
devices and as a reserve power source for hospitals, schools, etc. 
[11–13]. Nevertheless, the sluggish electrode reaction kinetics and se
vere self-discharge of Mg anode amid discharge reduce the practical 
performance of aqueous Mg-air batteries. Numerous endeavors have 
been made to boost the practical discharge performance of aqueous Mg- 
air batteries from diverse aspects, but most of the previous studies 
focused on the novel Mg anode development rather than the 

modification of electrolyte [14–23]. 
As one of the key components for aqueous Mg-air batteries, elec

trolyte is decisive for the actual reactions and practical performance of 
the system. The ideal electrolyte for aqueous Mg-air batteries should 
possess high conductivity and have an inhibiting effect against parasitic 
reactions. It should promote the Mg anode discharge activity and 
contribute to enhanced discharge performance from aspects of utiliza
tion efficiency and cell voltage. Nevertheless, only a limited numbers of 
published works have covered this criteria and mainly have focused on 
the improvement of utilization efficiency by adopting Mg corrosion in
hibitors or surfactants [24–28]. For instance, Dinesh et al. [25] used 
graphene as electrolyte additive to prolong the operating life of Mg-air 
battery but the cell voltage was slightly decreased. Similarly, Zhao 
et al. reported the addition of phosphate and vanadate improved the 
anodic efficiency of AZ31 anode, which however, imparted negligible 
enhancement to the cell voltage [26]. The above studies adopted elec
trolyte additives based on their ability of adsorbing on Mg anode surface 
or forming a protective surface film. This concept is somehow contra
dictory to the requirement of improving discharge activity and cell 
voltage of Mg-air batteries. More recent studies attempted to boost the 
battery performance from both aspects [15,18,29–33]. The study of 
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Höche et al. [15] suggested a novel strategy of adopting organic addi
tives, which were able to coordinate with iron impurities and thereby 
improve the anodic utilization efficiency by hindering the redepostion of 
metallic Fe from Fe2+/3+ ions on the Mg anode surface. Meanwhile, the 
organic additives also formed soluble coordination compounds with 
Mg2+ and therefore decreased the IR drop related to insoluble products 
formed during discharge. However, among the selected additives, only 
salicylate and Tiron were capable of simultaneously improving the uti
lization efficiency and discharge voltage of commercial purity Mg (220 
ppm Fe) under certain applied current densities. Most of the selected 
additives can only show the improvement from one aspect, either 
discharge voltage or utilization efficiency. Snihirova et al. [30] proposed 
the strategy to adopt mixture of salicylate and nitrate to improve the 
discharge performance of commercial purity Mg (178 ppm Fe) via their 
synergistic effect. Nevertheless, these studies were carried out on the 
specified Mg anode materials with relatively high content of iron, which 
are not informative for predicting its efficacy for other Mg anode ma
terials with lower content of impurities. So far, most studies concerning 
the development of novel electrolyte additives for aqueous Mg-air bat
teries have only targeted on the performance improvemen for merely 
one kind of Mg-based anodes. Nevertheless, it would be highly beneficial 
if one sole additive, which is working based on the intrinstic properties 
of Mg, posesses the capability of boosting the properties of diverse 
commercial Mg anodes.. 

According to our previous research [31], 2,6-DHB yielded not only 
the highest utilization efficiency via the suppression of the chunk effect 
on Mg-0.04 wt% Ca but also a considerable improvement for the 
discharge potential among a range of organic electrolyte additives. The 
improvement on the mentioned anode also suggested that 2,6-DHB may 
be effective for other Mg anodes. If 2,6-DHB is universally effective for 
aqueous Mg-air batteries based on diversity of Mg anodes, it should be 
helpful to accelerate the commercialization of this energy system. 
Although 2,6-DHB was previously reported as a potential additive [31], 
which suppresses the chunk effect on specific anode material, the range 
of conditions as well as range of substrates at which the additive can 
perform was not addressed there. It is unclear if the results can be 
transferable to other conditions and systems important for potential 
applications. Hence, further investigation into revealing the working 
mechanism of 2,6-DHB is still needed, which may be indicative for the 
discovery of other novel electrolyte additives and novel Mg-air battery 
systems. 

Therefore, the current work was dedicated to find out main mecha
nisms of of 2,6-DHB as an electrolyte additve and its common features 
responsible for improved performance on aqueous Mg-air batteries 
based on various anode materials. Moreover the range of conditions 
(concentration) at which the effect can be observed was also investi
gated. The anode surface condition evaluation during discharge was 
investigated by electrochemical impedance measurements amid inter
mittent discharge to determine the effect of 2,6-DHB at different con
centrations on the discharge potential. Meanwhile, real-time hydrogen 
evolution measurements during discharge were performed to clarify the 
influence of varied 2,6-DHB additions on the self-discharge behavior of 
Mg anode. Hence, the working mechanism of 2,6-DHB was thoroughly 
discussed and the applied parameter for optimum discharge perfor
mance was proposed. 

2. Experimental details 

2.1. Materials and electrolyte 

Mg-0.15 wt% Ca with distinguish corrosion resistance was adopted 
as one of the anode materials in this work, which was prepared via the 
conventional casting processes. The detailed fabrication processes was 
reported in the previous work from our group [34]. Except for Mg- 
0.15Ca alloy, commercially available AZ31, AM50 Mg alloy and high 
purity Mg (HP-Mg) were also applied as anode materials. The 

composition of anode materials were analyzed via atomic absorption 
spectroscopy (AAS) and spark optical emission spectrometry (SOES). 
The results are displayed in Table 1. 

3.5 wt% NaCl solution was utilized and denoted as reference elec
trolyte for all the electrochemical tests appearing in this work. 2,6-dihy
droxybenzoic acid with various concentrations (0.05, 0.1, 0.2, and 0.3 
M) were added into NaCl solution as electrolyte additives. All the elec
trolytes with 2,6-dihydroxybenzoic acid were neutralized by NaOH to 
pH 7.0 ± 0.1. Hence, 2,6-dihydroxybenzoic acid was fully neutralized 
into sodium 2,6-dihydroxybenzoate, which is denoted as 2,6-DHB. All 
the electrolytes were prepared with deionized water. 

2.2. Electrochemical measurement 

Potentiodynamic polarization curves of Mg-0.15Ca alloy in the 
above-mentioned electrolytes were measured by Gamry Interface 1000 
potentiostat in conventional three electrodes system adopting well- 
ground Mg-0.15Ca alloy with 1 cm2 exposed surface as the working 
electrode, Pt wire as the counter electrode and commercial Ag/AgCl 
electrode as the reference electrode. All the polarization curves were 
obtained after 1 h immersion in the testing electrolytes by potential 
scanning from – 400 mV to + 800 mV vs. open circuit potential (OCP). 
The scanning started from cathodic region to anodic region with 0.5 
mV/s scanning rate. 

The half-cell discharge tests were performed in the same configura
tion used in our previous work [31]. The Mg-0.15Ca anode with 2.25 
cm2 exposed surface area and Ag/AgCl reference electrode were sepa
rated from Pt counter electrode via a salt bridge. The duration of the 
tests was 24 h with 5 mA cm− 2 discharge current density. The electrolyte 
was stirred at 350 rpm during the test. After discharge tests, the weight 
loss of the anode in the discharging process, ΔW, was obtained after 
removal of surface precipitates and applied for the calculation of the 
anodic utilization efficiencies (UE) in different electrolytes via the 
following equations , 

UE =
Wtheo

ΔW
× 100% (1)  

Wtheo =
I × t × M

F × n
(2) 

Theoretical weight loss Wtheo in Eq. (1) is calculated according to the 
equation as presented in Eq. (2), where I and t represent the applied 
current and discharge duration. M is the atomic mass of anode material. 
F and n represent the Faraday constant and the ionic valence of anode 
material, respectively. 

The anode surface condition during discharge was evaluated by 
electrochemical impedance spectroscopy (EIS) measurements. The EIS 
measurements were done at OCP after discharge for different periods (0, 
5, 10, 15 and 24 h), hereafter referred as intermittent discharge test. The 
measurements were carried out in the frequency range from 100 kHz to 
0.03 Hz with 9 points per decade. The applied perturbation voltage was 
10 mVrms. 

Real-time hydrogen evolution rate of Mg-0.15Ca in 2,6-DHB-con
taining NaCl solution during discharge was evaluated via a modified 
experimental set-up based on the one used in the published work of 
Deng et al. [35]. Briefly, a burette-funnel set-up was adopted to collect 
the evolved hydrogen from anode. In order to keep the similar testing 
environment, the counter electrode was also placed into a separate 
beaker, which was connected to the beaker with gas collecting set-up, 
anode and reference electrode via a salt bridge. 

Full cell tests were performed in a lab-assembled Mg-air battery, 
which adopted air-breathing cathode with MnO2 catalyzer (Gaskatel 
GmbH) and modified electrolyte (330 mL) with optimized concentration 
of 2,6-DHB. Four kinds of Mg-based materials, including high purity Mg, 
Mg-0.15Ca, AZ31 and AM50 alloy, were applied as anode materials. The 
cell voltage of Mg-air battery was tested at 1, 5 and 10 mA cm− 2. The 
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improvements of discharge performance introduced by 2,6-DHB addi
tion were evaluated by the specific energy and power density, which 
were calculated by the following equations. 

Specific energy =

∫ t
0 I × U × Δt

ΔW
(3)  

Power density =
I × U

A
(4) 

Where U and A refer to the cell voltage and the surface area of anode, 
respectively. The above mentioned characters represent the same 
meanings as introduced. All the above mentioned measurements were 
repeated. 

2.3. Surface analysis 

The surface morphologies of Mg-0.15Ca, HP-Mg, AZ31 and AM50 
anodes after 24 h discharge were characterized by optical microscope 
and scanning electron microscope (SEM, Tescan Vega 3). The phase 
composition of surface layer was analyzed via X-ray diffraction mea
surement (XRD, D8 Advance, Brucker AXS) with CuKα radiation (40 kV, 
40 mA). The diffraction angle was from 15◦ to 80◦ with 0.02◦ step size 
and the grazing angle was 1◦. The dwell time is 1 s for each point. 

3. Results and discussion 

3.1. Potentiodynamic polarization curves 

The polarization curves of Mg-0.15Ca in reference electrolyte and 
electrolytes with various 2,6-DHB concentrations are displayed in Fig. 1. 
As shown in Fig. 1a, the addition of 2,6-DHB shifts the corrosion po
tential, namely the OCP of Mg-0.15Ca, to a more negative value. With 
the increase of 2,6-DHB concentration, the OCP of Mg-0.15Ca slightly 
decreases. The shift of OCP is mainly attributed to the accelerated anodic 
reaction kinetics. Adding 2,6-DHB significantly increases the anodic 
current density of Mg-0.15Ca, indicating that discharge activity for Mg- 
0.15Ca in 2,6-DHB-containing electrolyte might be increased. Moreover, 
the increase of 2,6-DHB concentration makes greater impact on the 
anodic branch of Mg-0.15Ca, as presented in magnified Fig. 1b. 

Nevertheless, only a minor difference can be observed between the 
cathodic branches corresponding to different 2,6-DHB concentrations. 
The molecular structure of 2,6-DHB acid is illustrated in Fig. 1b. As the 
hydroxyl derivative of salicylic acid, 2,6-dihydroxybenzoic acid, con
tains one more hydroxyl group ortho to the carboxyl group, which 
supplies one more potential binding site and is an effective ligand for 
metal cations, such as Al3+, Fe2+/3+, Cu2+ et al. [36–40]. As reported in 
our previous work [31], 2,6-DHB acid is also capable of forming soluble 
complexes with Mg2+, which disturbs formation of insoluble products 
on the anode and promotes the anodic dissolution of Mg. Besides, the 
symmetric intramolecular hydrogen bonds of 2,6-DHB acid, which are 
formed between carboxyl group and hydroxyl groups make the depro
tonation process of 2,6-DHB acid on the hydroxyl groups more difficult 
than other isomers [41], such as 3,4-DHB, which demonstrated a pH 
buffering effect in our previous work [31]. The disassociation constant 
for the first ionization and the second ionization of 2,6-DHB, pKa1 and 
pKa2, are 1.2 and 12.57, and that for 3,4-DHB are 4.32 and 8.83, 
respectively [42]. The carboxylate proton has already dissociated when 
the pH of 2,6-DHB-containing electrolyte was adjusted to pH 7. Hence, 
2,6-DHB does not possess strong pH buffering capability as 3,4-DHB. 
More negative OCP and faster anodic reaction kinetics of Mg-0.15Ca 
in 2,6-DHB-containing electrolyte both indicate that its discharge ac
tivity and potential should be improved in such circumstance. 

3.2. Half-cell discharge performance 

The half-cell discharge curves of Mg-0.15Ca in different electrolytes 
are presented in Fig. 2a. The discharge potential of Mg-0.15Ca in 
reference electrolyte stabilizes at − 1.56 VAg/AgCl after fluctuations dur
ing the initial 2 h discharge. The initial discharge potential of Mg-0.15Ca 
in 0.05 M 2,6-DHB-containing electrolyte shifts to a more negative value 
of − 1.62 V and then starts to gradually increase with the increase of 
discharging time. After 20 h discharge, the final discharge potential 
keeps relatively stable at − 1.54 V. The discharge curve of Mg-0.15Ca in 
0.1 M 2,6-DHB-containing electrolyte is stable amid the whole mea
surement and is always more negative than that in reference electrolyte. 
2,6-DHB addition in high concentrations (0.2 M and 0.3 M) also leads to 
more negative discharge potential in comparison to that in reference 
electrolyte. In particularly, the discharge potential of Mg-0.15Ca in 

Table 1 
Chemical compositions of metallic Mg anode materials (wt. %).  

Materials Ca Al Fe Ni Cu Mn Si Zn Mg 

Mg-0.15Ca  0.15  0.0021  0.0014  0.0002  0.0002  0.016  0.0056  0.002 Bal. 
HP-Mg  0.0016  0.0030  0.0024  0.0003  0.0004  0.025  0.0093  0.0018 Bal. 
AZ31  0.0011  2.97  0.0011  0.0007  0.0019  0.358  0.0309  0.732 Bal. 
AM50  0.0011  4.85  0.0002  0.0005  0.0017  0.430  0.0637  0.0418 Bal.  

Fig. 1. Potentiodynamic polarization curves of Mg-0.15Ca in reference electrolyte and electrolytes with 2,6-DHB of various concentrations.  
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electrolytes with high concentrations 2,6-DHB gradually shifts to more 
negative value after 12 h discharge. The possible reason might be related 
to the changes of the surface area. Fig. 2b exhibits the anodic utilization 
efficiencies and average potential of anodes in different electrolytes. The 
addition of 2,6-DHB, regardless of concentration, enhances the anodic 
utilization efficiency. Among them, the anodic utilization efficiency in 
0.1 M 2,6-DHB-containing electrolyte is the highest. The anodic utili
zation efficiency yielded by the addition of 0.2 M 2,6-DHB is similar with 
that in 0.1 M 2,6-DHB-containing electrolyte. Meanwhile, with the 
addition of 0.2 M 2,6-DHB, Mg-0.15Ca anode exhibits the best average 
discharge potential. It should be noted that higher concentration 2,6- 
DHB, i.e. 0.3 M, does not further improve the discharge potential but 
inversely causes the loss of utilization efficiency. Based on the above 
presented results and discussion, 0.2 M is proposed to be the optimum 
concentration of 2,6-DHB as an electrolyte additive. 

