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Abstract

Primary aqueous Mg-air battery is a promising energy source due to its attractive performance, like
theoretical high voltage (3.1 V) and superior energy density (6.8 kWh kg of Mg anode). However,
Mg-air system has not yet been widely accepted for commercial applications because of unsatisfactory
practical battery properties, which are partly related to issues with respect to the anode material,
including large anodic voltage drop and high self-discharge rate during operation. Therefore, searching
for novel high-performance Mg anodes is significant regarding the further development of primary Mg-
air system. High discharge activity, namely low anodic overvoltage, and suppressed self-discharge rate
are highly aspired with respect to the newly developed Mg anodes.

The work presented in this thesis puts emphasis on developing new Mg-Ca based alloys as anode
materials for primary Mg-air battery, more particularly the Mg-air system. Ca is adopted due to its more
negative electrode potential than Mg and compatibility to the environment. Composition optimization
of binary Mg-Ca anodes is proceeded in accordance to good corrosion resistance, highly negative
discharge potential and enhanced utilization efficiency. The effect of varied microstructures on the
corrosion and discharge performance of optimized binary Mg-Ca anode is investigated, revealing the
importance of microstructure adjustment on achieving better anode properties. Additionally, the
decisive factors affecting the utilization efficiency of Mg anodes are clarified according to a proposed
novel approach aiming to separately determine the efficiency loss related to different forms of self-
discharge. A better understanding is gained concerning alloy design for achieving high anodic
efficiency, which elucidates that high fraction of secondary phases and non-uniform dissolution should
be avoided for Mg alloy anodes. In this case, micro-alloying with indium (In) and germanium (Ge) are
introduced as a new strategy for improving discharge properties of Mg-Ca anodes. Minor addition of
In is able to activate the anodic discharge and, meanwhile, suppress the self-discharge. Thus, the
adoption of micro-alloyed Mg-Ca-In anodes enables the Mg-air battery to yield superior power and
energy density simultaneously. Micro-alloyed Mg-Ge and Mg-Ca-Ge alloys show similar discharge
performance to the optimized Mg-Ca anode. Nevertheless, highly negative open circuit potential is
obtained by micro-alloying of Ge to the optimized Mg-Ca anode, contributing to the boosted voltage of
Mg-air battery with Mg-Ca-Ge anode in additive-containing electrolyte, in comparison to the system
based on binary Mg-Ca anode. Summarizing, several novel Mg-Ca based alloys with excellent battery-
concerned properties are proposed as good candidates for anode materials of primary aqueous Mg-air
battery. All these alloys along with the rest components in this energy conversion device are completely
benign to the environment. This work has a potential to contribute to facilitating wider application of

the sustainable Mg-air battery and addressing the growing social demand for green energy.



Zusammenfassung

Wassrige Mg-Luft-Primarbatterien sind aufgrund ihrer attraktiven theoretischen Leistung,
Betriebsspannung (3.1 V) wund Energiedichte (6.8 kWh kg?) ein vielversprechender
Energiespeicherkandidat. Der betrachtete Mg-Luft-Batterieansatz wurde jedoch aufgrund
unbefriedigender praktischer Batterieeigenschaften, die teilweise mit Problemen in Bezug auf das
Anodenmaterial zusammenhdangen, noch nicht weit verbreitet fir kommerzielle Anwendungen
akzeptiert. Grunde hierfir sind zum Beispiel grofle Spannungsverluste an der Anodengrenzfléche durch
Filmfomation und eine hohe Selbstentladungsrate durch Anodenkorrosion wéhrend des Betriebs. Daher
ist die Suche nach neuartigen hochwertigen Mg-Anoden fur die Verwendbarkeit des priméaren Mg-Luft-
Systems von Bedeutung. Eine hohe Entladungsaktivitat, erzielt durch niedrige anodische
Potentialverluste und eine unterdrickte Selbstentladungsrate, werden daher in Bezug auf die neu
entwickelten Mg-Anodenmaterialien in den Fokus der Entwicklungsarbeit gertickt.

Die in dieser Arbeit vorgestellten Ansétze konzentrieren sich auf die Entwicklung neuer Legierungen
auf Mg-Ca-Basis als Anodenmaterialien fiir primare Mg- Batterien, insbesondere das Mg-Luft-System.
Ca wird aufgrund seines theoretisch negativeren Elektrodenpotentials zu Mg und seiner Vertraglichkeit
mit der Umwelt als sehr guter Kandidat identifiziert. Die Optimierung der Komposition von binaren
Mg-Ca-Anoden erfolgt hinsichtlich einer guten (Selbst-)Korrosionsbestandigkeit, einem stark
negativen Entladungspotential und einer verbesserten Entladeeffizienz. Der Einfluss verschiedener
Mikrostrukturen auf die Korrosions- und Entladungsleistung einer optimierten binaren Mg-Ca-Anode
wird untersucht. Dies zeigt, wie wichtig die Anpassung der Mikrostruktur flir die Erzielung besserer
Anodeneigenschaften ist. Zusétzlich werden die entscheidenden Faktoren, die die Nutzungseffizienz
von Mg-Anoden  beeinflussen, gemal einem vorgeschlagenen neuen Ansatz  fir
Anodenmaterialentwicklung geklart. Er zielt darauf ab, den Effizienzverlust in Bezug auf verschiedene
Formen der Selbstentladung separat zu bestimmen. Es wird ein besseres Verstandnis hinsichtlich des
Legierungsdesigns zur Erzielung einer hohen anodischen Effizienz gewonnen. Es wird gezeigt, dass ein
hoher Anteil an Sekund&rphasen und eine ungleichméRige Auflosung (Entladung) fir Mg-
Legierungsanoden vermieden werden sollten. Zu diesem Zweck wird das Mikrolegieren mit Indium (In)
und Germanium (Ge) als neue Strategie zur Verbesserung der Entladungseigenschaften von Mg-Ca-
Anoden eingefihrt. Eine geringfugige Zugabe von In kann die anodische Entladung aktivieren und
gleichzeitig die Selbstentladung unterdriicken. Die Verwendung von mikrolegierten Mg-Ca-In-Anoden
ermdglicht es der Mg-Luft-Batterie, gleichzeitig eine Uberlegene Leistung und Energiedichte zu
erzielen (XXX). Mikrolegierte Mg-Ge- und Mg-Ca-Ge-Legierungen zeigen eine &hnliche
Entladungsleistung wie die optimierte Mg-Ca-Anode. Durch Mikrolegieren mit Ge wird an der
optimierten Mg-Ca-Anode ein hochnegatives Leerlaufpotential induziert. Der Ansatz fuhrt zu erhéhten

Betriebsspannungen der Mg-Luft-Batterie mit Mg-Ca-Ge-Anode in additivhaltigem Elektrolyten im



Vergleich zum System basierend auf bindrer Mg-Ca-Anode. Die Arbeit stellt zusammenfassend dar,
welche neuartigen Legierungen auf Mg-Ca-Basis mit hervorragenden batteriebezogenen Eigenschaften
als gute Kandidaten fur Anodenmaterialien einer priméren wassrigen Mg-Luft-Batterie verwendet
werden kdnnen. Alle diese Legierungen sowie die Ubrigen Komponenten dieses Batteriekonzeptes sind
absolut umweltfreundlich. Hoffentlich wird diese Arbeit dazu beitragen, eine breitere Anwendung der
nachhaltigen Mg-Luft-Batteriesysteme zu ermdglichen und die wachsende (gesellschaftliche)
Nachfrage nach gruner Energie zu befriedigen.
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Introduction

1 Introduction

Batteries, as electrochemical power sources, are capable of converting chemical energy (mass) into
electric energy. They are widely used in a variety of equipment in different scales, ranging from electric
vehicles to portable electronics and transient implantable devices. Nowadays, the research and
development on batteries become a social focus due to the greatly rising demand for renewable green
energy and increasing application of electrical vehicles and various electronic products in different
fields. In principle, all batteries are classified into primary and secondary types. Primary batteries are
designed as non-rechargeable and will be discarded after energy exhaustion. The involved reactions for
power generation are not reversible. Therefore, the reactants cannot be recovered through loading
electric current. By contrast, secondary batteries, which are also termed as rechargeable batteries, can
be used repeatedly on the basis of recharging (cyclic). The discharge reactions for generating current
are able to be reversed during a charging process so that the reactants are recovered and ready for
discharging again. The capability of being used for multi-times renders secondary batteries much lower
total costs of ownership than primary batteries. Hence, rechargeable batteries attract most social
attention at present, overshadowing the primary system. Nevertheless, primary batteries still keep a
large share of battery market, since they are being utilized in numerous applications like offshore
equipment, implanted medical devices, hearing aids, toys, flashlights, etc. Besides, primary batteries
possess some advantages over rechargeable system, such as long shelf-life, high energy density and
instant readiness [1, 2]. These merits contribute to their significance in rescue missions, remote
exploration tasks and wildfire extinguishing work, where rechargeable batteries are incompetent due to
the impossibility or impracticality of recharging in these cases. Moreover, primary batteries are also
important as standby power sources for school, hospital and energy storage devices for renewable
energy generation system. It must be noted that heavy focuses on rechargeable batteries over primary
ones do not signify that primary batteries are obsolete technologies that should be weeded out. High
performance and economically feasible primary batteries are still highly demanded in modern society.
Thus, much effort is required concerning the study and development of primary battery system.
Primary Mg batteries, which are normally aqueous systems, are energy storage devices that adopt
metallic Mg or Mg alloys as the anode. They are considered as promising power sources, since Mg
anode is low in cost, benign to the environment and possesses high safety and excellent electrochemical
characteristics. Nevertheless, commercialization and application of primary Mg batteries are yet limited
due to the unsatisfactory practical properties related to issues from each battery component, i.e. the
anode, cathode and electrolyte (details can be found in Section 2). High performance primary Mg
batteries require suitable electrolytes (including additives) combining good conductivity and low
causticity to Mg anode. Besides, high-quality cathodes with excellent cathodic activity or catalytic

ability, which meanwhile are inert to the electrolyte solutions, are demanded. More importantly, anode
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materials should possess slow self-discharge rate while maintaining low voltage drop. Specifically, the
work presented in this dissertation focuses on performance boosting of primary Mg batteries
(particularly aqueous Mg-air system) from anode side via developing novel high performance and
“green” Mg anode materials.

This dissertation comprises of seven separate sections. State of the art review given in Section 2 is
based on a published book chapter, introducing different types of primary aqueous Mg batteries, the
existing problems and some proposed approaches for battery performance improvement. Section 3
presents the motivation of this work and objectives expected to be achieved, whilst Section 4 describes
all materials and experimental methods (development strategy) adopted in the concerned research.
Obtained results are displayed in Section 5 in form of 4 published and 1 submitted scientific papers. A
general discussion on all presented experimental results is given in Section 6. Some conclusions are
drawn according to all results and are described in Section 7 accompany with some outlooks concerning
the applications and future research focuses of anode materials for primary agueous Mg-based batteries.
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2 Aqueous Mg primary batteries

Literatures regarding aqueous Mg batteries are reviewed in this section based on a published chapter
“ Chapter 12 Aqueous Mg batteries” in the book ‘“Magnesium batteries: Research and Applications” by
The Royal Society of Chemistry [3]. In this chapter, we introduce the conventional and newly proposed
types of aqueous Mg batteries based on the cathode reactants as well as their working principles.
Disadvantages and existing problems of water-based systems are summarized. Moreover, approaches
for the battery performance improvement and associated research progress are reviewed. Lastly, some
outlooks concerning the applications like in maritime environments and future research focuses of Mg-
based batteries are given. More effort regarding development of novel Mg-based anodes, advanced
catalysts and electrolyte additives is recommended.
Table of content of this chapter is presented as following.

Chapter 12 Aqueous Mg batteries
12.1 Introduction

12.2 Types of aqueous Mg batteries

12.2.1 Mg-MnO2 dry cell

12.2.2 Mg-seawater battery

12.2.3 Mg-H202 semi-fuel cell
12.2.4 Mg-air battery (aqueous type)

12.2.5 Other types
12.3 Current issues of aqueous Mg batteries

12.4 Performance improvement of aqueous Mg batteries

12.4.1 Development of Mg anodes
12.4.1.1 Improvement of pure magnesium
12.4.1.2 Addition of alloying elements
12.4.1.3 Microstructure tuning

12.4.2 Electrolyte modification

12.5 Outlook
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Aqueous Mg Batteries
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12.1 Introduction

Magnesium possesses several appealing qualities for energy storage, includ-
ing a relatively negative electrode potential (—2.37 V vs. SHE) and high volu-
metric capacity (3832 mA h cm ). Moreover, Mg is relatively low in cost
and environmentally benign. All of these merits enable metallic Mg to be
a promising anode material for use in non-aqueous and aqueous batteries.
Generally, aqueous Mg batteries are not electrochemically rechargeable due
to the irreversible formation of Mg(OH), caused by the self-discharge reac-
tion of Mg in aqueous solution. Nevertheless, aqueous Mg-based batteries
can be mechanically recharged through replacing the anode, which allows
these battery systems to have numerous applications, especially in marine
devices.

Over the past few decades, different types of aqueous Mg batteries have
been designed with various cathode materials to fulfill the requirements of
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276 Chapter 12

different system environments. However, the wider application of aqueous
Mg batteries is still limited due to issues concerning the separate parts of the
battery cells, i.e. the anode, cathode and especially water-based electrolyte. In
order to promote the application of aqueous Mg batteries, numerous meth-
ods have been adopted to boost the battery performance, including devel-
opment of novel electrode materials, modification of electrolyte solutions,
etc. In this chapter, common types of aqueous Mg batteries are summarized.
The main issues, such as anode self-corrosion (related to anode impurities),
which hinder the wider application of aqueous Mg batteries are discussed.
Moreover, some conventional and advanced approaches for boosting the per-
formance of aqueous Mg batteries are covered based on numerous research
studies. At last, some outlooks concerning the applications and research
directions of aqueous Mg batteries are presented based on the authors'
knowledge and experience gained from Mg-based battery development.

12.2 Types of Aqueous Mg Batteries

Various types of aqueous Mg batteries have already been developed and
utilized on different occasions, such as dry cell, reserve and mechanically
rechargeable types. Here we categorize them based on the different cathode
materials and reactants involved in the cathodic reactions, as shown in Fig-
ure 12.1 and Table 12.1. Additionally, battery performance boosting related
to the cathode material is presented separately, since the cathode charac-
teristics, including the cathode active material, cathode structure and cat-
alysts, exert great influence on the properties of aqueous Mg batteries. The
discharge potential of the cathodic reaction and, thus, the discharge voltage
of Mg batteries, varies with different cathode active materials. Severe activa-
tion polarization and concentration polarization, which are generally related
to the sluggish kinetics of the cathodic reaction and limited mass transfer of
the cathodic reactants, respectively, appear alongside the discharge process

Discharge

MnO,
Mg/MnO, dry cell
Typical air cathode
- Mg/air battery
Metal chloride (CuCl
( ) Mg/ ter battery

Carbon with H,0, R
———————— C_Mg/H,0, semi-fuel cell

M gZ*
——

Mg or
l—
Mg alloys

Electrolyte

/

Aqueous solution (or seawater)

Figure 12.1 Schematic of various primary aqueous Mg-based batteries according
to the cathode reactants.
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and, thus, might reduce the cell voltage and cathode efficiency. Therefore,
advanced cathode active materials such as active carbons with suitable cata-
lysts are always needed to facilitate the cathodic reaction and to decrease the
related activation polarization. Besides this, a suitable cathode structure is
also important to solve the problems caused by the limited concentration of
cathodic reactants due to species transport limitations either from the front
or back side, by increasing the cathode/electrolyte interface area for example.