The surface conditions of anode after discharge in different electro
lytes are presented in Fig. 3 and the macro surface morphologies are 
presented in the insets in the bottom left corner. In reference electrolyte 
and the electrolyte with 0.05 M 2,6-DHB, the surface of Mg-0.15Ca is 
completely covered by discharge products. The discharge products in 
reference electrolyte are gray and porous (Fig. 3a), whereas that in 
electrolyte with 0.05 M 2,6-DHB are greenish, exhibiting an inner layer 
and an outer layer (Fig. 3b). The structure of the inner layer (Fig. 3c) 
shows a large number of cracks, which may be the natural structure of 

this layer but also could be the consequence of dehydration during 
sample preparation and microstructure analysis. Under the same prep
aration and analysis conditions, the outer layer is significantly denser 
than the inner layer. The phase composition of discharge products film 
in reference electrolyte and electrolyte with 0.05 M 2,6-DHB are 
exhibited in Fig. 3h. The grazing angle for XRD measurement was 1◦, 
which ensures that the information was mainly obtained from the top 
layer of the specimens. The sample discharged in reference electrolyte 
possesses a distinct peak for metallic Mg. On the contrary, the peak for 
metallic Mg is absent for the sample discharged in NaCl with 0.05 M 2,6- 
DHB and an additional peak appears in the range between 20◦ to 25◦, 
which is not well fitted to any peak that can be found in the database. 
The accurate characterization for the composition of precipitation is out 
of the scope for this work. The relevant results presented in Fig. 3 have 
already demonstrated that the addition of 0.05 M 2,6-DHB changes the 
structure and composition of discharge products of Mg-0.15Ca. Fig. 3e-g 
depict the anode surface morphologies after 24 h discharge in 0.1, 0.2 
and 0.3 M 2,6-DHB-containing electrolytes, respectively, which are 
clean without any visible discharge products. 

The cross sections of Mg-0.15Ca after discharge in 2,6-DHB-contain
ing electrolytes indicate that the addition of high concentration 2,6-DHB 
seems to increase the anode surface roughness (Fig. 4). Consequently, it 
may increases the electrochemically active surface area of Mg-0.15Ca 
anode, which may influence the tested discharge potential. The half- 

Fig. 2. Half-cell discharge performance of Mg-0.15Ca in reference electrolyte and electrolytes with various concentrations of 2,6-DHB: (a) discharge curves and (b) 
utilization efficiency and average potential of Mg-0.15Ca. (Applied current density: 5 mA cm-2). 

Fig. 3. Surface of Mg-0.15Ca anode after 24 h discharge at 5 mA cm− 2: (a) in reference electrolyte; (b-d) in electrolyte with 0.05 M 2,6-DHB; (e) with 0.1 M 2,6-DHB; 
(f) with 0.2 M 2,6-DHB; (g) with 0.3 M 2,6-DHB and (h) XRD diffraction patterns of Mg-0.15Ca anode in reference electrolyte and in electrolyte with 0.05 M 2,6-DHB. 
(Corresponding macro-surface morphologies of Mg-0.15Ca anode with 1.5 × 1.5 cm dimension after discharge are presented in the left lower corners of each figure). 
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cell discharge test was done in galvanostatic mode, and thus, the in
crease of electrochemically active surface area will decrease the effec
tive applied anodic current density. Lower current density will give rise 
to more negative discharge potential of Mg anode [31]. Therefore, the 
negatively shifting discharge potential in 0.2 and 0.3 M 2,6-DHB-con
taining electrolytes amid later discharge period might be related to 
the change of electrochemically active surface area. Nevertheless, 
certainly, it is not the only reason for the improvement of discharge 
potential in 2,6-DHB-containing electrolytes. 

3.3. Electrochemical impedance measurements amid intermittent 
discharge tests 

In order to reveal the working mechanism of 2,6-DHB addition on the 
discharge performance of Mg anode, the evolution of anode surface 
condition during discharge was evaluated by EIS measurements amid 
intermittent discharge tests. Moreover, the OCP of anode before and 
after discharge tests were recorded for comparison. Additions of 0.2 M 
and 0.3 M 2,6-DHB impart similar improvement to the discharge prop
erties of Mg-0.15Ca anode, thus, 0.2 M is chosen as the highest con
centration applied in the intermittent discharge test. Fig. 5a presents the 

intermittent discharge curves of Mg-0.15Ca in different electrolytes, 
indicating very similar discharge behavior to that presented in Fig. 2a. 
The peak on the discharge curve corresponds to the moment, when OCP 
and EIS were measured. After each interval, the discharge potential 
drops back in few seconds, manifesting EIS measurements during each 
interval were done at stable surface condition, which was not greatly 
changed during EIS measurements. Fig. 5b shows the OCP of Mg-0.15Ca 
for varied periods in different electrolytes. Note that the OCP mea
surement only lasts for 60 s in order to maintain a surface condition close 
to that during discharge. The addition of 2,6-DHB with higher concen
tration shifts the OCP of Mg-0.15Ca to a more negative value. After 5 h 
discharge, the OCP of Mg-0.15Ca in reference electrolyte is stabilized at 
− 1.73 V. The OCP of Mg-0.15Ca in 0.05 M 2,6-DHB-containing elec
trolyte after 15 h discharge jumps from − 1.93 V (after 10 h discharge) to 
− 1.72 V and the corresponding discharge potential (Fig. 5a) shifts from 
− 1.60 V to − 1.52 V. After 24 h discharge, the OCP of Mg-0.15Ca in 0.05 
M 2,6-DHB-containing electrolyte drops slightly back to − 1.77 V, which 
is almost similar to that in reference electrolyte. The OCP of Mg-0.15Ca 
in electrolyte with 0.1 M 2,6-DHB amid 24 h discharge keeps steady at 
− 1.98 V, while that in 0.2 M 2,6-DHB decreases from − 1.97 V to − 1.99 
V. 

Fig. 4. Cross sections of Mg-0.15Ca anodes after 24 h discharge at 5 mA cm-2: (a) in reference electrolyte, and in electrolytes with (b) 0.05 M; (c) 0.1 M; (d) 0.2 M; (e) 
0.3 M 2,6-DHB. 

Fig. 5. (a) Intermittent discharge curves and (b) OCP of Mg-0.15Ca in reference electrolyte and electrolytes with various concentrations 2,6-DHB.  
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The Nyquist plots of Mg-0.15Ca are illustrated in Fig. 6. The Nyquist 
plot of Mg-0.15Ca in reference electrolyte before discharge is composed 
of two well-defined capacitive loops and the diameters are much less 
than that of after discharge. Conversely, the capacitive loops of Mg- 
0.15Ca in 0.1 M and 0.2 M 2,6-DHB-containing electrolytes shrink 
within the 24 h discharge process. The addition of 0.1 M or 0.2 M 2,6- 
DHB reduces the impedance of Mg-0.15Ca anode due to its ability to 
retard the formation of discharge products, as shown in Fig. 3e and 
Fig. 3f. In 0.05 M 2,6-DHB-containing electrolyte, the capacitive loops of 
Mg-0.15Ca firstly shrink and then expand after 15 h discharge. Even
tually, after 24 h discharge, they become even larger than that in 
reference electrolyte. Meanwhile, as shown in Fig. 6b, the high fre
quency part of Nyquist plot shifts to higher value during the 24 h 
discharge in 0.05 M 2,6-DHB-containing electrolyte. Normally, the real 
component value of this part represents the solution resistance between 
the working electrode and reference electrode, that is to say, the solution 
resistance increases amid the 24 h discharge in 0.05 M 2,6-DHB-contain
ing electrolyte. However, during discharge, the solution resistance is 
theoretically stable if the distance between the working electrode and 
reference electrode is fixed, or slightly decreases due to the increase of 
ion concentration. For instance, the initial solution resistance of 0.2 M 
2,6-DHB-containing electrolyte is slightly less than that of blank NaCl 
solution because of higher ion concentration. The pronounced increase 
of solution resistance in 0.05 M 2,6-DHB-containing electrolyte should 
be attributed to the formation of outer layer of discharge products as 
presented in Fig. 3d. This layer is denser and more protective than the 

porous Mg(OH)2 film formed in reference electrolyte. Thus, the increase 
of this part after discharge in reference electrolyte is less noticeable. 
Moreover, a small loop emerges in the high frequency part of Mg-0.15Ca 
after discharge in 0.05 M 2,6-DHB-containing electrolyte for 15 h, which 
is possibly related to the inner layer of discharge products formed in this 
modified electrolyte. 

Eq. (5) is the formula for qualitative analysis of anode discharge 
potential, which is expressed as, 

− Eanode = |Eocp|− ηct − ηmt − IR (5) 

Where Eocp is the OCP of anode versus reference electrode, ηct and ηmt 
refer to the potential drop because of charge transfer process and mass 
transport process through discharge products, respectively. I represents 
the applied current and R is the electrolyte resistance [43–45]. As 
illustrated in Fig. 5b, the representing OCP of anode at defined discharge 
times is changing during the whole discharge process, thus the OCP 
obtained before discharge is not representative for discharge potential 
prediction. For instance, Mg-0.15Ca in electrolyte with 0.05 M 2,6-DHB 
possesses more negative OCP than that in reference electrolyte. Never
theless, with the accumulation of discharge products, the OCP becomes 
more positive and simultaneously,ηct and ηmt increase, resulting in the 
potential jump after 12 h discharge as shown in Fig. 5a. In contrast, in 
the electrolyte with 0.2 M 2,6-DHB, the anode efficiently maintains 
negative OCP amid the whole 24 h discharge and exhibits relatively 
small IR value. Moreover, smaller impedance value indicates higher 
anodic dissolution activity and less film barrier property, portending less 

Fig. 6. (a) Nyquist plots and (b) magnified Nyquist plots of Mg-0.15Ca in reference electrolyte and electrolytes with various concentrations 2,6-DHB.  
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potential drop due to charge transfer and mass transport process. 
Therefore, Mg-0.15Ca anode always maintains high discharge activity 
and more negative discharge potential in electrolytes containing 2,6- 
DHB of high concentrations. 

3.4. Real-time hydrogen evolution measurement during discharge 

Anomalous hydrogen evolution of Mg during anodic polarization is 
recongized as negative difference effect. A considerable amount of 
literature has been published and discussed the important characteristic 
of Mg [46–50]. Mg-0.15Ca anode undergoes anodic polarization during 
the whole discharge test. Hence, the negative difference effect plays an 
important role to the anode utilization efficiency. As presented in Eq. 
(6), the total weight loss during discharge test is composed of three main 
components, including the theoretical weight loss (Wtheo), the weight 
loss caused by chunk effect (Wchunk effect) and the weight loss caused by 
self-discharge of anode substrate (Wself-discharge). As shown in Eq. (2), for 
the fixed anode material, Wtheo is only determined by the applied current 
and discharge time. Our previous research has thoroughly discussed the 
impact of Wchunk effect and Wself-discharge on the anodic utilization effi
ciency, indicating both aspects affect the practical utilization efficiency 
decisively [35]. Wself-discharge primarily refers to the weight loss caused by 
the hydrogen evolution reaction from anode during discharge, as the 
parasitic reaction of discharge. 

ΔW = Wtheo + Wchunk effect + Wself − discharge (6) 

The hydrogen evolution of Mg-0.15Ca discharged in different elec
trolytes is depicted in Fig. 7. Within the initial 5 h, the hydrogen evo
lution under anodic polarization in the electrolyte with 0.05 M 2,6-DHB 
is the slowest and with the increase of 2,6-DHB concentration the 
evolved hydrogen amount slightly increases, which is still less than that 
in reference electrolyte. The inhibited hydrogen evolution rate by 2,6- 
DHB addition continues to the end of 24 h discharge. It is noteworthy 
that the hydrogen evolution rate in 0.05 M 2,6-DHB-containing elec
trolyte amid later discharging period becomes similar with that in 
reference electrolyte, as exhibited in Fig. 7a. It may be related to the 
formation of surface discharge products film with double layer structure, 
which would not be discussed in-depth in this work since it is relevant to 
the mechanism of NDE effect on Mg, which has been intensively dis
cussed in the last decade but is still controversial [51–55]. What is 
noticeable is that the addition of 2,6-DHB depresses the hydrogen evo
lution of Mg-0.15Ca under anodic polarization. In particularly, Mg- 
0.15Ca in electrolyte with 0.1 M 2,6-DHB shows the slowest hydrogen 
evolution and consequently the least weight loss related to self- 
discharge, being consistent with the result presented in Fig. 2b. 

Utilization efficiency manifests the discrepancy between the theoretical 
weight loss and the actual weight loss. The addition of 2,6-DHB reduces 
the weight loss caused by self-discharge, resulting in the enhancement of 
utilization efficiency. Meanwhile, no visible evidence for severe chunk 
effect can be observed from the anode cross section in different elec
trolytes (Fig. 4). Therefore, the main improvement of anodic utilization 
efficiency is due to the inhibition effect of 2,6-DHB on self-discharge rate 
of Mg-0.15Ca and the impact of chunk effect is less pronounced than that 
of self-discharge, as indicated by our results. Moreover, the working 
mechanism of 2,6-DHB is mainly based on the intrinsic properties of Mg. 
Hence, it may also be capable of boosting the discharge performance of 
other Mg-based anode materials. 

3.5. Full cell discharge test 

Based on the above discussion, 0.2 M is proposed to be the optimum 
concentration of 2,6-DHB as an electrolyte additive working for Mg-Ca 
anode. Nevertheless, as a candidate for commercial electrolyte addi
tive, 2,6-DHB should not only be effective to boost Mg-Ca anode based 
Mg-air battery performance, but should also be able to improve the 
battery performance based on commercial Mg anodes, which mainly 
refer to pure Mg, AZ series and AM series Mg alloys as suggested in 
literature [56–60]. Thus, except for Mg-0.15Ca, commercially available 
high purity Mg (HP-Mg), AZ31 and AM50 Mg alloys were adopted as 
representative Mg anode materials to fully evaluate the potential of 2,6- 
DHB. The full cell discharge performance of lab-assembled Mg-air bat
teries based on the above mentioned four kinds of anodes was tested in 
reference electrolyte and 0.2 M 2,6-DHB-containing electrolyte. In order 
to provide sufficient amount of 2,6-DHB, the volume of the electrolyte 
applied in this work was 330 mL. For practical applications, the design 
of flow battery [61] or the Mg-air battery with electrolyte circulation 
system [62] would be promising cell arrangements. 

The full cell discharge curves are illustrated in Fig. 8. In reference 
electrolyte, Mg-0.15Ca alloy and HP-Mg based Mg-air batteries always 
exhibit higher cell voltage than that of AM50 and AZ31 alloy based Mg- 
air batteries. Under 1 and 5 mA cm− 2 curent densities, the cell voltage of 
AM50 based Mg-air battery is higher than that based on AZ31. However, 
the cell voltage of AM50 based battery decreases rapidly after 8 h 
discharge at 10 mA cm− 2. As presented in Fig. 8a, the addition of 2,6- 
DHB improves the cell voltage of all Mg-air batteries, especially for 
HP-Mg and Mg-0.15Ca alloy based batteries. The cell voltage of Mg- 
0.15Ca based Mg-air battery is enhanced from 1.52 V to 1.75 V (at 1 
mA cm− 2) and the improvement for HP-Mg based battery is around 140 
mV (Fig. 8a). With the increase of applied current density, the 
improvement of cell voltage introduced by 2,6-DHB addition becomes 

Fig. 7. Real-time hydrogen evolution curves of Mg-0.15Ca during discharge in reference electrolyte and electrolytes with different concentrations of 2,6-DHB: (a) 24 
h and (b) initial 6 h. (Applied current density: 5 mA cm-2). 
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less significant, especially for AZ31 based battery. The cell voltage of 
AZ31 based battery in 2,6-DHB-containing electrolyte is slightly lower 
than that in blank NaCl solution at 10 mA cm− 2 (Fig. 8c). 