12.2.1 Mg-MnO, Dry Cell

The Mg-MnO, dry cell uses commercially pure Mg (cp-Mg) or Mg alloys as an
anode, manganese dioxide mixed with acetylene black as a cathode and an
alkaline solution (e.g magnesium perchlorate with magnesium hydroxide)
as electrolyte, including some chromate as an corrosion inhibitor.* The dis-
charge reactions of the Mg-MnO, dry cell are:

Anode: Mg + 20H — Mg(OH), + 2e (12.1)
Cathode: 2MnO, + H,0 +2e — Mn,0; + 20H" (12.2)
Overall: Mg + 2MnO, + H,0 — Mn,0; + Mg(OH), (12.3)

When immersed in aqueous solution, Mg suffers from a parasitic reaction
with water, which is termed as self-corrosion or self-discharge. The parasitic
reaction is often related to local cathodic acting impurities, resulting in the
formation of magnesium hydroxide, hydrogen gas and heat. Macroscopi-
cally, it can be described as:

Mg + H,0 — Mg(OH), + H,* (12.4)

The Mg-MnO, dry cell was developed in the early 20th century and it pos-
sesses some advantages over the primary Zn-MnO, battery, also commonly
known as the alkaline battery. Firstly, the theoretical voltage and energy den-
sity of the Mg-MnO, cell are 2.8 Vand 759 W h kg " (based on the anode and
cathode active materials only), respectively, both higher than those of the
Zn-MnO, system.® However, in practice, the voltage is decreased due to a
large overvoltage of 0.7-0.9 V. Thus, the Mg-MnO, cell can achieve an open-
circuit voltage (OCV) of only 1.9-2.0 V, still higher than that of the Zn-MnO,
battery. Besides this, the Mg-MnO, dry cell has a long shelf life in an undis-
charged condition, even at high temperatures (>>RT), where it is twice that
of the Zn system. The excellent storability is attributed to the protective film
that forms on the surface of the Mg anode and the strong inhibition against
secondary detrimental corrosion caused by chromate inhibitors. Therefore,
the Mg-MnO, dry cell has been successfully used in military communication
equipment and aircraft emergency transmitters.’
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Traditional MnO, powders are normally used to prepare the cathode for
Mg dry cells, mixed with acetylene black or carbon black. Basically, among
the various crystallographic forms of MnO,, such as a-, -, y- and d-types, a-
MnO, is a traditionally attractive material because of its specific properties
for industrial applications and molecular sieves. Nevertheless, the morphol-
ogies of MnO, powders have an impact on their properties as a cathode mate-
rial. As reported by Srither et al., a cathode prepared with MnO, nanoparticles
(average diameters of 87 and 46 nm) exhibits a higher discharge capacity (173
and 206 mA h g7, respectively) and enhanced energy density (299 and 360 W
h kg, respectively) than a cathode with micron MnO, powder, with a dis-
charge capacity of 103 mA h g at an energy density of 178 W h kg '.° Besides
this, graphene-doped MnO, nanoparticles can further improve the perfor-
mance of Mg-MnO, cells compared to a pristine MnO, electrode.” This is
attributed to the higher Mg-ion storage capacity in the increased open space
available in the MnO,-graphene framework. Additionally, some organic nitro
compounds have been reported to act as advanced active cathode materials
for primary Mg dry cells, such as 2-B-dinitrostyrene.® However, as indicated
by Renuka, the usage of 2-p-dinitrostyrene as a cathode decreases the voltage
of the Mg primary cell in Mg(ClO,), solution (~0.95 V), compared to that of
a traditional MnO, cathode (~1.5 V), even though a more stable discharge
voltage can be obtained.®

12.2.2 Mg-Seawater Battery

The Mg-seawater battery uses cp-Mg or Mg alloys as an anode material and
seawater from the ocean as an electrolyte solution. The active cathode mate-
rial varies from silver chloride, cuprous chloride, lead chloride, cuprous
iodide, cuprous thiocyanate to manganese dioxide.” The current-producing
and overall reactions for this seawater battery are as follows (using a Mg/sea-
water/AgCl system as an example)

Anode: Mg — Mg*>* + 2e (12.5)
Cathode: AgCl + e — Ag + CI” (12.6)
Overall: Mg + 2AgCl — 2Ag + MgCl, (12.7)

The detrimental side reaction seen in eqn (12.4) between the Mg anode
and water also occurs in this battery system.

The water-activated battery was developed in the 1940s to meet the
need for an extremely lightweight, small sized and high-powered battery
for military applications.’® During this period, magnesium was used as
the anode material in most water-activated batteries due to its attractive
electrochemical properties. Normally, the water-activated battery has a
long shelf life because it is constructed and stored under dry conditions
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and the seawater-based electrolyte is separated from the battery system
during storage. This battery, usually as a reserve type, is activated at the
time of use when the electrolyte is added in by e.g. opening a sensor con-
trolled valve. The huge benefit of the water-activated battery is that the
electrolyte can be natural seawater from the ocean, decreasing the space
and cost for battery storage and transport. The Mg-seawater battery has
been successfully used in various applications with different designs and
cathode materials.

A Mg/seawater/AgCl battery was first developed as a power source for
electric torpedoes. Afterwards, it was adapted as a power source for marine
devices, such as sonobuoys, weather balloons, air-sea rescue equipment,
emergency lights, etc., due to its high energy density, high power density and
long shelf life in an unactivated condition." Silver chloride is a well-known
cathode active material for seawater batteries since it offers several advan-
tages compared to other active materials for cathodes."”** Firstly, the high
reduction potential of AgCl (0.222 V) contributes towards the high discharge
voltage of the Mg-seawater system.

Secondly, silver chloride can be melted, cast into ingots and rolled into
sheets of up to 0.08 mm in thickness." It can be used in almost any cell
configuration due to its ductility and malleability. Besides this, a base cur-
rent collector grid is not needed for the usage of an AgCl cathode. However,
the high raw material cost hinders its commercial application in a wider
range of power sources. Therefore, the request for economical alternatives
to AgCl has prompted searches for substitute cathode materials. In this con-
text, some non-silver cathodes have been proposed, such as PbCl,, MnO, and
some copper compounds, such as CuCl and Cul, despite no alternative being
found to achieve discharge properties close to those of AgCL'*'*?* Among
these non-silver cathodes, CuCl is commercially successful but shows draw-
backs of low voltage, inferior energy density, low rate capability and worse
resistance to storage under high humidity. Cul was found to have a superior
performance and more improvements can be achieved with cathode addi-
tives such as sulphur.

The voltage increase of a CuCl electrode caused by the addition of elemen-

tal sulphur was found and explained by Amlie et al.** After sulphur addition,
the electrode reaction changes from
CuCl+e— Cu+Cl’ (12.8)
to
CuCl, + e — CuCl + ClI" (12.9)

where cupric chloride is generated via a chemical reaction between sulphur
and cuprous chloride after immersion in an aqueous electrolyte:

2CuCl + S + e — CuCl, + CuS (12.10)
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Therefore, the overall reaction can be presented as:
CuCl+S+e— CuS+Cl (12.11)

leading to a theoretical voltage increase of 0.506 V.

The addition of sulphur was reported to enhance the cathode voltage of
other copper compounds, such as CuBr, CuSO,, Cu(HCOO),, Cu(CH;COO0),
and CuC,0, via a similar mechanism.* Besides, the type of sulphur allotrope
used also has a great influence on the cell voltage of Mg—-Cul seawater batter-
ies, as indicated by Renuka when comparing different sulphur additives, i.e.
cyclohexasulphur (Sg), cyclooctasulphur (Sg) and cyclododecasulphur (S,,).>
Aromatic disulfide, AgCl and Ag,S as additives for Cul cathodes have been
studied, showing significant enhancement in the cell voltage of a Mg seawa-
ter system, e.g. from 1.08 to 1.6 V after the addition of 10 wt% S and 1.25 wt%
Ag,S into the Cul cathode.’?” A voltage increase upon S addition is facili-
tated by the presence of AgCl and Cu,S in the Cul cathode. Interesting to
know is the fact that the adoption of AgCl as an additive to Cul systems can
offer a battery performance close to that supplied by an AgCl active cathode
while significantly reducing the silver content.

Beyond these, Mg seawater batteries using hydrogen peroxide or dissolved
oxygen in the seawater as cathode reactants have also been developed for differ-
entapplications. These two types, termed as the Mg-H, O, semi-fuel cell and Mg-
air battery, respectively, are covered in Sections 12.2.3 and 12.2.4, respectively.

12.2.3 Mg-H,0, Semi-fuel Cell

The Mg-H,0, semi-fuel cell was developed by the Naval Undersea Warfare
Center (NUWC) as a power source for US Navy's low rate, long endurance
unmanned undersea vehicles (UUV).”® This semi-fuel cell uses Mg as an
anode and hydrogen peroxide as a cathode reactant. The cathode, serving as
the reaction site for hydrogen peroxide reduction, is normally carbon paper
with palladium and iridium as a catalyst and is separated from the anode
by a conductive ion exchange membrane. This system uses seawater as an
anolyte and a catholyte with a solution of seawater, acid and hydrogen per-
oxide. The cell is activated when the anolyte and catholyte are pumped into
the system. In other words, with sufficient active anode material, this system
has the ability to produce electrical energy as long as the catholyte is fed to
the cathode, being the reason for the naming of it as a “semi-fuel cell”. The
half-cell reactions and overall reaction are as follows:

Anode: Mg — Mg*>* + 2e (12.12)
Cathode: H,0, + 2H" + 2e — 2H,0 (12.13)
Overall: Mg + H,0, + 2H" — Mg** + 2H,0 (12.14)
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Besides reaction 12.4, secondary decomposition and precipitation reac-
tions can occur:

2H,0, —» H,0+ 0, (12.15)
Mg** + 20H — Mg(OH), (12.16)
Mg*" + CO;*> — MgCO, (12.17)

The precipitation products of the reactions shown in eqn (12.16) and
(12.17) decrease the voltage and energy density of the semi-fuel cell, but this
issue can be solved through the addition of reacting acids such as H,SO,.
The theoretical voltage of the acid Mg-hydrogen peroxide system is 4.14 V.
Nevertheless, the practical voltage is only 1.7-1.8 V with some modification
and the energy density ranges from 500-520 W h kg ".?*~*° The working con-
ditions, including anolyte flow rate, catholyte flow rate, hydrogen peroxide
concentration, current density and temperature, have a great influence on
the discharge performance of this electrochemical system.*

In terms of Mg-H,0, semi-fuel cells, the cathode material does not partici-
pate in the cathodic reaction. The cathodic reactants are fed in from the out-
side and then reduced in the overall battery reaction with assistance of the
catalyst contained in the cathode, which is needed to accelerate the kinetics
of the cathodic reaction. The combination of palladium and iridium has been
widely accepted as a catalyst for the Mg-H,0, system, since it shows supe-
rior performance compared to other catalysts such as silver and Pd.?®*%313
A combined Pd/Ag catalyst has also been explored by electrodeposition of Pd
on Ag coated nickel foam.** The Mg-H,0, system with this Pd-Ag catalyzed
porous cathode exhibits a maximum power density of 140 mW c¢m 2, which
is higher than for Ag coated Ni foam cathode (110 mW c¢m ?) under the same
operation conditions. Nevertheless, the battery performance of the Mg-H,0,
system is still limited by the concentration polarization of H,O, when it is
diluted in the flowing catholyte. Therefore, several cathode substrates have
been adopted, such as nickel foams, titanium foams, carbon papers, etc., and
the cathode structure has been modified to decrease the H,O, concentration
effect.*® Titanium foam shows the best corrosion resistance in 0.5 M H,SO,
solution when compared to nickel foam and silver-coated nickel foam. The
adoption of a Pd/Ti cathode enhances the power density of the Mg-H,0, sys-
tem to 110 mW cm > compared to a Pd-Ag/Ni cathode (80 mW c¢m ?) and
enables the battery system to have good stability during 50 h of testing.*
Moreover, carbon fibers have been applied to a carbon paper substrate to
modify the cathode structure by Bessette et al.*® As reported, after electro-
deposition to the prepared carbon fiber cathode, well-formed Pd-Ir catalyst
clusters are clearly shown, which are expected to significantly increase the
surface area per volume. Hence, a superior cell voltage to current perfor-
mance in the Mg-H,0, system was achieved.
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Figure 12.2 Top-view SEM images of (a) a Pd-Ir coated carbon microfiber array
cathode, (b) a planar (control) Pd-Ir cathode. (c¢) The cathode and
anode potentials of a Mg-H,0, semi-fuel cell at various current den-
sities: (—) with a carbon microfiber array-based cathode; (— — —) with a
planar cathode. Reproduced from ref. 34 with permission from The
Electrochemical Society, Copyright 2008.

As a further development, a method called direct charging electrostatic
flocking has been used to fabricate 3D, carbon microfiber array (CMA)-based
cathodes.’® These cathodes comprise conductive carbon microfibers (11 pm
in diameter, 500 pm in length) that protrude from the titanium substrate (as
shown in Figure 12.2a). The CMA-based cathode with Pd-Ir catalyst enables
the Mg-H,0, system to have a higher voltage at a high current density (Fig-
ure 12.2¢), enhanced power density (peak power density increased from 53 to
84 mW cm ?) and equivalent H,0, utilization, compared to planar cathodes
with the same catalyst loading.

12.2.4 Mg-Air Battery (Aqueous Type)

The magnesium-air battery uses cp-Mg or a Mg alloy as an anode, an aque-
ous solution as an electrolyte and oxygen from the air as a cathode reactant.
A typical air electrode with a catalyst is adopted as a cathode. The usage of air
as a cathode reactant reduces the weight of this battery system and frees up
more space for energy storage, contributing to the high energy density of the
system. The reactions involved in the Mg-air cell are as follows:

Anode: Mg — Mg>" + 2e (12.18)
Cathode: O, + 2H,0 + 4e — 40H" (12.19)
Overall: 2Mg + O, + 2H,0 — 2Mg(OH), (12.20)
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The theoretical voltage of the Mg-air system is 3.1 V and the energy den-
sity is 6.8 kW h kg ' (based on the Mg anode only). Unavoidably, the specific
voltage and energy density in practice are reduced, because of the parasitic
reaction shown in eqn (12.4) again and severe overvoltage induced from dif-
ferent components (IR-drop, etc.) of the battery system. Another problem
for the Mg-air system is the delayed voltage response to an increased load
caused by the surface film of the discharge products, i.e. magnesium hydrox-
ide. Nevertheless, the Mg-air batteries have a broad range of applications
and good future prospects.