As illustrated in Fig. 8d, the working mechanism of 2,6-DHB for the 
enhancement of cell voltage is mainly related with its ability to bind 
Mg2+, which hinders the anode surface blockage by alleviating 

discharge products precipitation and consequently decreases related 
potential drop. However, the discharge products formed on AZ31 
contain not only MgO/Mg(OH)2, but also relatively compact Al2O3/Al 
(OH)3 or ZnO/Zn(OH)2 [63–67], which is the reason why AZ31 pos
sesses good corrosion resistance and lowest discharge cell voltage in 
NaCl solution. Introducing 2,6-DHB into NaCl solution can not 

Fig. 8. Full cell discharge curves of Mg-air batteries based on different anodes under various applied current densities (a) 1 mA cm-2, (b) 5 mA cm-2, (c) 10 mA cm-2, 
and (d) schematic illustration of 2,6-DHB working mechanism in aqueous Mg-air battery. 

Fig. 9. Surface morphologies of Mg-based anodes before and after discharge in reference electrolyte and electrolyte with 0.2 M 2,6-DHB: (a) as prepared, (b) 1 mA 
cm-2, (c) 5 mA cm-2, and (d) 10 mA cm-2. 
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completely impede the precipitation of discharge products on AZ31 
anode. As shown in Fig. 9c and 9d, the surfaces of AZ31 electrodes after 
24 h discharge (5 and 10 mA cm− 2) in 2,6-DHB containing electrolyte 
are completely covered by discharge products in green. AM50 alloy also 
contains Al element, but the cell voltages of AM50 based Mg-air battery 

under 1 and 5 mA cm− 2 are greatly enhanced via adding 2,6-DHB, from 
1.35 V to 1.42 V (at 5 mA cm− 2, in Fig. 8b). Possibly due to the absence 
of Zn-containing compounds in dishcarge precipitates, the addition of 
2,6-DHB is still able to hinder the full coverage of AM50 by discharge 
products. As exhibited in Fig. 9b and 9c, some parts of AM50 anodes 

Fig. 10. Surface morphologies of different Mg anodes after 24 h discharge under 5 mA cm-2 and discharge products removal: (a, c, e, g) different Mg anodes in 
reference electrolyte; (b, d, f, h) different Mg anodes in electrolyte with 0.2 M 2,6-DHB. 
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after 24 h discharge in 2,6-DHB-containing electrolyte still exhibit 
metallic luster, whilst the surfaces of Mg-0.15Ca and HP-Mg anodes are 
completely clean without any coverage of grayish discharge products. 
Correspondingly, the cell voltages of Mg-0.15Ca and HP-Mg based Mg- 
air battery are improved by the addition of 2,6-DHB. 

According to the results obatined via real-time hydrogen evolution 
tests (Fig. 7), the addition of 2,6-DHB is capable of inhibiting the self- 
discharge of Mg-0.15Ca and improving the anodic utilization effi
ciency. Fig. 10 displays the surface morphologies of Mg anodes after 
discharging at 5 mA cm− 2 for 24 h and removing dischrage products, 
indicating the addition of 2,6-DHB is able to induce more uniform 
dissolution of Mg anodes. As shown in Fig. 10a, several cavities are left 
on the surface of Mg-0.15Ca after 24 h discharge in reference electrolyte. 
Similarily, HP-Mg anode in blank NaCl solution suffers from non- 
uniform dissolution during 24 h discharge (Fig. 10c). The surfaces of 
AZ31 and AM50 anodes in reference electrolyte seems more even than 
that of HP-Mg anode. Nevertheless, the magnified view of AM50 surface 
shows a large amount of holes, which are left by localized dissolution 
and detachment of second phases (Fig. 10g). The magnified view of 
AZ31 surface in Fig. 10e also illustrates that there are several pits and 
holes left by localized dissolution. All the anodes without exception 
possess more even morphologies during discharge in the electrolyte with 
2,6-DHB as compared to that of referenece electrolyte. As illustrated in 
Fig. 10d, the surface of HP-Mg in 2,6-DHB-containing electrolyte is 
relatively uniform without any deep grooves and posesses a fish scale 
like structure. Fig. 10f and Fig. 10h demonstrate that the addition of 2,6- 
DHB is conducive to reduce the localized dissolution of AZ31 and AM50 
anodes. 

Fig. 11 presents the specific energy and power density of Mg-air 
batteries based on diverse Mg-based anodes in reference electrolyte 
and electrolyte with 0.2 M 2,6-DHB. The specific energy of Mg-air bat
teries is calculated via Eq. (3), which is based on the weight loss of anode 
materials. As shown in Fig, 11, the improvement of 0.2 M 2,6-DHB 
addition at 1 mA cm− 2 is only represented by the increase of power 
density of the battery. For Mg-0.15Ca, AZ31 and AM50 based Mg-air 
batteries, the addition of 0.2 M 2,6-DHB at 1 mA cm− 2 greatly acclea
rates the dissolution of Mg-based anodes, because the complexing ability 
of 2,6-DHB exceeds the amount of Mg2+ generated by the anodic reac
tion at 1 mA cm− 2. Our previous work also reported this phenomenen 
and suggested to adopt moderate Mg2+ complexing agents, such as so
dium citrate and sodium salicylate, under 1 mA cm− 2 [31]. As exhibited 
in Fig. 11a, the addition of 0.2 M 2,6-DHB improves the specific energy 
of all the tested Mg-air batteries under 5 and 10 mA cm− 2, especially for 
AM50 based battery. In reference electrolyte, the specific energy of 
AM50 based Mg-air battery under various current densities is always the 
lowest. Nevertheless, the specific energy of AM50 based Mg-air battery 
in 0.2 M 2,6-DHB-containing electrolyte is even higher than that based 
on AZ31 anode, 1737 vs. 1663 Wh kg− 1 for 5 mA cm− 2 discharge and 
1850 vs. 1640 Wh kg− 1 for 10 mA cm− 2 discharge. The enhancement of 

specific energy caused by 2,6-DHB addition is the highest for AM50 
based Mg-air battery. From one aspect, the addition of 2,6-DHB signif
icantly increases the cell voltage of AM50 anode as shown in Fig. 8, 
which also greatly increases the power density of AM50 based Mg-air 
battery. From another aspect, it decreases the localised dissolution of 
AM50 during discharge as presented in Fig. 10h, which is beneficial to 
reduction of the extra weight loss induced by chunk effect. As demon
strated by Deng et al. [35], chunk effect led to high efficiency loss of 
around 35% to AM50 anode at 5 mA cm− 2. HP-Mg based Mg-air battery 
also exhibits a significant enhancement of specific energy, which is 
partly attributed to uniform dissolution promoted by the addition of 2,6- 
DHB. Besides, similar to Mg-Ca anode, the self-corrosion of HP-Mg may 
also be inhibited by the addition of 2,6-DHB. The reduction of localized 
dissolution on AZ31 anode as shown in Fig. 10e and Fig. 10f also con
tributes to the improvement of specific energy for AZ31 based battery 
under relatively high current densities (5 mA cm− 2), even though its 
power density decreases slightly. Mg-0.15Ca anode does not suffer from 
severe localized corrosion in comparison to HP-Mg, AM50 and AZ31 
anode. Hence, the improvement for specific energy induced by 0.2 M 
2,6-DHB addition is less significant than other tested systems. Never
theless, the combination of Mg-0.15Ca anode and 2,6-DHB-containing 
electrolyte exhibits the best specific energy (2027 Wh kg− 1) and the 
highest energy density (12.95 mW cm− 2) among all studied Mg-air 
batteries in the present work. Therefore, discharge performance of 
aqueous Mg-air battery is not decided by single component of the sys
tem, but relies on the interactions of each component and operating 
conditions. 

4. Conclusions 

The present study exhibits the potential of 2,6-dihydroxybenzoate 
(2,6-DHB) as a verstaile electrolyte additive for aqueous Mg-air batte
ries. The influence of the applied concentration and the working 
mechanism of 2,6-DHB was explored on novel Mg-0.15Ca anode. The 
results suggest that the addition of 2,6-DHB of adequte concentrations is 
capable of simultaneously improving the discharge potential and utili
zation efficiency of Mg-0.15Ca anode. Low concentration of 2,6-DHB, 
such as 0.05 M, is not able to impede the precipitation of discharge 
products on Mg-0.15Ca anode, leading to the formation of dense prod
ucts film and large voltage drop. By contrast, with addition of sufficient 
2,6-DHB, e.g. 0.1 M, precipitation of discharge products is efficiently 
hindered and, thus, voltage drop is diminished. The best average 
discharge potential is obtained for 0.2 M 2,6-DHB, at − 1.65 V vs Ag/ 
AgCl. More concentrated 2,6-DHB (0.3 M) does not further improve the 
discharge potental but leads to the decrease of utilization efficiency. The 
inhibition effect of 2,6-DHB addition on the self-discharge of Mg anode 
is verified for the first time, which is justified by real-time hydrogen 
evolution tests during discharge and results in increased utilization ef
ficiencies of Mg-0.15Ca in the electrolytes with 2,6-DHB. Considering 

Fig. 11. (a) Specific energy and (b) power densities of Mg-air battery based on different anodes in reference electrolyte and electrolyte with 0.2 M 2,6-DHB.  
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the improved discharge potential and utilization efficiency, 0.2 M is set 
as the optimal concentration for 2,6-DHB for 5 mA cm− 2 discharge 
condition. Full-cell tests manifest that 0.2 M 2,6-DHB-containing elec
trolyte successfully improves the discharge performance of Mg-air bat
teries with diverse Mg anodes, including pure Mg and commercial Mg 
alloy anodes. Under low current densities (e.g. 1 mA cm− 2), the additive 
improves the battery performance in terms of cell voltage and power 
dnesity, while for high current densities (e.g. 10 mA cm− 2) the 
enhancement of the specific energy is significant. Comparing to that in 
reference electrolyte (3.5% NaCl) at 10 mA cm− 2, the specific energy of 
Mg-air batteries employing AZ31, HP-Mg, and AM50 anodes in 2,6- 
DHB-containing electrolyte has increased by 8% (reaching 1640 Wh 
kg− 1), 15.6% (2013 Wh kg− 1), and 50.5% (1850 Wh kg− 1), respectively. 
The highest specific energy is achieved in Mg-0.15Ca based Mg-air 
battery with 2,6-DHB electroylte, as 2027 Wh kg− 1. 
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RESULTS 

5.5 Indium chloride as an electrolyte additive for primary aqueous Mg 

batteries  

Paper 5 is published in Electrochimica Acta, 373 (2021), 137916. 

Indium has been widely studied as an alloying element for Al anodes and Mg anodes [52-55]. 

Newly developed Mg-Ca-In anode exhibits not only superior discharge voltage but also 

excellent anodic efficiency [19]. Nevertheless, the possibility of using InCl3 as an electrolyte 

additive for aqueous Mg batteries and the working mechanism has not been systematically 

investigated. Hence, InCl3 as an electrolyte additive for primary aqueous Mg batteries was 

evaluated in this work in terms of its effect on discharge potential, self-discharge rate and UE 

of a newly developed Mg-0.15Ca anode. The addition of In3+ is capable of retarding electrolyte 

alkalization during discharge due to its hydrolysis reactions, which leads to better discharge 

activity and less film-relevant potential drop. Local measurement reveals that 1 mM InCl3 

addition only shows pH buffering effect for the bulk environment. Thus, 1 mM InCl3 addition 

imparts less improvement for discharge activity of Mg-0.15Ca anode than 10 mM InCl3 

addition, but the addition of 1 mM InCl3 significantly reduces the self-discharge rate of Mg-

0.15Ca under anodic polarization and thus improves the anodic UE. Moreover, the addition of 

InCl3 homogenizes the anode dissolution, reducing anodic UE loss caused by chunk effect. 

Therefore, cell voltage and specific energy of AMAB are enhanced by the addition of InCl3. 

 

 

 

 

 

Fig. 5-6. Graphical abstract for Section 5.5. 
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a b s t r a c t 

Indium chloride (InCl 3 ) as an electrolyte additive for primary aqueous Mg batteries is evaluated in this 

work in terms of its effect on discharge potential, self-corrosion rate and utilization efficiency of a newly 

developed Mg-0.15Ca anode. InCl 3 addition to aqueous electrolyte leads to a more negative discharge 

potential but the enhancement weakens along with the consumption of In 3 + to form In(OH) 3 precipi- 

tates during the discharge process. Utilization efficiency of the anode is increased by adding InCl 3 due to 

uniform anodic dissolution and suppressed self-corrosion with reduced chunk effect. Mg-air battery test 

results indicate that 10 mM InCl 3 as electrolyte additive significantly enhances the cell voltage of aqueous 

Mg-air battery to 1.74 V and the specific energy based on anode weight loss to 2.26 kWh/ kg at 1 mA 

cm 

−2 . 

© 2021 Elsevier Ltd. All rights reserved. 

1. Introduction 

Metallic Mg possesses attractive electrochemical characteristics 

as an electrode material for energy storage, like the acknowledged 

highly negative redox potential (– 2.37 V SHE ) and high volumet- 

ric capacity (3832 mA h cm 

–3 ) [1-3] . Owing to the huge poten- 

tial as power sources for marine equipment and as standby emer- 

gency energy suppliers for schools, hospitals, etc., aqueous Mg bat- 

teries have been the subjects of intense research in recent years 

[4-14] . Meanwhile, some new applications of aqueous Mg batter- 

ies have been proposed and evaluated lately, such as acting as 

the power supply for transient implantable devices [15] , electronic 

contact lenses [16] and urine purifying [17] . The practical perfor- 

mance of aqueous Mg batteries still leaves much to be desired due 

to two major issues, i.e. large overvoltage caused by sluggish an- 

odic and cathodic reaction kinetics and fast self-corrosion of Mg 

anodes in aqueous electrolytes. In this context, many approaches 

from diverse aspects aiming of performance boost regarding Mg- 

based batteries have been proposed, including anodes design [ 4-6 , 

18-20 ], electrolyte modification [21-27] and cathode catalysts op- 

timization [28-30] . Among these approaches, electrolyte modifica- 

tion has attracted much attention in recent years. Some improve- 

ments have been achieved by electrolytes modification in terms of 

∗ Corresponding author. 

E-mail address: Linqian.Wang@hzg.de (L. Wang). 

introducing diverse chemical reagents into the electrolytes. Gener- 

ally, the conventional electrolyte additives for aqueous Mg batter- 

ies are required with capability of inhibiting the corrosion of Mg 

to enhance the anodic utilization efficiency and, thus, the capacity 

and energy density of the battery. As reported by Deyab [24] , the 

adoption of 2.5 mM decyl glucoside, which is a kind of corrosion 

inhibitor of Mg, improved the utilization efficiency of pure Mg in 

concentrated NaCl electrolyte, from 36.9% to 86.2% at 5 mA cm 

–2 . 

Ma and co-workers found the addition of sodium phosphate and 

sodium dodecylbenzenesulfonate enhances the anodic efficiency of 

AZ91 anode in 3.5 wt.% NaCl solution from 44.1% to 48.7% with 

~1.1 V discharge voltage at 20 mA cm 

−2 current density [31] . Both 

decyl glucoside and sodium dodecylbenzenesulfonate are surfac- 

tant, which are capable of adsorbing on Mg anode to act as in- 

hibitors. Thus, the utilization efficiency of Mg anode can be im- 

proved. Lately, Höche and co-workers [22] proposed a novel idea 

for selecting electrolyte additives for aqueous Mg batteries, which 

mainly focuses on Fe 2 + /Fe 3 + complexing agents that are able to 

prevent the re-deposition of Fe, which is typical corrosion inducing 

impurity in Mg. The self-corrosion rate of Mg anode was reduced 

due to the retardation of Fe re-deposition [32-34] . Meanwhile, bat- 

tery voltage is improved since the selected chemical agents are ca- 

pable of forming complexes with Mg 2 + and, thus, the film-relevant 

overvoltage is reduced. Vaghefinazari et al. [26] and Wang et al. 

[27] both reported great enhancement of battery voltage for aque- 

ous Mg-air system with commercially pure Mg and Mg-Ca anodes 

https://doi.org/10.1016/j.electacta.2021.137916 

0013-4686/© 2021 Elsevier Ltd. All rights reserved. 
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by Mg 2 + complexing agents, e.g. Tiron, NTA, 5-sulfosalicylate and 

3,4-dihydroxybenzoate. For instance, the voltage of Mg-air battery 

was 1.86 V in 5-sulfosalicylate-containing electrolyte in compari- 

son to 1.59 V in blank NaCl solution at 0.5 mA cm 

–2 current den- 

sity [27] . Nevertheless, some of them may also introduce the loss 

of anodic utilization efficiency under specific current density. The 

addition of 3,4-dihydroxybenzoate into 3.5 wt.% NaCl electrolyte 

at 1 mA cm 

–2 current density tremendously decreases the utiliza- 

tion efficiency of Mg-0.04 wt.% Ca anode from 53% to 9%, but it 

increases the utilization efficiency of the same anode from 59.7% 

to 62.3% under 10 mA cm 

−2 current density. Thus, these issues 

could be solved by parameter optimization (additive concentration 

and initial pH) and battery design. Nevertheless, searching for new 

high-quality additives based on different working mechanism still 

requires more efforts [35] . 

Indium (In) alloying is a successful way for activating Al-based 

aqueous batteries because In 

3 + can re-deposit onto Al anode sur- 

face [36-39] . The influence of In as an alloying element on the dis- 

charge performance of Mg anodes (particularly Mg-Al-based) has 

thereby been investigated in recent years [ 19 , 40-43 ], demonstrat- 

ing a degree of enhancements on discharge voltage but rare im- 

provements regarding the anode utilization efficiency. Newly de- 

veloped Mg-Ca-In anode exhibits not only superior discharge volt- 

age but also excellent anodic efficiency, 80.2% [44] . The activation 

of Mg anodes induced by In alloying was proposed to be resulted 

from In 

3 + re-deposition on the anode surface by the following re- 

placement reaction [41] . 

3 M g + 2 I n 

3+ = 3 M g 2+ + 2 In (1) 

The In 

3 + ions produced by Mg-In alloy dissolution re-deposited 

back to the anode surface, leading to a less-protective surface 

film and faster dissolution of anode substrate due to formation of 

micro-galvanic corrosion couples. This research sparked the idea in 

our group that the existence of In 

3 + ions in the electrolyte could 

be the key point for the improvement of anode discharge perfor- 

mance. Recently, Gore et al. [45] investigated the anodic activation 

of a high purity Mg in diluted NaCl solution (0.1 M) with the pres- 

ence of In 

3 + . As reported, 1 mM InCl 3 addition accelerated anodic 

dissolution but did not change the cathodic kinetics of Mg under 

polarization. Hence, the authors recommended that InCl 3 is a po- 

tential additive to develop aqueous Mg batteries with high perfor- 

mance. In that work, more emphasis was put on the effect of InCl 3 
on the anodic and cathodic kinetics of Mg by performing potentio- 

dynamic polarization tests and few discharge tests have been done 

to evaluate the improvement of Mg battery introduced by InCl 3 ad- 

dition. Moreover, the working mechanism of InCl 3 as cathodic re- 

action inhibitor via the formation of In(OH) 3 has been proposed. 

In this work, we thoroughly evaluate the possibility of using 

InCl 3 as an electrolyte additive for aqueous Mg batteries. The an- 

ode material adopted herein is a newly developed binary Mg- 

0.15Ca alloy with high performance previously proposed by our 

group [ 4 , 8 , 46 ]. The effect of InCl 3 on discharge potential, self- 

corrosion rate and utilization efficiency of Mg-0.15Ca anode in 

3.5 wt.% NaCl solution is investigated. The working mechanism of 

InCl 3 as electrolyte additives is thoroughly discussed. Accordingly, 

the concentration of InCl 3 is optimized and then the Mg-air battery 

performance is evaluated in the electrolyte with optimum concen- 

tration of InCl 3 . 

2. Experimental section 

2.1. Materials and electrolyte 

A binary Mg-0.15Ca (wt.%) alloy was produced by direct chill 

casting and used as the anode material. Pure Mg (99.96 wt.%) and 

pure Ca (99.9 wt.%) were melted under protection of Ar/SF 6 gas 

in a steel crucible at 760 °C. The melts were then poured into a 

700 °C preheated steel mold coated with boron nitride. Immedi- 

ately, the mold was then immersed into a flowing water bath with 

a descending speed of 15 cm min 

–1 for solidification. The actual 

composition of the prepared alloy is shown in Table 1 . The con- 

tents of Fe, Ni and Cu impurities were controlled below the tradi- 

tional accepted tolerance limits [47] . 

3.5 wt.% NaCl solution with unbuffered pH 5.6 ± 0.1 was used 

as the background electrolyte. InCl 3 as electrolyte additive was in- 

troduced into the background solution with concentration of 1, 

5 and 10 mM. The InCl 3 -containing electrolytes were unbuffered 

showing pH of 4.4 ± 0.1, 4.1 ± 0.1 and 3.9 ± 0.1 corresponding 

to 1, 5 and 10 mM, respectively. All the electrolytes were prepared 

by chemical reagents purchased from Sigma-Aldrich and deionized 

water. 

2.2. Half-cell discharge test 

Discharge testing in half-cell was carried out in a three- 

electrode cell composed of a KCl-saturated Ag/AgCl reference elec- 

trode, a Pt counter electrode and the Mg-0.15Ca working electrode 

with 15 × 15 mm exposed surface area. Discharge potential of the 

Mg-0.15Ca anode in the electrolyte with and without InCl 3 at a 

constant current density (1 mA cm 

−2 ) was recorded by Gamry In- 

terface 10 0 0 potentiostat. After half-cell discharge testing, utiliza- 

tion efficiency and discharge capacity were calculated based on the 

mass loss of the anode amid the complete discharge period via the 

following equations, 

Utilization efficiency = 

m dis 

�m 

× 100% (2) 

m dis = 

I × t × M 

F × n 

(3) 

Specific capacity = 

I × t 

�m 

(4) 

Where m dis and �m represent the Faradaic mass loss of an- 

ode due to applied discharge current I and the actual mass loss 

respectively, t is the discharge time and F represents the Faraday 

constant (26.8 Ah mol −1 ). M and n are the atomic mass and the 

ionic valence for Mg. In order to obtain accurate mass loss, anode 

samples after discharge were immersed into chromic acid aqueous 

solution (200 g l –1 ) for 10 min to remove discharge products and 

then rinsed with ethanol. Afterwards, the anode mass loss was de- 

termined via comparing the sample mass prior to discharge and 

after removal of discharge products. 

2.3. Electrochemical impedance spectroscopy (EIS) 

EIS measurements at open circuit potential (OCP) after dis- 

charge for a specific period (1, 5 and 24 h) were also performed 

by Gamry Interface 10 0 0 potentiostat to evaluate the surface con- 

dition alteration of the anode. The applied frequency ranged from 

10 5 –10 −1 Hz, while a perturbation voltage of 10 mV rms was used. 

2.4. Hydrogen evolution test under polarization 

Effect of InCl 3 on the self-corrosion of Mg-0.15Ca anode dur- 

ing discharge was investigated by the real-time hydrogen evolution 

test under galvanostatic polarization. Evolved hydrogen gas from 

Mg-0.15 Ca sample under 1 mA cm 

–2 constant current density was 

collected with a common eudiometer-like set-up previously used 

in published work [9] . Briefly, the working electrode was also the 

Mg-0.15Ca sample with 15 × 15 mm exposed surface area. Volume 

of the produced H 2 was easily recorded from an inverted burette 

with minimum scale of 0.1 ml. 
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Table 1 

Chemical composition of the produced Mg-0.15Ca alloy anode (wt.%). 

Ca Fe Ni Cu Si Al Zn Mg 

Mg-0.15Ca 0.15 0.0014 0.0002 0.0002 0.0056 0.0021 0.0020 Bal. 

2.5. Surface analysis 

The anode surface and cross-sectional morphologies after dis- 

charge were characterized by a scanning electron microscope (SEM, 

TESCAN VEGA 3). Elemental mapping was carried out for selected 

regions via SEM under backscattered-electron (BSE) mode at 15 kV. 

Additionally, the morphology anode surface after removal of dis- 

charge products was observed under secondary electron (SE) mode 

in SEM. 3D reconstruction for the surface topography without dis- 

charge products was conducted via SEM combined with Mex pro- 

gram (Bruker Alicona) for images processing. Depth profiles were 

obtained to examine the surface roughness and homogeneity. 

2.6. Local pH measurement 

The local pH of Mg-0.15Ca anode in 3.5 wt.% NaCl with and 

without InCl 3 under 1 mA cm 

–2 galvanostatic polarization was 

measured via a glass-type pH microelectrode with a tip diameter 

of 10 μm (pH-10, Unisense), which was calibrated daily. The pH 

microelectrode was fixed at 20 μm above the Mg-0.15Ca sample 

with approximately 1 mm diameter in order to record the real- 

time evolution of local pH during galvanostatic polarization. The 

applied current density was 1 mA cm 

−2 with the same configura- 

tion adopted in half-cell discharge test. The local information for 

Mg-0.15Ca sample surface was acquired on a sample-centered area 

(20 0 0 μm × 20 0 0 μm) at 50 μm above it to demonstrate the dis- 

tribution of local pH on polarized Mg-0.15Ca surface. All the rele- 

vant data was acquired by LV4 software (Science Wares). A com- 

mercial SVET-SIET system (Applicable Electronics) is employed for 

the positioning and movement of the pH microelectrode. 

2.7. Mg-air battery test 

At last, the viability of InCl 3 as an electrolyte additive for aque- 

ous Mg batteries was evaluated in a lab-made Mg-air cell. A com- 

mercially available air cathode with MnO 2 /C catalyst (Gaskatel 

GmbH) was used as cathode. The working surface was square of 

15 × 15 mm for the Mg-0.15Ca anode, while round with 18 mm 

diameter for the cathode. The anode-to-cathode distance was kept 

the same for all discharge tests. Discharge curves of the battery 

in electrolytes with and without InCl 3 additive were recorded by 

IVIUM OctoStat at constant current densities. Specific energy of 

Mg-air batteries were calculated according to the anode mass loss 

and the equation is expressed as, 

Specific energy = 

∫ t 0 I × U × �t 

�m 

(5) 

Where I, t and �m are the same meaning as above mentioned. 

U represents the cell voltage. 

3. Results and discussion 

3.1. Half-cell discharge performance 

In order to evaluate the influence of various concentrations of 

InCl 3 on the discharge performance of the Mg-0.15Ca alloy, half- 

cell discharge tests were performed. Fig. 1 a shows the discharge 

curves of the Mg-0.15Ca anode in NaCl electrolyte with and with- 

out InCl 3 . In blank NaCl electrolyte, the discharge potential is rel- 

atively stable (– 1.61 V Ag/AgCl ) during the whole discharge period 

following a positive shift at the initial 0.5 h stage. By contrast, in 

the electrolyte with 1 mM and 5 mM InCl 3 , a short-term move 

of the potential towards more negative value appears at the be- 

ginning, after which the potential starts to shift positively. Sub- 

sequently, the potential remains relatively stable after around 2 h 

and 14 h in the solution with 1 mM and 5 mM InCl 3 , respectively, 

and the steady potential (– 1.63 V Ag/AgCl ) has no large difference 

with that in blank NaCl solution. Differently, the addition of 10 mM 

InCl 3 enables the anode to maintain a significantly more negative 

potential (– 1.76 V Ag/AgCl ) during the whole 24 h discharging pro- 

cess. The results indicate that addition of InCl 3 is able to improve 

the discharge potential of the Mg-0.15Ca anode, but the enhance- 

ment effect may weaken along with the continuous discharging. 

Higher concentration of InCl 3 not only imparts greater improve- 

ment on discharge potential but also slows down the weakening of 

the enhancement effect induced by InCl 3 additive. It is noteworthy 

that the bulk pH of blank NaCl solution increases from 5.6 ± 0.1 

to 10.4 ± 0.1 amid 24 h discharge test whereas the final bulk pH 

of InCl 3 -containing electrolytes remains below 5. This suggests that 

InCl 3 has strong pH buffering effect for the electrolyte alkalization 

amid discharge. Nevertheless, Mg-0.15Ca anode in InCl 3 -containing 

electrolytes with similar final pH presented distinct discharge be- 

havior, which will be discussed in the following section. Fig. 1 b 

illustrates the utilization efficiency of the Mg-0.15Ca anode as well 

as the capacity after discharge at 1 mA cm 

–2 for 24 h in NaCl elec- 

trolyte with and without InCl 3 . Addition of 1 and 5 mM InCl 3 in- 

creases the utilization efficiency and capacity of the Mg-0.15Ca an- 

ode, while addition of 10 mM InCl 3 does not impart any negative 

effect on the utilization efficiency. Nevertheless, Mg-0.15Ca in NaCl 

with 10 mM InCl 3 presents the most negative potential. Thus, the 

best comprehensive discharge performance of Mg-0.15Ca anode is 

achieved by addition of 10 mM InCl 3 . 

3.2. Evolution of anode surface state in InCl 3 -containing electrolytes 

The change of discharge potential often correlates to the alter- 

ation of surface state of the anode. Thus, EIS measurements were 

performed on the anode after different dischar ge periods to check 

the alteration of the anode surface condition by the discharge, as 

presented in Fig. 2 . Obviously, with increasing discharge time the 

low frequency impedance of the anode in blank NaCl solution de- 

creases ( Fig. 2 a). Seemingly, the lower impedance may imply that 

the thin surface film at the interface becomes less protective with 

increasing discharge time. Additionally, the increase of actual sur- 

face area due to anode dissolution also contributes to the lowering 

of impedance. Besides, an indication of the changes in actual sur- 

face area may serve the slight decrease in the discharge potential 

for NaCl at the end of the discharge test (shown in Fig. 1 a). On the 

contrary, as illustrated in Fig. 2 c, the impedance of the anode after 

discharge in solution with 5 mM InCl 3 shows an enhancing ten- 

dency with increasing discharge time. The increased impedance is 

most likely caused by the progressive formation of a surface film 

on the anode, which leads to positive shift of potential as shown 

in Fig. 1 a. Nevertheless, the impedances of Mg-0.15Ca in NaCl so- 

lution with 5 mM InCl 3 are always lower than that in blank NaCl. 

Thus, the surface film formed in the electrolyte with 5 mM InCl 3 
is less protective than that formed in blank NaCl and induces less 

surface film-relevant overvoltage, resulting in a more negative dis- 

charge potential especially in the initial 10 h. 
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Fig. 1. Half-cell discharge performance of Mg-0.15Ca anode at 1 mA cm 

–2 in 3.5 wt.% NaCl with and without InCl 3 : (a) discharge curves and (b) utilization efficiency and 

discharge capacity of Mg-0.15Ca. 

Fig. 2. EIS plots of Mg-0.15Ca anode measured after discharge at 1 mA cm 

–2 for different times in 3.5 wt.% NaCl solution (a) and (b) blank; (c) and (d) with 5 mM InCl 3 . 