The Mg-air system was initially designed as a reserve type as the electro-
lyte is separated from the battery system. This battery can be stored for long
time and be activated any time after adding electrolyte (water-based) into the
system. Therefore, one important application of the Mg-air system is as a
back-up power source for electric and solar power in schools or hospitals in
case of emergencies. Besides this, the effective energy density of the Mg-air
battery can be increased significantly with the addition of corrosion inhib-
itors to the electrolyte, contributing to its potential as a power source for
remote military and telecommunication sites. Furthermore, as mentioned
already in Section 12.2.2, a battery system with seawater as the electrolyte,
oxygen dissolved in seawater as a cathode reactant and Mg-based material as
an anode is also available. This type of battery is expected to have an energy
density of 600 W h kg, which is higher than that of other undersea power
systems such as silver/zinc, Al/H,0, and fuel cells.”” Unfortunately, due to the
limited solubility of oxygen in water, this system can only offer low current
density and low power, therefore it is mainly used in long-term low power
undersea devices, such as lighthouses, floats, undersea monitoring equip-
ment, UUVs and sea floor borehole broadband seismic observatories.?®*°

Also, here, the performance of Mg-air batteries is closely associated with
the cathode, in which the oxygen reduction reaction (ORR) takes place.
The structure of a conventional air cathode is shown in Figure 12.3, indi-
cating four layers, i.e. the waterproof breathable layer, the gas diffusion
layer (GDL), the catalyst layer and the current collector. The function of the
waterproof layer is to prevent electrolyte leakage while enabling oxygen to
penetrate from all sides. However, in some cases, this waterproof layer is
not necessary as the gas diffusion layer, which is usually made from carbon
materials and PTFE, can also offer the same functionality.”’™* The catalyst
layer is composed of effective catalysts to decrease the activation overpo-
tential resulting from the sluggish kinetics of the ORR. Both the GDL and
catalysts have a great influence on the performance of Mg-air batteries and
much research work has been carried out to develop a superior cathode for
a Mg-air system.

In fact, a series of complex electrochemical reactions are involved in the
cathode oxygen reduction. In a neutral electrolyte, the related reactions can
be expressed as follows, including the reaction shown in eqn (12.19):

0, + 2H,0 + 2e — HO, + OH" (12.21)
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Figure 12.3 Conventional structure of a four-layer air cathode. Adapted from ref. 2
with permission from the Royal Society of Chemistry.

HO, +H,O +2e — 30H" (12.22)

2HO, — 20H +0, (12.23)

Therefore, the oxygen reduction may proceed via a four-electron pathway
(shown in eqn (12.19)) or a two-electron pathway (the reaction shown in eqn
(12.21)) followed by either the reaction shown in eqn (12.22) or (12.23) on the
surface of the cathode materials. The direct four-electron ORR pathway is
desirable owing to its high efficiency for energy conversion, while the two-
electron pathway is unfavorable because of its low efficiency and generated
corrosive peroxide species."” The applied catalytic materials have a great
influence on the ORR pathways and mechanisms, which, therefore, affect
the battery performance in terms of a constant high power output. Hence,
a promising catalyst should have good catalytic ability to favor the ORR via
a direct four-electron pathway. Note that the ORR pathway varies not only
with the catalyst category but also with its structure (surface geometry/mor-
phology) due to its impact on oxygen transport and local surface reaction
conditions. Normally most catalysts for other metal-air batteries can also
operate as catalysts in Mg-air systems. Platinum shows superior ORR cata-
lytic activity owing to the predominant four-electron pathway of the ORR, but
the high price hinders its commercialization in Mg-air batteries. Therefore,
the search for economical low-Pt or non-Pt catalysts draws much attention.
Pt alloys doped with other transition metals, e.g. Fe, Ni and Co, and other
modified noble metals such as Pd, Cu and Ag have been proposed as catalysts
for the ORR. These catalysts show high catalytic activity and good durabil-
ity. The adoption of noble metals rather than Pt reduces the cost associated
with the cathode materials for Mg-air batteries. Nevertheless, more research
has been devoted to explore more economically available catalysts with-
out noble metals, such as carbon-based materials, transition metal oxides
(MnO,) and perovskite-based oxides. Various proposed catalysts for ORR and
their modifications have been well summarized by Cheng et al. and Zhang
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et al.*> However, most proposed catalysts for ORR were tested and evaluated
in alkaline or acidic solutions. Mg-air batteries utilize neutral solutions as
the electrolyte to avoid fast self-corrosion in acidic media and high overpo-
tential resulting from the Mg(OH), film in alkaline solutions. Suitable cata-
lysts working in neutral electrolytes are required for superior performance of
Mg-air batteries. In the following, some novel catalysts are briefly introduced
that have been evaluated recently in pH-neutral Mg-air full cells.

Zhao et al. proposed a Pd-Sn binary alloy as a catalyst for Mg-air batteries
to reduce the cathode cost while maintaining excellent catalytic activity.*® A
cathode was prepared with 24 h heat-treated Pd-Sn as a catalyst and multi-
walled carbon nanotubes (MWCNTSs) as the support material. The Mg-air
battery with this Pd-Sn/MWCNTs-based cathode exhibits a higher power
density (more than 112.4 mW cm ?) and increased durability than that
with a Pd/C-based catalyst (82 mW c¢m ). Besides this, non-metal catalysts
as low-cost alternatives have also been explored. Planar iron-polyphthalo-
cyanine (PPcFe) catalysts for Mg-air batteries were fabricated with different
PPcFe/carbon ratios and various heat treatment temperatures by Li et al.*®
The PPcFe/C-based cathode prepared under optimized conditions (PPcFe/C
ratio 1:1, 400 °C) was then tested in a Mg-air full cell and compared with a
pure Pt/C-based cathode. The results demonstrate that a similar discharge
voltage and power density can be obtained with this PPcFe/C-based catalyst
in 10 wt% NacCl solution compared with a Pt/C-based catalyst. Furthermore,
based on the success of perovskite-based oxides as catalysts for the ORR in
alkaline solutions, a mixed-phase mullite (SmMn,O;) has been prepared
and evaluated as a catalyst for Mg-air batteries by Li et al.*” The results show
that the mullite-based cathode exhibits a similar catalytic activity to that of
a Pt/C-based cathode in 1 M NaCl solution, while better stability is obtained.
The enhanced cathode performance is attributed to the catalytic Mn sites
and facilitated oxygen adsorption and diffusion by the coexistence of a CeO,
phase. In addition to the catalysts, the support materials in the catalyst layer
also exert a great influence on the cathode performance, especially for MnO,-
based cathodes because of the low electric conductivity of catalytic MnO,.
Support materials, normally based on carbon, must have good electrical con-
ductivity and can offer sufficient reaction sites for the ORR. Modified carbon
materials with nanostructures have been explored as catalyst supports for
Mg-air batteries, such as graphene, carbon nanofibers (CNFs) and the afore-
mentioned MWCNTs.""***® Both carbon black and MWCNTSs show a catalytic
activity for the ORR that is inferior to that of a MnO, catalyst. Nevertheless,
the catalytic activity of MnO, can be significantly enhanced when combining
it with carbon materials, especially MWCNTs. The Mg-air battery measure-
ments in 10 wt% NaCl solution demonstrate that the MnO,/MWCNT-based
cathode enables the Mg-air system to have a higher voltage and enhanced
power density compared with MnO,- and MnO,/C-based cathodes."" In detail,
the cell voltages for MnO,/MWCNTs-, MnO,- and MnO,/C-based air batteries
at a current density of 20 mA cm * are 1.4, 1.13 and 1.35 V, respectively, while
the peak power densities are ~70, 55 and 61 mW c¢m 2.
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Apart from the aforementioned factors, the cathode performance is also
related to the porous GDL. Proper pore number and dimensions in the GDL
are beneficial for lowering the overpotential resulting from oxygen diffusion
limitation, and, hence, enhancing the final battery performance. Therefore,
the modification of electronic conduction materials in the GDL, which are
generally carbon materials, has attracted attention. Carbon fiber felts (CFF)
with a three-dimensional structure and high electronic conductivity have
been suggested as alternatives for traditional carbon powders in the GDL.***
As reported, a Mg-air cell with a CFF-based cathode shows higher power den-
sity (maximum of about 116 mW cm ?) and good stability during 1100 h of
life testing at a current density of 30 mA cm ™ in 10 wt% NacCl solution, com-
pared to a traditional carbon powder-based cathode using the same catalysts
(maximum of around 83 mW cm ?).*