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

The surface morphologies of the Mg-0.15Ca anode after dis- 

charge for varied periods in the solution with 5 mM InCl 3 ad- 

ditive are presented in Fig. 3 . Fig. 3 (a-c) indicate that the sur- 

face film formed after 24 h discharge is denser and more compact 

comparing to that after short time discharge, which is in agree- 

ment with the EIS data in Fig. 2 c. The elemental mapping for the 

surface film formed after one-hour discharge ( Fig. 3 (d-g)) demon- 

strates some In(OH) 3 precipitates, occasionally found at the sur- 

face, while most of the surface is covered by Mg(OH) 2 . Moreover, 

as illustrated by the elemental mapping depicted in Fig. 3 (h-k), the 

coverage of In(OH) 3 on the anode surface after 5 h discharge in- 

creases. After 24 h discharge, the anode surface is almost fully cov- 

ered by In(OH) 3 as shown in Fig. 3 (l-o). The cross-sectional mor- 

phology and corresponding elemental mapping results exhibited 

in Fig. 3 (p-s) shown that the In element enriches in the outmost 

layer, elucidating the film is composed of thin outer layer of mostly 

In(OH) 3 and thick inner layer of mainly Mg(OH) 2 . The enhance- 

ment of impedance value amid the discharge process in the elec- 

trolyte with InCl 3 is contributed by the growth of this mixed sur- 

face film and consequently results in the positive shift of discharge 

potential. 

The formation of the mixed surface film is attributed to the ad- 

dition of InCl 3 . As above mentioned, the initial pH of NaCl solu- 

tion with 5 mM InCl 3 is 4.1 ± 0.1, which is more acidic than the 

non-buffered blank NaCl electrolyte with initial pH 5.6 ± 0.1. The 

pH decrease after InCl 3 addition is related to the hydrolysis of In 

3 + 

ions as indicated by the following reactions and the hydrolysis con- 

stant of In 

3 + are found in the literature [48] , 

I n 

3+ + H 2 O = InO H 

2+ + H 

+ ; log K 1 = 10 . 0 (6) 

InO H 

2+ + H 2 O = In (OH ) + 2 + H 

+ ; log K 2 = 10 . 18 (7) 

In ( OH ) 
+ 
2 + H 2 O = In (OH) 3 ( s ) + H 

+ ; log K 3 = 9 . 42 (8) 

Moreover, the addition of InCl 3 is also capable to stabilize the 

pH of electrolyte even after 24 h discharge. The final pH of NaCl 

solution with 5 mM InCl 3 after 24 h discharging test is 4.3 ± 0.1. 

According to the thermodynamic equilibrium diagram shown in 

Fig. 4 , stable In(OH) 3 precipitates form at pH above 4 in NaCl solu- 

tion with 5 mM InCl 3 , whereas stable Mg(OH) 2 precipitates from 

pH 10.3. The concentration of Mg 2 + adopted for the thermody- 

namic calculation is deduced from the weight loss of Mg-0.15Ca 
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Fig. 3. Surface and cross-sectional morphologies of Mg-0.15Ca anode after discharge at 1 mA cm 

–2 in 3.5 wt.% NaCl solution with 5 mM InCl 3 . Surface after (a)1 h; (b) 5 h; 

(c) 24 h. Elemental mapping for the surface after (d-g) 1 h; (h-k) 5 h; (l-o) 24 h. Cross section and corresponding elemental mapping after 24 h (p-s). 

Fig. 4. Thermodynamic calculation of the equilibrium composition of relevant 

species in 3.5 wt.% NaCl solution with 5 mM In 3 + and 2 mM Mg 2 + via Hydra- 

Medusa program. 

anode after 24 h discharge test in the electrolyte with 5 mM InCl 3 . 

As above mentioned, the final pH of NaCl solution with 5 mM InCl 3 
is 4.3, which seems to be too acidic for the formation of stable 

Mg(OH) 2 precipitation presented in Fig. 3 . However, the final pH is 

referred to the final pH of bulk electrolyte, which is not represen- 

tative for the local environment [35] . With the aim to clarify the 

influence of InCl 3 on the formation of discharge products film, the 

local pH on Mg-0.15Ca anode under galvanic polarization is mea- 

sured and illustrated in Fig. 5 . 

As presented in Fig. 5 a, the local pH on Mg-0.15Ca anode in 

blank NaCl solution increases immediately after discharge and sta- 

bilizes at around 10.3. The increase of pH in blank NaCl solution is 

due to the cathodic reaction, 

2 H 2 O + 2 e − = H 2 + 2 O H 

− (9) 

In NaCl solution with 1 mM InCl 3 , the local pH close to the 

electrode surface also increases rapidly within the initial 5 min 

from 4.3 to 9.7, which only shows marginal pH buffering effect of 

1 mM InCl 3 comparing to that in blank NaCl. By contrast, 5 mM 

InCl 3 addition efficiently retards the increase of local pH in the re- 

gion of 20 μm above Mg-0.15Ca anode, resulting in the pH stabi- 

lization at 4.6 even after 150 min discharge. Fig. 5 b shows the gra- 

dients of pH on Mg-0.15Ca anode amid discharge, displaying the 

change of pH from 20 to 30 0 0 μm above the anode surface. As 

presented in Fig. 5 b, there is no significant difference between the 

local pH and bulk pH in the blank NaCl solution, both of which 

are alkaline. By comparison, the bulk pH of the InCl 3 -containing 

electrolytes are both less than 5, which is consistent with the fi- 

nal bulk pH of InCl 3 -containing electrolytes after 24 h half-cell dis- 

charge tests. However, the local pH in the electrolyte with differ- 

ent concentrations of InCl 3 is distinctly different. In this region of 

20 μm above Mg-0.15Ca anode, the local pH in the electrolyte with 

1 mM InCl 3 solution is 9.7 whilst that in 5 mM InCl 3 -containing 

electrolyte, i.e. 4.6, is only slightly higher than bulk pH (4.4), indi- 

cating the addition of InCl 3 with different concentrations imparts 

remarkable impact on the local environment of Mg-0.15Ca anode 

during discharge. The local pH (9.7) in the electrolyte with 1 mM 
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Fig. 5. (a) local pH above Mg-0.15Ca anode (20 μm); (b) vertical distribution of pH from Mg-0.15Ca anode surface to bulk environment; (c) the surface evolution of Mg-0.15Ca 

anode; and (d) horizontal distribution of local pH above Mg-0.15Ca anode (50 μm) at 1 mA cm 

–2 in blank NaCl and NaCl solution with 5 mM InCl 3 . 

InCl 3 solution is close to that in blank NaCl solution (10.3) and, 

thus, Mg-0.15Ca anode exhibits similar discharge behavior in these 

two electrolytes. In the electrolyte with 5 mM InCl 3, the concentra- 

tion of In 

3 + decreases with the increase of discharge time via the 

hydrolysis reactions ( Eq. (6-8) ) and the precipitation reaction with 

OH 

−generated by cathodic reaction. Thus, the discharge potential 

of Mg-0.15Ca in the electrolyte with 5 mM InCl 3 gradually shifts to 

a more positive value. 

Fig. 5 c exhibits the evolution of surface condition of Mg-0.15Ca 

anode during local pH measurements. After 20 min discharge, the 

products have already formed on the anode surface in the elec- 

trolyte with 5 mM InCl 3 , whereas the discharge products in blank 

NaCl and 1 mM InCl 3 -containing NaCl electrolyte cannot be visu- 

ally observed. After 60 min discharge, filiform-like corrosion starts 

on the anode surface in blank NaCl solution. The surface of Mg- 

0.15Ca in the electrolyte with 5 mM InCl 3 is completely covered 

by fluffy discharge products. According to the local pH obtained 

from the region (4.6) and the equilibrium diagram presented in 

Fig. 4 , these fluffy discharge products are most likely to be In(OH) 3 , 

demonstrating that the local environment in this region is strongly 

influenced by the hydrolysis reaction of In 

3 + . Hence, the precipi- 

tation of stable Mg(OH) 2 is less pronounced in this region. As in- 

dicted in Fig. 3 a, Mg(OH) 2 precipitation is the main component of 

the surface film on Mg-0.15Ca after 1 h discharge, revealing the 

growth of Mg(OH) 2 film is underneath the porous In(OH) 3 layer. 

Moreover, the structure of Mg(OH) 2 film shows less protectiveness 

due to the acidic environment introduced by the hydrolysis reac- 

tion of sufficient In 

3 + . Thus, the discharge potential of Mg-0.15Ca 

anode is improved by the addition InCl 3 . Fig. 5 d and 5 e are pre- 

sented to show the distribution of local pH above Mg-0.15Ca anode 
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Fig. 6. Real-time hydrogen evolution of Mg-0.15Ca anode during discharge at 1 mA cm 

–2 in 3.5 wt.% NaCl solution with InCl 3 of different concentration. 

Fig. 7. Surface morphologies of Mg-0.15Ca anode after discharge at 1 mA cm 

–2 for 24 h and removal of discharge products in 3.5 wt.% NaCl solution with InCl 3 : (a) blank; 

(b) 1 mM; (c) 5 mM; (d) 10 mM. 

in order to exclude the influence of preferential localized corrosion, 

like the filiform-like corrosion happened in blank NaCl solution, on 

the results presented in Fig. 5 a and 5 b. 

3.3. Self-corrosion and utilization efficiency 

Fig. 6 presents the evolved hydrogen volume of Mg-0.15Ca an- 

ode during discharge at 1 mA cm 

–2 in the electrolyte with and 

without InCl 3 . The real-time hydrogen evolution reflects the self- 

corrosion rate of anode amid discharge process. Apparently, the 

increment of InCl 3 concentration increases the self-corrosion of 

the Mg-0.15Ca anode. The addition of 1 mM InCl 3 suppresses the 

anode self-corrosion rate, while the addition of 10 mM InCl 3 re- 

sults in a reverse effect. The overall self-corrosion rate within the 

24 h discharge in the electrolyte with 5 mM InCl 3 additive is close 

to that in blank NaCl, in spite of one period with a higher self- 

corrosion rate at the beginning. It is remarkable that addition of 

low concentration (1 mM) of InCl 3 is able to decrease the self- 

corrosion rate of the Mg-0.15Ca anode, taking into consideration 

a common sense that lowering solution pH leads to higher corro- 

sion rates of Mg-based materials at OCP condition [49-51] . Never- 

theless, previous works have reported that the corrosion behavior 

of Mg at OCP condition might differ from the self-corrosion un- 

der polarization (or discharge) at varied current densities [ 9 , 45 ], 

which is most probably because of the negative difference effect 

(NDE) [47] commonly found on Mg and Mg alloys. The inhibiting 

effect of 1 mM InCl 3 on the self-corrosion of Mg-0.15Ca under po- 

larization is in agreement with that reported in the work of Gore 

et al. [45] ., which did not show relevant results regarding the effect 

of higher InCl 3 concentration on Mg anode self-corrosion during 

discharge. In that work, the authors proposed that the deposition 

of In(OH) 3 /In 2 O 3 on Mg might be the reason for the unchanged ca- 

thodic kinetics of Mg as well as the inhibited self-corrosion during 

anodic polarization of Mg in 0.1 M NaCl solution with 1 mM InCl 3 . 
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Fig. 8. 3D reconstruction and corresponding depth file for the Mg-0.15Ca anode topography without discharge products after discharge at 1 mA cm 

–2 for 24 h in 3.5 wt.% 

NaCl solution with InCl 3 of different concentration: (a, b) blank; (c, d) 1 mM; (e, f) 5 mM; (g, h) 10 mM; and (i) surface roughness of Mg-0.15Ca anode in 3.5 wt.% NaCl 

solution with InCl 3 of different concentration. 

The provided results only show the existence of In species on Mg 

surface but the evolution of the In(OH) 3 /In 2 O 3 layer during anodic 

polarization and the interrelated inhibition effect of In(OH) 3 /In 2 O 3 

has not been investigated yet. 

According to the results obtained from local pH measurements, 

the addition of 1 mM InCl 3 is not capable to significantly change 

the local pH of Mg-0.15Ca anode under polarization in our work, 

which may not largely accelerate the dissolution of anode during 

discharge. The addition of 5 mM InCl 3 efficiently restricts the in- 

crease of local pH at the initial stage of discharge, which also accel- 

erates the self-corrosion rate of Mg-0.15Ca anode at the beginning. 

After 24 h discharge, an uniform In(OH) 3 outer layer is formed on 
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Fig. 9. Discharge curves of Mg-air battery with Mg-0.15Ca anode in 3.5 wt.% NaCl solution with and without 10 mM InCl 3 at (a) 1 mA cm 

–2 , (b) 5 mA cm 

–2 , and (c) 10 mA 

cm 

−2 ; (d) specific energy and average cell voltage of Mg-air battery with Mg-0.15Ca anode in 3.5 wt.% NaCl solution with and without 10 mM InCl 3 ; (e) optical image and 

XRD diffraction pattern of the precipitation on air cathode after discharge. 

Mg-0.15Ca anode in the electrolyte with 5 mM InCl 3 and, mean- 

while, the self-corrosion rate slows down. It seems the growth of 

this In(OH) 3 layer may be the vital origin for the self-corrosion in- 

hibition effect of InCl 3 . However, the surface film formed in 5 mM 

InCl 3 -containing electrolytes is always less protective than that 

formed in blank NaCl solution according to the EIS results. More- 

over, there is no sign can be found in Fig. 2 d that the In(OH) 3 
layer leads to the formation of another time constant. Therefore, 

it is hard to directly attribute the self-corrosion inhibition effect 

of InCl 3 to the deposition of In(OH) 3 . Further understanding of the 

origin of NDE effect for Mg and on the barrier / transport proper- 

ties of the deposits is required to clarify the inhibition mechanism 

of InCl 3 . 

Interestingly, the change of utilization efficiency after adding 

InCl 3 ( Fig. 1 b) is not in accordance with the induced alteration on 

real time self-corrosion rate ( Fig. 6 ). The Mg-0.15Ca anode in the 

solution with 5 mM InCl 3 shows a similar self-corrosion rate to 

that in blank NaCl solution, but possesses a higher utilization effi- 

ciency, 56.8% versus 51.4%. By contrast, adding 10 mM InCl 3 leads 

to an increased self-corrosion rate but does not render big differ- 

ence to the utilization efficiency. This case must be related to the 

other form of self-corrosion, i.e. chunk effect, which is not fully 

included in the real-time hydrogen evolution. As demonstrated by 

Deng and co-workers [9] , chunk effect, which ref ers to the detach- 

ment of secondary phases and undissolved matrix from anode sub- 

strate due to non-uniform dissolution, also causes large loss of an- 

ode utilization efficiency in some cases. Assuming hydrogen evolu- 

tion is the dominating form of anode self-corrosion, the theoretical 

utilization efficiency can be calculated according to the real-time 

generation rate of hydrogen as displayed in Fig. 6 via the following 

equation. 

ηtheo = 

m dis 

m dis + m H 

(10) 

Where m dis is the mass loss of anode due to applied discharge 

current, while m H is the mass loss associated with cathodic hy- 

drogen evolution reaction. Accordingly, the calculated theoretical 

efficiency is 60.6% in blank NaCl electrolyte and 61.2% in the elec- 

trolyte with 5 mM InCl 3 . Thus, the contribution of chunk effect to 

the efficiency loss could be roughly estimated via comparing the 

actual and theoretical efficiency, indicating that of 9.2% and 4.4% 

for the blank solution and 5 mM InCl 3 -containing solution, respec- 

tively. Anode efficiency loss because of chunk effect is reduced via 

InCl 3 addition. 

Fig. 7 shows the surface morphology of the Mg-0.15Ca anode af- 

ter discharge and removing discharge products. The anode surface 

after discharging in blank NaCl solution is uneven with large cavi- 

ties ( Fig. 7 a). After 1 mM InCl 3 addition, the anode surface is rel- 

atively uniform, but shows some small holes ( Fig. 7 b). Such holes 

in smaller size are also found on the flat anode surface after dis- 

charging in the solution with 5 mM InCl 3 ( Fig. 7 c). By contrast, a 

generally flat and uniform surface without visible pits appears re- 

garding 10 mM InCl 3 ( Fig. 7 d). 

Fig. 8 displays the 3D reconstruction and corresponding depth 

profile for the anode topography after discharging after removal 

of discharge products. Obviously, flat anode surfaces with smaller 

roughness are obtained after using InCl 3 as an additive. Besides, 

the surface roughness decreases with the increment of InCl 3 con- 

centration as shown in Fig. 8 i. The results elucidate that InCl 3 , as 

an additive, possesses the capability of homogenizing the dissolu- 

tion of the Mg-0.15Ca anode, thus contributing to reduced chunk 

effect. With 10 mM InCl 3 , the acceleration on hydrogen evolu- 

tion during discharge is compensated by reduction of chunk ef- 

fect, leading to similar utilization efficiency and capacity to those 

in blank electrolyte. 

3.4. Mg-air battery testing 

In the half-cell discharge testing, the addition of 10 mM InCl 3 
significantly improves the discharge potential of Mg-0.15Ca alloy 

and maintains the effectiveness for 24 h discharging process. Be- 

sides, no negative effect is imparted to the anode utilization ef- 

ficiency. Hence, we propose that 10 mM InCl 3 is a suitable elec- 

trolyte additive for aqueous Mg batteries. In this context, test- 

ing of aqueous Mg-air battery was done to evaluate its feasibil- 

ity in a fully assembled battery system. Fig. 9 (a-c) present the dis- 

charge curves of Mg-air battery in the electrolyte with and with- 

out 10 mM InCl 3 under different current densities. The addition 

of InCl 3 significantly improves the cell voltage in all cases. Amid 

discharge at 1 mA cm 

−2 , adding InCl 3 increases the cell voltage 

by 220 mV, namely, from 1.52 V to 1.74 V. During the initial 5 h 

discharging test at 5 mA cm 

−2 , the voltage of Mg-air battery in 

the electrolyte containing InCl 3 is 1.42 V, whereas the cell voltage 

in blank NaCl solution is 1.37 V. Nevertheless, the enhancement 
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of cell voltage induced by InCl 3 weakens after 8 h discharge and 

stabilized at 1.39 V. The addition of 10 mM InCl 3 also improves 

the cell voltage under 10 mA cm 

−2 , which is 50 mV higher than 

that in reference test. Fig. 9 d summarizes the improvement of dis- 

charge performance by adopting 10 mM InCl 3 as electrolyte addi- 

tives. As illustrated in Fig. 9 d, the most significant enhancement 

regarding the specific energy is obtained under 1 mA cm 

−2 . With 

the increase of current density, the enhancement of discharge per- 

formance is decreasing. As displayed in Fig. 9 e, a large amount of 

discharge products have precipitated and blocked the active sur- 

face of air cathode after discharging test, which may also give rise 

to the drop of cell voltage in the discharging test with high cur- 

rent density. As indicated in the XRD diffraction pattern, the pre- 

cipitates on the air cathode are the mixed In(OH) 3 and Mg(OH) 2 , 

which preferentially form on the air cathode because the cathodic 

reaction of Mg-air battery generates a large amount of OH 

−. This 

problem can be addressed by applying selective permeable mem- 

brane, which should be considered in Mg-air battery configuration 

design for future works. 

Conclusions 

In this work, we evaluate the feasibility of InCl 3 as an elec- 

trolyte additive for aqueous Mg batteries. The half-cell discharge 

behavior, surface state evolution, self-corrosion rate during dis- 

charge of Mg-0.15 wt.% Ca anode and fully assembled aqueous Mg- 

air battery performance are determined in 3.5 wt.% NaCl solution 

with and without InCl 3 . Following conclusions are drawn: 

(1) Addition of InCl 3 improves the discharge potential of the an- 

ode. However, the enhancement weakens with discharge time. 

Higher InCl 3 concentration (10 mM) enables the anode with 

significantly more negative discharge potential and the en- 

hancement lasts for a longer term, because the addition of In 

3 + 

is capable of retarding electrolyte alkalization during discharge 

due to its hydrolysis reaction, which leads to better discharge 

activity and less film-relevant potential drop. 

(2) Local measurement reveals that the pH buffering effect induced 

by the addition of InCl 3 depends on its concentration. Addition 

of sufficient InCl 3 is able to hinder the increase of local pH close 

to the interface amid discharge. Nevertheless, 1 mM InCl 3 addi- 

tion only shows pH buffering effect for the bulk environment, 

but the local pH is close to that in blank NaCl, resulting in sim- 

ilar discharge potential. 

(3) 1 mM InCl 3 addition significantly decrease the self-corrosion 

rate of the Mg-0.15Ca anode amid discharge at 1 mA cm 

–2 . 

However, the self-corrosion rate is accelerated with the incre- 

ment of InCl 3 concentration from 0.26 ml cm 

−2 h − 1 (1 mM) 

to 0.32 ml cm 

−2 h − 1 (10 mM). 

(4) InCl 3 at a low concentration enhances the anode utilization ef- 

ficiency, e.g. from ~51% to ~57% after adding 1 mM InCl 3 . Addi- 

tion of 10 mM InCl 3 homogenizes the anode dissolution, reduc- 

ing anodic efficiency loss caused by chunk effect and maintain- 

ing the anode utilization efficiency to 52%. 

(5) InCl 3 as electrolyte additive sufficiently improves the discharge 

performance of aqueous Mg-air battery, especially at lower cur- 

rent densities. The highest cell voltage and specific energy of 

aqueous Mg-air battery is achieved by adding 10 mM InCl 3 to 

1.74 V and 2.26 kWh/kg (at 1 mA cm 

−2 ). The improvement 

could be further enhanced via combination with battery con- 

figuration/cell design. 
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6 Discussion 

As the main component of aqueous Mg-air battery, Mg-based anode indeed plays a decisive 

role on defining the discharge performance of the battery. Nevertheless, electrolyte is also 

significant for the performance and the discharge behavior of both anode and cathode. 

According to the results presented in Chapter 5, the addition of electrolyte additives shows 

the capability of improving the discharge performance of AMABs from the aspects of cell 

voltage and anodic UE. The working mechanism of electrolyte additive is mainly based on 

regulating the interfacial condition between Mg anode and electrolyte, which can be partly 

detected by EIS measurement. Moreover, some of the electrolyte additives also exhibit the 

inhibition effect on the anomalous hydrogen evolution (AHE) under anodic polarization of Mg 

anode, also known as negative difference effect (NDE), which leads to the enhancement of 

anodic UE. Based on all the results presented in this dissertation, a general discussion is given 

in following for a better understanding on how various electrolyte additives influence the 

voltage and UE of Mg anodes. 

6.1 Influence of electrolyte additives on the cell voltage 

The theoretical voltage of AMAB is 3.1 V. The reactions taking place during discharge are: 

Anodic reaction: 2 𝑀𝑔 +  4 𝑂𝐻−  →  2 𝑀𝑔(𝑂𝐻)2 ↓ + 4 𝑒−      𝐸0 = −2.69 𝑉 𝑣𝑠. 𝑆𝐻𝐸   (6-1) 

               Cathodic reaction: 𝑂2  +  2 𝐻2𝑂 +  4 𝑒− →  4 𝑂𝐻−    𝐸0 = 0.41 𝑉 𝑣𝑠. 𝑆𝐻𝐸     (6-2)   

           Overall reaction: 2 𝑀𝑔 + 𝑂2  +  2 𝐻2O →  2 𝑀𝑔(𝑂𝐻)2 ↓         𝐸 = 3.1 𝑉            (6-3)   

However, alkaline environment renders the Mg electrode passivated. As introduced in Chapter 

2, the AMABs are normally in neutral electrolyte and the anodic reaction can be expressed as, 

              Anodic reaction: 𝑀𝑔 →   𝑀𝑔2+ +  2 𝑒−      𝐸0 = −2.372 𝑉 𝑣𝑠. 𝑆𝐻𝐸                  (6-4) 

Then the Mg2+ ions combine with the OH- ions generated by cathodic reaction or parasitic HER 

to form Mg(OH)2 precipitates on the top of anode surface. 

                  Formation of precipitation: 𝑀𝑔2+ +  2 𝑂𝐻−  →  𝑀𝑔(𝑂𝐻)2 ↓                         (6-5) 

                  Parasitic reaction: 𝑀𝑔 +  2 𝐻2𝑂  →  𝑀𝑔(𝑂𝐻)2 ↓ + 𝐻2 ↑                               (6-6) 

The precipitated film formed during discharge is detrimental to the practical cell voltage in 

comparison with theoretical value. The practical cell voltage under a constant operating current 
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𝑖, which can be expressed as follow [56, 57]: 

                                           𝐸 = 𝑂𝐶𝑉 − 𝜂𝑎 − 𝜂𝑐 − 𝑖𝑅𝑖𝑛𝑡                                                  (6-7) 

Where 𝑂𝐶𝑉  represents the open circuit voltage of the battery. 𝜂𝑎  and 𝜂𝑐  represent the 

activation and concentration overvoltage related to anode and cathode, respectively, caused by 

charge transfer polarization and concentration polarization. 𝑖𝑅𝑖𝑛𝑡 is the ohmic drop caused by 

internal resistance 𝑅𝑖𝑛𝑡 of AMAB, which is tightly affected by the electrolyte conductivity and 

surface film condition. Therefore, to obtain high battery voltage, the activation and 

concentration overvoltage need to be minimized and the OCV is required to be approaching 

the theoretical value. Meanwhile, low cell internal resistance should be fulfilled via adopting 

conductive electrolytes and appropriate battery design. From the anode side, alloying Mg anode 

with active elements leads to highly negative OCV and is capable of moderating the activation 

overvoltage. In terms of cathode, the reactants in cathodic reaction are O2 and H2O. The catalyst 

in air cathode is not consumed in the cathodic reaction (oxygen reduction reaction, ORR). 

Nevertheless, efficient catalyst for ORR is beneficial to decrease the activation overvoltage of 

cathode. Moreover, the reaction is diffusion controlled, thus, increasing the active surface area 

of air cathode is also really important. Both strategies from anode and cathode sides are 

conducive to increase the OCV and achieve high practical cell voltage. Electrolyte additives 

adopted in this work also do not directly take part in the discharge reaction, but their addition 

regulates the properties of surface film and induces fast dissolution kinetic of anode materials.  

6.1.1 Surface film on Mg anode 

According to Eq. 6-7, the cell voltage is closely related to the interfacial condition of Mg anode 

and electrolyte. The addition of Mg2+ complexing agents, e.g. 2,6-DHB, which are able to form 

soluble complexes with Mg2+ ions in the electrolyte, retard the formation of Mg(OH)2 

precipitates. Fig. 6-1 shows the surface morphologies and discharge curves of Mg-0.15Ca after 

24 h discharge in 3.5 wt.% NaCl and 2,6-DHB containing electrolytes. The surfaces of Mg-

0.15Ca anode in blank NaCl electrolyte and 0.05 M 2,6-DHB-containing electrolyte are 

completely covered by discharge products, whilst that in 0.1 M 2,6-DHB-containing solution 

is without any visible discharge products. As shown in Fig. 6-1d, 0.1 M 2,6-DHB addition 

shifts the discharge potential of Mg-0.15Ca to more negative value in comparison with that in 

blank NaCl electrolyte. Whereas, 0.05 M 2,6-DHB addition only improves the discharge 

activity of Mg-0.15Ca anode in the initial 16 h and then shifts to even more positive potential 

than that in blank NaCl electrolyte. 
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Numerous literature adopted the morphologies of discharge product film on Mg anodes to 

interpret the effect of alloying elements [46, 55, 58-60], processing history [61-63] or 

electrolyte additives [24, 64, 65] on the discharge potential of Mg-based anode. However, the 

method applied for surface characterization is normally under ex-situ condition, which may 

give rise to inevitable changes on the characteristics of product film, such as, cracks or peeling 

of discharge products film. For instance, the macro-appearance of Mg-0.15Ca exhibited in the 

insertion of Fig. 6-1b seems to be complete and dense, however, during SEM characterization, 

a part of outer layer detached from the surface and big cracks formed due to the internal stress. 

Therefore, the explanation solely based on ex-situ surface characteristics may not be sufficient 

to draw reliable conclusions in some cases. EIS measurement is capable of detecting the minor 

changes happened on the electrode surface and correlated electrochemical processes at the 

electrode/electrolyte interface without changing the surface state. Therefore, EIS measurement 

amid discharge interval should be able to reveal quasi-in-situ anode surface evolution during 

discharge. The conventional Nyquist plot of Mg in NaCl solution is exhibited in Fig. 6-2a, 

which is mainly composed of two capacitive loops. There is much debate about the physical 

interpretations of these two capacitive loops. Some researchers deem that the HF capacitive 

Fig. 6-1. Surface morphologies (a-c) and discharge curves (d) of Mg-0.15Ca after 24 h discharge in (a) blank 

NaCl solution, (b) 0.05 M and (c) 0.1 M 2,6-DHB-containing electrolytes (Applied current density, 5 mA cm-2) 
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loop corresponds to the surface film capacitance in parallel with the charge transfer resistance. 

Here, the MF capacitive loop is associated to the mass transport process through the corrosion 

product film [48, 66]. Nevertheless, some other researchers suggest the HF capacitive loop 

originates from the surface film, while the MF capacitive loop is attributed to the charge 

transfer resistance in parallel with double layer capacitance [49, 67]. In addition, there are many 

researchers who believe that the HF capacitive loop is double layer capacitance in parallel with 

charge transfer resistance [68, 69].  

 

According to the results presented in Section 5.1 and Section 5.2, the physical interpretations 

regarding HF and MF time constants have been verified, which are presented as circuit 

elements in the equivalent circuit of Fig. 6-2c. The HF capacitive loop corresponding to the 

film-relevant behavior, whilst the MF capacitive loop originates from the resistance of charge 

transfer process in parallel with double layer capacitance. The total resistance of Mg/electrolyte 

interface can be expressed as, 

                                        𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑒 +  𝑅𝑓𝑖𝑙𝑚 +  𝑅𝑐𝑡                                                                   (6-8) 

Where Re refers to the electrolyte resistance. 𝑅𝑓𝑖𝑙𝑚 and 𝑅𝑐𝑡 represent surface film resistance 

and charge transfer resistance, respectively. Through fitting procedure, these values can be 

extracted from the impedance spectra and then used to semi-quantitatively analyze the 

influence of interfacial condition between Mg/electrolyte on the discharge behavior of Mg 

electrode. Fig. 6-3 presents the results obtained by EIS measurement during intermittent 

Fig. 6-2. Conventional (a) Nyquist plot, (b) Bode plot and (c) equivalent circuit for pure Mg in NaCl solution 
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discharge of Mg-0.15Ca anodes in 3.5 wt.% NaCl and 2,6-DHB-containing electrolytes, which 

can be set as an instance to demonstrate this semi-quantitative analysis method. 