12.2.5 Other Types

Aside from the widely researched systems mentioned above, some new
aqueous Mg-based power sources with special design have been proposed
recently. Liu et al. developed a high-specific-energy magnesium-water bat-
tery for full-depth ocean applications with water as a cathode reactant.”
This battery system uses nickel foam with optimized Pt loading as a cathode
material, serving as a location for water reduction (Volmer-Heyrovsky type).
The reactions involved in this system are as follows:

Anode: Mg — Mg*>* + 2e (12.24)
Cathode: 2H,0 + 2e — H, + 20H" (12.25)
Overall: Mg + 2H,0 — Mg(OH), + H, (12.26)

Instead of dissolved oxygen, the utilization of water as a cathode reac-
tant could overcome the issue of low power density caused by low and non-
uniform concentration of oxygen in ocean water. Combined with AZ91 Mg
alloy as an anode, this system exhibited a high energy density of 1003 W h
kg™ (anode related limitation) and stable discharge for 100 days, as reported.
Nevertheless, large amounts of hydrogen are produced during the battery
operation and released into the sea, which, consequently, causes consider-
able energy loss, e.g. due to superfluous hydrogen at the very surface and low-
ered effective surface. Another battery design combining a Mg-water system
with a fuel cell was proposed by Hahn et al. to take advantage of the produced
hydrogen and to increase the energy density.’® The illustration of this battery
system is presented in Figure 12.4. In this system, the Mg-water system is
submerged in a seawater electrolyte, supplying power to an outside device
and, meanwhile, serves as a hydrogen generator for a fuel cell. The released
hydrogen, which is produced both by cathode reaction and self-discharge of
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Figure 12.4 Concept of a magnesium hydrogen fuel cell power supply. (1) Bottom
opening for sea water exchange and removal of reaction products, (2)
hydrogen connection to fuel cell, (3) gas liquid separator, (4) hydro-
gen gas filter, (5) air filter, (6) secondary battery as an electrical buf-
fer. Reproduced from R. Hahn, J. Mainert, F. Glaw and K.D. Lang, Sea
water magnesium fuel cell power supply, J. Power Sources, 288, 26-35.,
Copyright 2015, with permission from Elsevier.

the Mg anode, is collected and utilized as an anode reactant for a fuel cell
above the sea level, which in parallel uses oxygen from the air as a cathode
reactant. The anode and cathode reactions involved in this highly attractive
fuel cell can be expressed as:

Anode: 2H, — 4H" + 4e (12.27)

Cathode: 20, + 4H' + 4e — 2H,0 (12.28)

The overall reaction for the whole battery system can be described as:
2Mg + 2H,0 + 0, — 2Mg(OH), (12.29)

With a commercial AZ31 rolled sheet as an anode, this battery system
can achieve a high energy density of more than 1200 W h kg™* (again lim-
ited by the anode) when coupled with the fuel cell. Besides this, because
the Mg-water system is open to the ocean, the discharge products
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(magnesium hydroxide) can be continuously flushed out from the cell low-
ering the ohmic effects at the surface. The concentration of the electrolyte
remains constant, leading to the capability of long-term stable operation
of this electrochemical power system. Furthermore, Xie et al. reported a
new battery operated by direct contact of Mg foil (anode) with foamed
polyaniline (PANI, cathode).” No additional electrolyte is needed for this
battery system. The 3D PANI cathode possesses a through-pore structure
with high porosity and strong polarity, contributing to the entrapment
of H,0 (humidity) from air. Thus, the involved anode and cathode reac-
tions in this system are the oxidation of Mg and the reduction of water,
separately, similar to in the Mg-water system. This proposed battery pro-
totype could eliminate the problems caused by the electrolyte, such as
self-discharge of the Mg anode, simplifying the assembling and lowering
the cost.

12.3 Current Issues of Aqueous Mg Batteries

Aqueous Mg batteries have been researched and developed for a long time.
They have been successfully adopted in several applications, such as the
Mg-MnO, dry cell in military applications, the Mg-seawater system in
marine devices, the Mg-H,0, semi-fuel cell in UUVs and so on, as men-
tioned above. However, a wider commercial acceptance of the Mg-based
batteries has not been realized so far owing to several disadvantages.
Firstly, magnesium or magnesium alloys suffer from severe self-corrosion
during discharge due to the well-known negative difference effect (NDE)
that can be simply described as an increasing tendency of self-corrosion
rate with enhanced polarization on Mg anodes mainly related to noble
inclusions such as Fe, Cu or Ni within the anode material (typically from
bad raw material quality or from inadequate anode material processing).
The high self-corrosion rate decreases the utilization efficiency of Mg
anodes and the specific energy of the battery system, especially at low oper-
ating current densities. Besides this, after partial discharge, the severe self-
corrosion of Mg anodes also leads to a poor storage capability and, thus,
reduces the service life of the entire battery system. The produced large
amounts of hydrogen and the generated heat require proper battery design
for gas venting and heat dissipation. Furthermore, the practical voltage
is always decreased because of the large overvoltage caused either by dis-
charge product film on the anode surface or by the sluggish kinetics of the
cathodic reactions involved. The tightly adherent oxide or hydroxide film
on the anode surface would also lead to voltage delay when a higher current
density is required for an increasing outside electrical power consumption.
Therefore, in order to promote the application of Mg-based batteries, much
work has been carried out with the aim of solving these existing problems
and boosting the overall performance (U-I characteristics) of aqueous Mg
batteries. The main approaches and recent research progress on Mg batter-
ies are presented in the next section.
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12.4 Performance Improvement of Aqueous Mg
Batteries

Some problems of Mg batteries concerning practical application can be
avoided through battery design. For instance, mechanical venting of excess
gas is available through a small hole in the seal washer of the Mg-MnO, dry
cells. The storage time of most Mg-based batteries can be increased when
designed as a reserve type. Anode materials can be replaced anytime and
taken out of the battery system, so that battery service life can be controlled
and extended. Nevertheless, in order to boost the performance of Mg-based
batteries (stable U-I characteristics at high utilization efficiency), efforts
are normally focused on the main components of the battery system, i.e.
the anode, the cathode and the electrolyte. Advanced Mg anodes with more
negative discharge potential (in a half-cell) and low self-corrosion rate are
under development. Suitable cathode materials with catalysts are import-
ant for achieving active reaction kinetics. Besides this, battery performance
can also be improved through electrolyte modification, e.g. the addition of
proper additives, leading to electrolyte stabilization and proper electrode/
electrolyte interface conditions. The main approaches and progress achieved
are summarized in the following section.

12.4.1 Development of Mg Anodes

As the generator of electrons in the electrochemical power system, the Mg
anode plays a key role in the battery performance. Therefore, the develop-
ment of novel Mg-based anodes has attracted considerable attention. Gen-
erally, advanced Mg anodes should possess two specific properties. The first
one is high utilization efficiency, which can be achieved with its low self-
corrosion rate and limited “chunk effect”, namely the undermining of the
undissolved Mg matrix and the detachment of the secondary phases.’>>* The
second one is at a more negative discharge potential (in a half-cell measure-
ment), which, in principle, can be obtained through negative open circuit
potential and low overpotential active dissolution of Mg anodes and eas-
ier peeling or even avoidance of the discharge product film formed on the
anode surface. In general, the research on Mg anodes is focused on the fol-
lowing three directions: improving the intrinsic properties of pure magne-
sium (impurity level), adding alloying elements such as Ca and adjusting the
microstructure (e.g. via extrusion).