 

The Nyquist plots obtained by EIS measurements during intermittent discharge interval are 

presented in Fig. 6-3a. The addition of 2,6-DHB leads to the shrinkage of HF and MF capacitive 

loops before discharge. The Rtotal in blank NaCl solution is around 400 Ω cm2 and that in 0.1 

M 2,6-DHB-containing electrolyte is around 175 Ω cm2. When the discharge starts, the Rtotal 

in blank NaCl solution stabilizes at around 800 Ω cm2, whilst the Rtotal in 0.1 M 2,6-DHB-

containing electrolyte stabilizes at around 75 Ω cm2.However,  in 0.05 M 2,6-DHB-containing 

electrolyte, the Rtotal firstly declines to 150 Ω cm2 and then increases to 1000 Ω cm2. As shown 

in Fig. 6-2b and Fig. 6-2c, the addition of insufficient 2,6-DHB results in the accumulation of 

dense discharge products film, leading to the increment of 𝜂𝑎. Consequently, the discharge 

Fig. 6-3. (a) Nyquist plots, (b) discharge curve and (c) OCP of Mg-0.15Ca during intermittent discharge tests in 

blank NaCl and 2,6-DHB-containing electrolytes. (Applied current density, 5 mA cm-2) 
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potential of Mg-0.15Ca becomes more positive than that in blank NaCl solution. Moreover, it 

is also noteworthy that the high frequency part marked by blue circles roughly equals to the 

electrolyte resistance, Re, and, in turn, also may shed lights on the evolution of Mg(OH)2 film. 

As shown in Fig. 6-3a, the addition of 0.1 M 2,6-DHB significantly reduces the electrolyte 

resistance before discharge since the ionic concentration of this electrolyte is higher than that 

of blank NaCl solution (around 0.6 M). With the increase of discharge time, theoretically, the 

electrolyte should be more concentrated. However, all Re after discharge shift to higher value 

than that before discharge. This phenomenon is counterintuitive, since the ionic centration of 

electrolyte should increase along with the discharging process. The increase of the high 

frequency part in 0.05 M 2,6-DHB-containing electrolyte is the most pronounced. The changes 

in the high frequency part after 15 h and 24 h discharge suggest a new relaxation process has 

taken place at the interface. As depicted in Fig. 6-1b, the surface of Mg-0.15Ca in 0.05 M 2,6-

DHB-containing electrolyte is indeed discrepant to that in blank NaCl and in 0.1 M 2,6-DHB-

containing electrolyte with double layer structure. It is highly likely that this new relaxation 

process is related to the formation of the outer layer. Fig. 6-3b and Fig. 6-3c displays the 

discharge potential and OCP of Mg-0.15Ca in the intermittent discharge test. The discharge 

potential and OCP of Mg-0.15Ca in blank NaCl solution keeps stable after the initially increase, 

even though the surface is fully covered by discharge products (Fig. 6-1a). In 0.1 M 2,6-DHB-

containing electrolyte, Mg-0.15Ca always possesses more negative discharge potential than 

that in blank NaCl solution, which is in line with the negative OCP and low Rtotal observed in 

impedance spectra comparing to that in blank solution. Similarly, the evolution of OCP and 

Rtotal observed in 0.05 M 2,6-DHB-containing electrolyte is consistent with that of discharge 

potential and reflects the change of anode surface condition, suggesting EIS measurement amid 

discharge interval possess the ability to detect and correlate the changes in the Mg/electrode 

interfacial condition change with the anode discharge behavior. Furthermore, the EIS results 

indicate that sufficient 2,6-DHB addition is not only shifts the OCP of Mg-0.15Ca anode to 

negative value, but also decrease the surface film relevant potential drop.  

6.1.2 Growth of the Mg(OH)2 in presence of additives 

In addition to the effect of Mg2+ complexing agents on hindering the precipitation of Mg(OH)2, 

the electrolyte additives are also able to influence the kinetics of the reactions occuring in 

AMABs. Fig. 6-4 illustrates the chemical equilibria in blank NaCl solution and additive-

containing electrolytes (0.1 M CIT and 0.1 M 3,4-DHB), which were calculated by Hydra-

Medusa software. For illustration and comparison reason, the concentrations of Mg2+ in these 
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three systems were set as 0.01 M. As shown in Fig. 6-4a, the formation of insoluble Mg(OH)2 

in blank NaCl solution takes place at pH 9.9, whereas the critical pH for Mg(OH)2 precipitation 

in CIT-containing electrolyte is 10.5 (Fig. 6-4b). When 0.1 M 3,4-DHB is introduced into NaCl 

solution (Fig. 6-4c), the precipitation of Mg(OH)2 is shifted from pH 9.9 to pH 13.1. From Fig. 

6-4c, soluble Mg(C7H3O4)2
4- complexes dominate a wide pH range at least from pH 8 to 13. 

Hence, there are only a trace amount of free Mg2+ in this 3,4-DHB-containing electrolyte in 

comparison with that in blank NaCl solution, even the setting values are the same.  

 

Both CIT and 3,4-DHB are Mg2+ complexing reagents, whilst their complexation abilities are 

different and are defined by the stability constant of the complexes listed in Table. 6-1. The 

stability constant for Mg-CIT is 3.45 and that for Mg-(3,4-DHB)2 is 9.84. Higher stability 

constant represents stronger complexation ability, and, in turn, less possibility for the formation 

of Mg(OH)2 precipitates and less film-relevant potential drop under discharging condition, 

which is beneficial for the improvement of power density of AMABs. Nevertheless, when the 

complexation ability of selected additive is too strong, the additives will additionally promote 

the dissolution of Mg to Mg2+ and consume it via the following complexation reaction, 

                 Complexation reaction: 𝑀𝑔2+ +  𝐿𝑖𝑔𝑎𝑛𝑑𝑥−  →  𝑀𝑔𝑙𝑖𝑔2−𝑥                           (6-9) 

Eventually, it leads to the reduction of anodic UE. Hence, choosing Mg2+ complexing agents 

as additives should always consider applied conditions (e.g. discharge load). The addition of 

organic acid will also introduce another reaction into the AMABs, i.e. the disassociation 

reaction of organic acid, 

                               Dissociation reaction: 𝐻3A →  𝐻2𝐴− +  𝐻+                                  (6-10) 

The disassociation constants for CIT and 3,4-DHB are also listed in Table. 6-1. In order to 

make the results more comparable to that obtained in blank NaCl solution. All organic acid-

Fig. 6-4. Thermodynamic calculation of the equilibrium composition of relevant species in (a) blank NaCl; and 

the same electrolyte with 0.1 M (b) CIT; and (c) 3,4-DHB. (Total concentration of Mg2+ species: 0.01 M) 

(a) (b) (c) 
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containing electrolytes were neutralized to pH 7. CIT is fully deprotonated but only the 

carboxylate proton of 3,4-DHB is dissociated. Thus, 3,4-DHB addition is also able to consume 

the OH- ions and hinder the formation of Mg(OH)2, which also can result in accelerated 

dissolution of Mg. As shown in Table 6-1, the final pH of blank NaCl after 24 h hydrogen 

evolution test is 10.7 and that of CIT-containing electrolyte is 11.4 owing to the accelerated 

hydrogen evolution and Mg dissolution, whereas the final pH of 3,4-DHB-containing 

electrolyte is 9.5. Combining strong Mg2+ complexation ability and the pH buffering effect, 

3,4-DHB accelerates the kinetics of Mg dissolution reaction, reduces the film relevant potential 

drop, achieves the most negative discharge potential of Mg-Ca anode in both low and high 

current densities (Table. 6-1).  

Table 6-1 Stability constants of Mg2+ complexes produced by selected electrolyte additives and disassociation 

constants of selected additives and electrolyte pH after 24 h HET and discharge potential of Mg-Ca [70, 71]. 

Complexing 

agent 

Stability 

constants 

Disassociation 

constants 
 pH after 24 h of HET 

(initial pH 7) 

Discharge potential of Mg-

Ca (V vs Ag/AgCl) 

logKMg2+ LogKa Ref. 1 mA cm-2 10 mA cm-2 

NaCl - - - 10.7 -1.62 -1.51 

CIT 

ML/M.L  

3.45 
5.70 

[70] 11.4 -1.80 -1.50 
MHL/M.HL  

1.81 
4.35 

MH2L/M. 

H2L  0.7 
2.90 

3,4-DHB 

ML2/M.L2  

9.84 
12.2 

 

[71] 
9.5 -1.95 -1.55 

ML/M.L  

5.67 

8.70 

4.34 

 

In spite of the disassociation reactions of organic acids possess pH buffering effect, the 

hydrolysis effect of some metallic ions is also able to moderate the electrolyte alkalization 

during discharge. In3+ ions, adopted in paper 5, exhibit strong pH buffering effect and are 

capable of controlling both local and bulk pH, depending on the applied concentration. 

According to the results presented in paper 5, 10 mM InCl3 addition enables Mg-0.15Ca anode 

to maintain -1.76 V vs Ag/AgCl in comparison with -1.61 V vs Ag/AgCl in 3.5 wt.% NaCl 

solution at 1 mA cm-2.  The hydrolysis reactions of In3+ ions are as follows, 

                                            In3+ + H2O = InOH2+ + H+                                                (6-11) 
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                                      𝐼𝑛𝑂𝐻2+ + 𝐻2𝑂 = 𝐼𝑛(𝑂𝐻)2
+ + 𝐻+                                          (6-12) 

                                     𝐼𝑛(𝑂𝐻)2
+ + 𝐻2𝑂 = 𝐼𝑛(𝑂𝐻)3(𝑠) + 𝐻+                                      (6-13) 

which are able to neutralize the OH- ions generated by parasitic and cathodic reactions. Hence, 

the addition of In3+ ions keeps the electrolyte pH below to 5 even after 24 h discharge at 1 mA 

cm-2, and subsequently, improves the discharge activity of Mg-0.15Ca anode. 

6.2 Influence of electrolyte additive on the utilization efficiency 

As above mentioned, the addition of selected additives may also introduce inverse effect on 

the anodic UE depending on the applied condition. Anodic UE is one of the decisive parameters 

in the evaluation of AMAB systems, which plays a vital role for the specific capacity, energy 

density and cell life of AMABs. Searching for Mg anodes with high UE and alleviating self-

discharge via adding inorganic or organic compounds are always the emphasis of novel AMAB 

systems development. Anodic UE is a physical value indicating the difference between the 

theoretical weight loss and the actual weight loss of anode materials. As shown in Eq. 4-3, the 

theoretical weight loss depends on the applied current, discharge duration and some physical 

constants for specific Mg-based anode. The actual weight loss includes the theoretical loss, the 

loss caused by “chunk effect”, and the loss owing to self-discharge or so-called self-corrosion. 

Strictly, chunk effect (CE) also belongs to one kind of self-discharge behavior of Mg-based 

anodes, which refers to the detachment of metallic chunk from anode surface during discharge. 

As reported in [37, 72], the ratio of weight loss caused by chunk effect may exceed 50% for 

heavy alloyed Mg-based anode materials, e. g. ZE41. In this work, the self-discharge behavior 

of Mg-based anode specifically refers to the negative difference effect (NDE), which is also 

knowns as anomalous hydrogen evolution (AHE).  

6.2.1 Non-uniform dissolution of Mg-based anode 

The known origins of chunk effect is non-uniform and localized dissolution of Mg-based 

anodes during discharge, which may initiated from second phases, impurities or grain 

boundaries in Mg-based anodes. Fig. 6-5 exhibits the cross sections of Mg-0.04Ca in blank 

NaCl, 0.1 M CIT- and 3,4-DHB-containing electrolytes. As illustrated in Fig. 6-5a, Mg-0.04 

Ca suffers from serious non-uniform dissolution. Several channels form and extend to the 

matrix. When it forms a closed loop, the metallic chunks surrounded by channels will 

completely lose contact with matrix and no longer contribute to energy supply. The addition of 

CIT and 3,4-DHB alleviate the non-uniform dissolution of Mg-0.04Ca in different extents. In 
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the magnified view of Mg-0.04Ca in CIT-containing electrolyte (Fig. 6-5d), there are still 

several undissolved metallic pieces in the discharge product film. Whereas, 3,4-DHB addition 

significantly eliminates the localized dissolution of Mg-0.04Ca and retards the precipitation of 

discharge products as shown in Fig. 6-5e and Fig. 6-5f.  

 

The uniform dissolution of Mg-0.04Ca anode in CIT- and 3,4-DHB-containing electrolytes 

should also be attributed to their ability to form soluble complexes with Mg2+, which 

accelerates the reaction kinetics of anode dissolution and reduce the chance for the occurrence 

of localized corrosion. Consequently, the UE loss caused by CE should be alleviated via adding 

Mg2+ complexing agents. Nevertheless, as aforementioned, the effect of selected additives on 

the discharge performance of AMABs also depends on the discharge condition. In spite of its 

significant effect on elimination of CE, 3,4-DHB is too strong for low load application (e.g. 1 

mA cm-2), leading to undesirable UE, 9% in comparison with 53% for blank NaCl solution 

under 1 mA cm-2 (Fig. 6-6). The reduction of UE introduced by 3,4-DHB is because the 

excessed Mg2+ complexation ability and pH buffering effect of 3,4-DHB accelerate the self-

discharge of Mg-0.04Ca anode. With the increase of applied current density, the UE of Mg-

0.04Ca in 3,4-DHB-containing electrolyte greatly enhances, which is the highest under 10 mA 

cm-2 among that in NaCl and CIT-containing electrolytes.  

Fig. 6-5. Cross-section images(BSE mode) of Mg-0.04Ca after 24 h discharge at 5 mA cm-2 in: (a-b) blank 

NaCl; (c-d) 0.1 M CIT-containing ; and (e-f) 0.1 M 3,4-DHB-containing electrolytes.  

(a) (c) (e) 

(b) (d) (f) 
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Similarly, In3+ addition also exhibits the capability of inducing uniform dissolution of Mg 

anode during discharge. As shown in Fig. 6-7, more uniform surface of Mg-0.15Ca is observed 

in more concentrated InCl3 electrolytes, suggesting less efficiency loss caused by chunk effect.  

6.2.2 Self-discharge of Mg-based materials 

The self-discharge of Mg-based materials is also known as NDE or AHE, referring to the 

anomalous hydrogen evolution reaction (Eqs. 6-14 and 6-15) happened on Mg electrode 

surface under anodic polarization. The traditional hydrogen evolution reaction is a cathodic 

reaction, 

       Hydrogen evolution reaction: 2 𝐻+ +  2 𝑒− →  𝐻2   (in acidic environment)            (6-14) 

or,  

NaCl CIT 3,4-DHB
0
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Fig. 6-6. Utilization efficiencies of Mg-0.04Ca after 24 h discharge at 1, 5 and 10 mA cm-2 in blank NaCl, 0.1 

M CIT-containing, and 0.1 M 3,4-DHB-containing electrolytes.  

Fig. 6-7. 3D reconstruction and corresponding depth file for the Mg-0.15Ca anode topography without 

discharge products after discharge at 1 mA cm–2 for 24 h in 3.5 wt.% NaCl solution with InCl3 of different 

concentration: (a, b) blank; (c, d) 1 mM; (e, f) 5 mM; and (g, h) 10 mM. 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 
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                        2 𝐻2𝑂 +  2 𝑒− →  𝐻2 +  2 𝑂𝐻− (in non-acidic environment)                  (6-15) 

During galvanostatic discharge mode, Mg-based anodes are under anodic polarization, and 

theoretically, the cathodic hydrogen evolution reaction should be suppressed. However, the 

experimentally observed hydrogen evolution from Mg-based anode during discharge is even 

more intensive than that under OCP. This abnormal phenomenon is called NDE. Many attempts 

have been made to clarify the origin and mechanism of NDE during last decade [73-77]. 

Nevertheless, the discussion and arguments concerning this topic have not been stopped. Even 

though the interpretations regarding NDE are still controversial, there are already solid 

evidences that NDE is related to the alloy categories [37] and electrolyte compositions [78]. 