12.4.1.1 Improvement of Pure Magnesium

The intrinsic quality of pure Mg has a great influence on its self-corrosion
and discharge properties. The corrosion rate of pure magnesium is closely
linked to the content of impurities, such as Fe, Ni, Cu, etc.”>® Pure mag-
nesium of commercial purity grade shows a high corrosion rate and low
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utilization efficiency in different battery electrolytes as reported, indicating
its imperfection as an anode material.”*"®! Improving the intrinsic quality
of pure Mg is helpful for improving the discharge properties. High-purity
Mg (99.99%) shows a better discharge voltage than some Mg alloys, e.g.
AM50 and AZ91, as measured in a Mg-air cell under the same test condi-
tions.®® Besides this, instead of a conventional macroscale structure (either
from cast or wrought processing), the adoption of a micro/nanoscale struc-
ture to pure Mg can also have positive effects on its discharge properties.
Li et al. explored the discharge performance of micro/nanoscale struc-
tured Mg with various morphologies and shapes when acting as an anode
material for Mg-air and Mg-MnO, batteries.®*** Mg hybrid systems con-
sisting of micro/nano Mg spheres with different diameters can be prepared
by vapor deposition processes at different temperatures (as shown in Fig-
ure 12.5). All of these prepared materials show a higher discharge voltage
than commercial Mg powder when used as an anode for a Mg-MnO, cell
due to the high electrochemical activity and reduced polarization caused
by the increased surface area. Among these materials, sample C prepared
at 300 °C shows the best discharge voltage (1.44 V at 25 mA g ' vs. the 1.2
V of commercial Mg powder), which is attributed to its higher surface area
caused by a mixture of micro- and nanospheres. It is worth noting that,
with increasing specific surface area, the Mg anode with a micro/nano-
structure unavoidably shows a fast self-corrosion rate. Therefore, a suit-
able electrolyte, in which the Mg anode exhibits a low self-corrosion rate,
is highly desired to ensure high utilization efficiency and energy density.
Another way proposed to improve the properties of Mg anode is using
porous Mg thin films. Xin et al. prepared a series of Mg films with a thick-
ness of 100 nm with various morphologies by magnetron sputtering at dif-
ferent temperatures.®® Battery measurements indicated that a Mg-air cell
with Mg films prepared at 150 °C as an anode and Pt/C as a cathode showed
excellent discharge properties in 6 M KOH electrolyte, including a stable
discharge voltage (0.8 to 1 V), high open circuit voltage (1.41 V) and large
discharge capacity (~820 mA h g).

12.4.1.2 Addition of Alloying Elements

Alloying is the most common method used to control the properties of Mg
anodes, since numerous alloying elements can be used and they may have
quite different impacts on the electrochemical properties of magnesium and
the entire cell. Until now, many ternary Mg alloys have been developed as
anode materials, such as Mg-Al-Zn, Mg-Al-Pb, Mg-Hg-Ga and Mg-Li-Al
alloys aimed at preventing power failure by surface activation via the alloy-
ing element. Additionally, other alloying elements to these alloys have been
explored in order to obtain a better anode performance. Figure 12.6 summa-
rizes some commercially available and newly proposed Mg anodes from the
aspects of anodic efficiency and OCP in sodium chloride solution.
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SEM images of the vapor-deposited Mg micro/nanoscale materials for
different deposition temperatures: (a and b) 240 °C; (c and d) 270 °C;
(e and f) 300 °C; (g) Discharge curves of different materials as anodes
for a Mg-MnO, cell at a current density of 25 mA g* at a working tem-
perature of 25 °C. a, b, ¢ represents the sample vapors deposited at
240, 270 and 300 °C, respectively. Sample d is made with commercial
Mg powder. The utilized electrolyte is a mixture of Mg(NO;), (2.6 M)
and NaNO, (2.6 M). Reproduced from ref. 64 with permission from
Springer Nature, Copyright 2009.



Aqueous Mg Batteries 293

80
Low-power long-term battery
70 | '
Mg-Li-Al
o 801 M :\l/u( Py
e | AZ91gy GMo-AHIn * 3
S50  Aveog J A% Mg-Ca ®
s | AP65 a
2 £
£ 40r 2
o | . 5
S 30 Mg-Al-Sn <
8 (2]
r Mg-Hg-Ga 6
< 0l g
(@]
2
10 + )
T
0 " 1 L 1 " 1 L 1 " 1 L 1

-1.4 -1.5 -1.6 -1.7 -1.8 -1.9 2.0 -2.1
OCP, V (vs. SCE)

Figure 12.6 Property space for anodic efficiency versus the OCP of different Mg
alloy anodes. All data are collected from published literatures (ref.
70-81). The anodic efficiencies of all of the anodes shown here were
measured at a current density of 10 mA ¢m 2, excluding Mg-Hg-Ga
(efficiency was recorded at 20 mA cm ). All of the data were deter-
mined in 3.5 wt% NaCl solution. The OCP value is calibrated and ver-
sus SCE, assuming that the potential of a saturated Ag/AgCl electrode
is —0.045 Vvs. SCE electrode.

Mg-Al-Zn alloys, particularly AZ31,AZ61 and AZ91, are the most commonly
used anode materials in aqueous Mg batteries, since they are commercially
available and have a relatively high corrosion resistance in a Cl~ environ-
ment.*® The good corrosion resistance is due to the reduced anodic kinetics
with Al addition below solubility and suitable secondary phase morphol-
0g2y.°% Mg-Al-Zn alloys have been used in practical Mg dry cells, Mg-air
batteries, Mg-H,0, semi-fuel cells and have been studied as anodes for Mg-
water batteries."?®"** They show relatively high utilization efficiency (e.g.
82% for AZ31 in 2 M Mg(ClO,), electrolyte at 40 mA cm™?), excellent discharge
capacity and contribute towards the high energy density of Mg-based cells.”!
However, Mg-based batteries with Mg—-Al-Zn anodes normally exhibit a low
cell voltage, which is due to the low open circuit voltage and more protec-
tive film caused by Al and Zn accumulation.®® Therefore, Mg-Al-Zn alloys
are mainly used in low power batteries with long service life, for example in
harsh environments. Alloying with elemental indium can enhance the dis-
charge properties of the AZ63 alloy as an anode for a Mg-CuCl battery, as
reported by Li et al.®* The discharge voltages of the AZ63 alloy at different
current densities increase with 0.5 wt% In addition (e.g. from 0.45 to 0.6 V at
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75 mA cm %), because the addition of In, as supposed, accelerates the disso-
lution of the Mg matrix (a-phase) and promotes the self-peeling of discharge
products through the dissolution-reprecipitation of indium. Heat treatment
was adopted to enhance the utilization efficiency and, eventually, enabled
the Mg-Al-Zn-In alloy with excellent overall discharge properties.