As shown in Fig. 6-8, the addition of InCl3 and 2,6-DHB with various concentrations is able to 

moderate the hydrogen evolution of Mg-0.15Ca under different current densities. 1 mM InCl3 

and 0.1 M 2,6-DHB addition show the lowest hydrogen evolution rate under 1 and 5 mA cm-2 

current densities, respectively. The results are in line with the UEs of Mg-0.15Ca obtained in 

InCl3- and 2,6-DHB-containing electrolytes, since chunk effect is not serious in Mg-0.15Ca 

anode. It is noteworthy that 0.05 M 2,6-DHB and 10 mM InCl3 addition introduce less evident 

or even negative effect on inhibiting self-discharge of Mg-0.15Ca. The electrolyte additives 

are capable of hindering the self-discharge of Mg-based anodes but their concentration is an 

important parameter for their effect on self-discharge inhibition. Hence, the electrolyte additive, 

which simultaneously decreases self-discharge and alleviates chunk effect under proper applied 

condition, would greatly improve the UE of Mg-based anodes.  

 

 

Fig. 6-8. Real-time hydrogen evolution of Mg-0.15Ca anode during discharge (a) at 1 mA cm–2 for 24 h in 

blank NaCl and different concentration InCl3-containing electrolytes, and  (b) at 5 mA cm–2 for 24 h in blank 

NaCl and different concentration 2,6-DHB-containing electrolytes. 

(a) (b) 
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7 Summary and outlook  

This work aims to fill the gap between the practical and theoretical performance of AMABs 

via optimizing the electrolyte system for novel Mg-Ca anode. Mg2+ complexing agents have 

been proposed as potential electrolyte additives to boost the discharge performance of aqueous 

Mg-air batteries. The influence of Mg2+ complexing agents with diverse complexation abilities 

on discharge performance of Mg-Ca based AMABs was investigated, which exhibits strong 

regulating capability to interfacial conditions between Mg-Ca anode and electrolyte. With the 

aim to clarify the correlations between the anode/electrolyte interfacial condition and the 

discharge behavior of Mg anode, EIS measurements were performed. In order to accurately 

analyze the surface evolution of Mg detected by EIS measurement, the physical interpretations 

of HF and MF time constants (capacitive loops) were thoroughly investigated. Thereafter, the 

effects and working mechanisms of 2,6-DHB and InCl3 as electrolyte additives for AMABs 

were investigated. Accordingly, some main conclusions are drawn below: 

1) HF capacitive loop in Mg impedance spectra is proven to be related to the surface film 

resistance in parallel with the MgO film capacitance. The thicknesses of MgO films formed in 

NaCl solution with various pH are calculated from the fitted EIS results in HF range and 

compared with the actual surface conditions characterized by TEM. The EIS results indicate 

that Mg possess the least film resistance but the thickest MgO film in 0.05 M NaCl solutions 

with pH 3 than that in 0.05 M NaCl solution with 5.6 and 11, which are consistent with the 

surface film morphologies observed by TEM. 

2) Tribo-EIS measurements confirm that the HF time constant in Mg impedance spectra stems 

from the barrier properties of MgO-based surface film and the MF time constant originates 

from the charge transfer process. EIS measurements are capable of monitoring Mg electrode 

surface evolution. 

3) Abrasion introduced by tribometer dramatically increases film-free sites on Mg in NaCl 

solution and affects HF and MF time constants differentially. The resistance reduction of the 

HF time constant is associated with the ratio of the abraded surface area to the total exposed 

surface area of Mg, which is consistent with the expectation for the change of surface film 

resistance caused by abrasion. The influence of abrasion on the MF time constant is more 

significant than that of the HF time constant. The MF time constant possess extremely small 

resistance in the scratch, which is in line with the charge transfer resistance and shows the non-

polarizable feature of Mg. 



 

155 

 

SUMMARY AND OUTLOOK 

4) Mg2+ complexing agents improve the discharge potential of Mg-0.04Ca efficiently. The 

average discharge potential of Mg-0.04Ca in NaCl solution with 0.1 M 3,4-DHB reaches -1.95 

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

of Mg2+ complexing agents are capable of hindering the precipitation of discharge products on 

anode surface and providing more active areas for discharge reaction. Hence, the addition of 

Mg2+ complexing agents decreases the film-relevant potential drop and leads to negative 

discharge potential for Mg anode.  

5) Moderate Mg2+ complexing agents are proven to enhance anodic UE of Mg-0.04Ca in this 

work. The highest value of 67.2% is achieved for Mg-0.04Ca anode in 0.1 M 2,6-DHB-

containing electrolyte at 10 mA cm-2, with simultaneously improved discharge activity. The 

addition of moderate Mg2+ complexing agents eliminates the weight loss caused by chunk 

effect and alleviates self-discharge of Mg-based anodes. 

6) Mg2+ complexing agents overall have positive effects on the discharge performance of 

AMABs with novel Mg-0.04Ca anode. Nevertheless, different additives should be used for 

various discharge loads to obtain optimal effect, according to their complexation abilities with 

Mg2+. For low discharge current, moderate Mg2+ complexing agents, such as CIT and SAL, 

stimulate the ideal performance of Mg-0.04Ca based AMABs. The peak specific energy 

appears at 1 mA cm-2 in NaCl with 0.1 M CIT and reaches 3.0 kWh kg-1 (vs. 2.1 kWh kg-1 in 

blank NaCl). At high discharge loads, better performance is achieved when using the additives 

with stronger complexation ability, such as 3,4-DHB and 5-sulfoSAL. At 10 mA cm-2, the 

specific energy of Mg-0.04Ca based AMABs in 0.1 M 5-sulfoSAL-containing electrolyte is 

the highest, achieving 1.9 kWh kg-1 (vs. 1.6 kWh kg-1 in blank NaCl). 

7) Addition of 2,6-DHB simultaneously improves the discharge potential and utilization 

efficiency of Mg-0.15Ca anode. The results of EIS measurement amid intermittent discharge 

indicate that sufficient amount of 2,6-DHB hinders the formation of discharge products and 

improves the discharge activity of Mg-0.15Ca. The results of real-time hydrogen evolution 

elucidate that 2,6-DHB addition is able to moderate the self-discharge of Mg-0.15Ca anode. 

8) 2,6-DHB is proven to be a versatile electrolyte additive for AMABs based on diverse 

metallic Mg anodes (HP-Mg, Mg-0.15Ca, AZ31, and AM50 Mg alloys). Sufficient amount of 

2,6-DHB (e.g 0.2 M) mainly improves the battery performance in terms of cell voltage and 

power dnesity for low discharge load (1 mA cm-2), while for high current densities (e.g. 10 mA 

cm-2), the enhancement of the specific energy is significant. The highest specific energy is 
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achieved in Mg-0.15Ca based AMAB with 2,6-DHB-containing electroylte, as 2.0 kWh kg-1. 

9) Addition of InCl3 improves the discharge potential of Mg-0.15Ca anode. The addition of 10 

mM InCl3 shifts the discharge potential of Mg-0.15Ca from -1.61 V to -1.76 V at 5 mA cm-2. 

The improvement is caused by the hydrolysis reactions of In3+, which retards the electrolyte 

alkalization during discharge and leads to better discharge activity. 1 mM InCl3 addition only 

shows pH buffering effect for the bulk environment under 1 mA cm-2 applied current density, 

whilst the local pH is close to that in blank NaCl, resulting in similar discharge potential. 10 

mM InCl3 is able to hinder the increase of local pH during discharge and keep discharge activity 

of Mg-0.15Ca anode. 

10) InCl3 addition with different concentrations improves the UE of Mg-0.15Ca via different 

mechanisms. 1 mM InCl3 addition significantly decrease the self-discharge of Mg-0.15Ca 

during discharge. Addition of 10 mM InCl3 homogenizes the anode dissolution, reducing 

anodic efficiency loss caused by chunk effect. 

11) InCl3 as electrolyte additive sufficiently improves the discharge performance of AMABs, 

especially at low current density. The highest cell voltage and specific energy of Mg-0.15Ca 

are obtained in 10 mM InCl3-containing electrolyte at 1 mA cm-2, 1.74 V and 2.3 kWh kg-1, 

respectively. 

The results obtained in this work elucidate that adopting suitable electrolyte additive is an 

efficient method to boost the discharge performance of AMABs. The addition of organic 

compounds (e.g. 2,6-DHB) or inorganic compounds (e.g. InCl3) is capable of regulating the 

Mg/electrolyte interfacial condition and influencing the discharge behavior of Mg anode. In 

this work, only five organic compound and one inorganic compound were systematically 

investigated. Numerous potential electrolyte additives are waiting to be explored. Meanwhile, 

it is also worthy to look forward that the performance enhancement of AMABs through using 

additive mixture. The combination of metallic cations and organic compounds is reported to 

be efficient electrolyte additives for aqueous Al-air batteries in terms of improving the UE and 

cell voltage [41, 79]. The research on commercial pure Mg anode indicates that the UE of 

commercial pure Mg anode can be significantly improved to 82% by adding the mixture of 

SAL and NO3
- [13]. Therefore, finding other potential electrolyte additives and employing 

additive mixtures are essential to improve the discharge performance of AMABs. Nevertheless, 

screening the vast amount of potentially effective organic and inorganic compounds as 

electrolyte additives for AMABs solely through experimental methods is tremendously time- 
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and resource-consuming. There are two possible strategies to screen the potential compounds 

efficiently for future work. The first one is choosing the potential compounds based on a better 

mechanistic understanding of the discharge behavior of Mg anode. Another strategy is selecting 

efficient Mg corrosion inhibitors via the computer-assisted methods. For instance, the data 

driven machine learning methods have been used to predict the corrosion inhibition efficiency 

of organic compounds [80-83]. Both strategies will facilitate the process of finding effective 

electrolyte additives. In addition, the combination of efficient electrolyte additive with novel 

Mg-based anodes, such as Mg-Ca-In [19] and Mg-Ca-Ge [11], should also be promising for 

achieving high-performance AMABs. Except for the influence of electrolyte additive on anode, 

the interaction of electrolyte additive with other components of AMABs is also worth 

investigating, for example, the possible effect of the additives on the performance of catalysts 

in air-cathode. Future works on screening electrolyte additives need to comprehensively 

consider the impact of electrolyte additives on all components of AMABs. Moreover, in spite 

of the large number of published works, the practical application of AMABs with electrolyte 

additive may encounter the problems associated with scale-up. Therefore, a rational design of 

AMAB is practically valuable. 
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Appendix 

1. Glossary  

2,6-DHB                         2,6-dihydroxybenzoate 

3,4-DHB                         3,4-dihydroxybenzoate  

5-sulfoSAL                         5-sulfosalicylate  

8-HQ                                  8-hydroxyquinoline 

AABs                                     Al-air batteries 

AAS                                     atomic absorption spectroscopy 

AEEA                                 2-(2-aminoethylamino) ethanol 

AHE                                     anomalous hydrogen evolution 

AM50                          Mg-4.85 wt.% Al-0.43 wt.% Mn 

AMAB                               aqueous Mg-air battery 

AMABs                           aqueous Mg-air batteries  

APG                                   alkyl polyglucoside 

AZ31                                      Mg-2.97 wt.% Al-0.73 wt.% Zn  

BF                                      bright field 

BMIMBF4                         1-butyl-3-methyl imidazolium tetrafluoroborate  

BSE                                    backscattered-electron  

CE                                      chunk effect  

CIT                             citrate 

CMC                                  carboxymethyl cellulose    

CPEdl                                  electric double layer capacitance 

CPEox                                 oxide film capacitance  

CP-Mg                               commercial purity Mg 

CTAB                                     cetyl trimethyl ammonium bromide  

CV                                          cyclic voltammetry  

DDAB                                    dihexadecyl dimethyl ammonium bromide  

DDBAB                                 dodecyl dimethyl benzyl ammonium bromide  

DE                                          dimethyl amine epoxy propane  

DG                                     Decyl glucoside  

EC                                      equivalent circuit  
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EDS                                    energy-dispersive X-ray spectroscopy  

EDTA                                 ethylenediaminetetraacetic acid  

EVs                                     electric vehicles 

EIS                                       electrochemical impedance spectroscopy 

F                                           Faraday constant 

FABs                                  Fe-air batteries 

FIB                                      focused ion beam system  

GAFAC RA 600                polyoxyethylene alkyl phosphate ester acid  

HAADF                             high angle annular dark field  

HER                                   hydrogen evolution reaction  

HET                                      hydrogen evolution test 

HF                                      high frequency 

HP-Mg                               high purity magnesium 

HP-Mg-24                          high purity magnesium with 24 ppm Fe 

HP-Mg-51                          high purity magnesium with 51 ppm Fe 

I                                          applied current 

IL                                        ionic liquid 

IMZ                                    imidazole 

LIBs                                   Li-ion batteries  

LSM                                   laser scanning microscope  

MABs                                 Mg-air batteries 

MEA                                   monoethanolamine 

MF                                      middle frequency 

Mg-0.04Ca                         Mg-0.04 wt.% Ca 

Mg-0.15Ca                         Mg-0.15 wt.% Ca 

mi                                          atomic weight  

NDE                                      negative difference effect  

ni                                      ionic valence  

NTA                                   nitrilotriacetic acid disodium salt  

OCP                                      open circuit potential  

OCV                                      open circuit voltage  

OPS                                      oxide polishing suspension  

ORR                                      oxygen reduction reaction 
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PANI                                      polyaniline 

PDP                                      potentiodynamic polarization  

PE                                       polyethylene 

PEG                                    polyethylene glycol  

PEG DiAcid 600                    poly(ethylene glycol) bis (carboxymethyl) ether  

PEI                                          polyethylenimine 

PP14TFSI                                      1-Ethyl-3-Methylimidazolium Bis(Trifluoromethylsulfonyl)Imide  

PSS                                         poly (sodium 4-styrenesulfonate) 

PTFE                                       polytetrafluorethylene 

PZ                                       piperazine 

QSPR                                      quantitative structure property relationship  

Rct                                      charge transfer resistance 

Re                                      electrolyte resistance 

Rfilm                                      surface film resistance 

RGO                                   reduced graphene oxide  

Rint                                      internal resistance of aqueous Mg-air battery 

rms                                      root mean square 

Rtotal                                      total resistance 

SA                                      sodium alginate  

SAL                                      salicylate 

SC                                      specific capacity 

SDBS                                 sodium dodecyl benzene sulfonate  

SD-OES                          spark discharge optical emission spectrometry 

SDS                                    sodium dodecyl sulfate  

SE                                      secondary electron  

SEM                                      scanning electron microscope 

SHE                                    standard hydrogen electrode 

SIET                                      scanning ion-selective electrode technique  

STEM                          scanning transmission electron  

t                                      discharge time 

TAAHs                               Tetrea-alkyl ammonium hydroxides  

TBAB                                 tetrabutylammonium bromide  

TEM                                      transmission electron microscope  
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Trion                                4,5-dihydroxy-1,3-benzenedisulfonic acid disodium salt monohydrate  

Tribo-EIS                          tribo-electrochemical impedance spectroscopy 

Tribo-PDP                          Tribo-potentiodynamic polarization  

Tween 20                           poly-sorbate 20  

U                                      cell voltage 

UAV                                  unmanned aerial vehicle  

UE                                      utilization efficiency 

UEs                                    utilization efficiencies 

Wtheo                                      theoretical weight loss of anode 

WSG                                  water soluble graphene 

xi                                      mass fraction 

XRD                                      X-ray diffraction analysis  

ZABs                                 Zn-air batteries 

ΔW                                      actual weight loss of anode 

ηa                                      activation overvoltage of anode 

ηc                                      activation overvoltage of cathode 

[P6,6,6,14][Cl]                           trihexyl(tetradecyl)phosphoium chloride 
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