Mg-Al-Pb alloy, especially AP65 (Mg-6%Al-5%Pb), was developed by Mag-
nesium Elektron UK to supply a high cell voltage for high-power seawater
battery applications.” This alloy has a more negative OCV and can supply
a higher voltage than AZ alloys and pure Mg in different electrolyte solu-
tions.®#*#1 The high cell voltage of AP65 alloy is attributed to the promoted
peeling or breakdown of discharge products caused by the synergetic effect
of Al and Pb (protection and activation).?*! The usage of the AP65 alloy as an
anode could cause severe sludge, but under some forced-flow discharge con-
ditions the sludge problems can be controlled.® This alloy is used in some
military applications, for example, as a power source for electric torpedoes.
Except for the toxic lead, the disadvantages of Mg-Al-Pb anodes also include
the high self-corrosion rate and relatively low utilization efficiency at low
current densities, leading to low specific energy and shortened service life
of the respective Mg-based batteries.®*»* Therefore, this alloy is normally
used for high-power devices with short operating time, like the mentioned
electric torpedoes. Some alloying elements to the AP65 alloy, such as Zn, Mn,
In, Ce/Y and La, have been studied, aimed at improving its self-corrosion and
discharge properties.®”*"¥-°1 The addition of 1 wt% In into the AP65 alloy
can enhance its discharge potential in 3.5 wt% NaCl solution and increase
its utilization efficiency at high current densities (from 82.1 to 87.7% at 180
mA c¢m ?), but the utilization efficiency at low current density (10 mA cm?)
was decreased from about 46 to 41%, due to a severe chunk effect.®’ Besides
this, some work has also been carried out to optimize the composition of the
Mg-Al-Pb alloy as an anode material.***> Wen et al. suggested that, for an
extruded sheet anode material, Mg-6 wt% Al-7 wt% Pb-0.5 wt% Zn alloy is
the optimized composition due to its superior overall discharge properties
in 3.5 wt% NacCl solution, while Wang et al. proposed that Mg-9 wt% Al-2.5
wt% Pb is more suitable because of the better discharge properties with low
Pb content.®** Recently, the AP65 alloy has been explored as an anode for
Mg-air batteries. With the addition of Ce/Y alloying elements, the AP65 alloy
can exhibit a higher discharge voltage and enhanced utilization efficiency
than pure Mg and the AZ31 alloy, even at relatively low and moderate current
densities (10 or 20 mA cm ?).*' For instance, the AP65-Ce/Y alloy shows a
voltage of 1.28 V and a utilization efficiency of ~60% at 10 mA cm 2, while the
AZ31 alloy has a voltage of 1 V with a utilization efficiency of ~56% under the
same discharge conditions.

Another Mg alloy developed for high power military applications is the
Mg-Hg-Ga alloy, since it can supply a more negative discharge potential
than the AP65 and AZ31 alloys.”*** The addition of mercury and gallium is
well known to accelerate the activation of aluminum anodes.”>™” An acti-
vation mechanism combining amalgamation, amalgam corrosion, liquid
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metal embrittlement and galvanic corrosion was proposed.”® Recently, Hg
has been adopted in Mg anodes for seawater-activated batteries and a battery
system with a Mg-Hg anode can supply a power density of above 150 W h
kg™'.%® As reported by Feng et al., a Mg-6 wt% Hg alloy exhibits extremely neg-
ative corrosion potential in 3.5 wt% NacCl solution (around —2.2 V vs. SCE),
which, in fact, is the most negative corrosion potential reported for any Mg
alloy.®®® While superior properties in terms of voltage and power density
are achieved, Mg-Hg anodes also have drawbacks such as high self-corrosion
rate, low utilization efficiency, short service life and increasing sensitivity to
environmental benignity. Therefore, gallium has been used to replace mer-
cury in Mg-Hg anodes considering the intrinsic activation effect of Ga on Al
anodes. Feng et al. have carried out work to investigate the effect of Ga addi-
tion and content on the microstructure and respective discharge properties
of Mg-Hg anodes as well as the activation mechanism.’®* Mg anodes could
be activated by the dissolution and subsequent redeposition of Hg and Ga.
Complementary, the addition of Ga accelerates the stripping of the corrosion
film and the formation of Mg amalgams, which promotes the electrochem-
ical activity. Wang et al. studied the effect of the Hg/Ga ratio on the phase
constituents and electrochemical performance of Mg-Hg-Ga alloys, indicat-
ing that an alloy with a Hg/Ga ratio of 0.68 could be the most suitable anode
material for seawater-activated batteries concerning the observed discharge
properties (~1.83 V vs. SCE in half-cell testing) and moderate self-corrosion
rate.'”

Mg-Li alloys have also been explored as anode materials for aqueous Mg-
based batteries, due to the most negative standard electrode potential of lith-
ium (—3.05 V vs. SHE). However, the utilization efficiency of Mg-Li alloys as
anode material is related to the Li content, since the Li has a significant effect
on the self-corrosion rate of the Mg anodes. Mg-Li alloys with a relatively
low Li content (<11 wt%) have a poor corrosion resistance resulting from the
increased cathodic kinetics or galvanic corrosion between the a-Mg and B-Li
phases when the Li content is between 5-11 wt%.'"" Despite the enhanced
discharge voltage, the poor corrosion resistance of Mg-Li alloys with rela-
tively low Li content leads to low utilization efficiency (e.g. ~36% for Mg-8
wt% Li-3 wt% Al-1 wt% Ce-1 wt% Y alloy at 10 mA c¢cm?) during discharge,
especially at low current densities, compared to the AZ31 alloy, as reported
(~54% at 10 mA cm ?).”*1%?

In contrast, with heavy Li alloying (>11 wt%) the corrosion resistance of
Mg can be enhanced.'®'* The crystal structure of the a-Mg matrix changes
to bece after Li addition of above 11 wt%, in contrast to the hcp structure of
the pure primary Mg. Taking advantage of this change, the anodic dissolu-
tion kinetics of Mg are significantly restricted, which, as proposed, can be
attributed to the dynamic development of a carbonate rich surface film.'%*'%
As a consequence, only Mg-Li alloys with a high Li content are suitable
anode materials for aqueous Mg batteries. A Mg-13 wt% Li alloy as an anode
material for Mg batteries was tested by Sivashanmugam et al.' The results
show that the Mg-13 wt% Li alloy has a lower self-corrosion rate than the
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AZ31 alloy in various battery electrolytes, for example, 0.0059 mg cm > min*
for the Mg-Li alloy vs. 0.1832 mg cm > min ' for AZ31 in 2 M MgCl, solution.
Besides this, it shows higher discharge voltages of 0.3-0.4 V at different cur-
rent densities than the AZ31 alloy in a Mg/CuO full-cell setup. The alloy also
possesses high anodic efficiency at relatively low current drains, for exam-
ple 81% at 8.6 mA cm 2. Recently, combined with other alloying elements,
Mg-Li alloys with different Li content have also been proposed as anodes
for either Mg-air batteries or Mg semi-full cells.”®’®1%771% A Mg-air battery
with a Mg-14 wt% Li-1 wt% Al-0.1 wt% Ce alloy as an anode shows a higher
voltage at different current densities than those based on pure Mg and AZ31
alloy, e.g. 1.20, 1.17 and 1.13 V for Mg-Li-Al-Ce, Mg and AZ31, respectively.
This alloy also exhibits enhanced anodic efficiency and discharge capacity
at all of the tested current densities, supporting its possible application in
Mg-air batteries. Another rare earth element, yttrium, has also been investi-
gated as an alloying element for a Mg-Li alloy.'”® The addition of 1.2 wt% Y
enhances the corrosion resistance of the Mg-8.5 wt% Li-3.2 wt% Al-1.2 wt%
Ce alloy and contributes towards its boosted peak power density (from 91 to
110 mW cm ) in Mg/H,0, semi-fuel cell measurements. In addition, a Mg-8
wt% Li-3 wt% Al-1 wt% Ce-1 wt% Y alloy was also evaluated as an anode
material for a Mg-air battery, indicating good discharge voltage but low uti-
lization efficiency at a relatively low current density (36% at 10 mA ¢cm > in
3.5 wt% NacCl).”® Nevertheless, with the addition of 1 wt% Zn, both the volt-
age and utilization efficiency of this alloy are enhanced, and appear to be
higher than those of AZ31 and pure Mg. Zn is mainly distributed in the B-Li
phase and thus weakens the galvanic corrosion between the o-Mg and B-Li
phases, leading to a relative uniform dissolution of this alloy and a reduced
self-corrosion rate.

Indeed, the aforementioned Mg alloys possess some attractive advantages
as anode materials. However, they are all associated with specific issues,
raising the need for better Mg anode materials in general. Firstly, due to the
increasing social attention on environmental issues, new anode materials
are needed to replace the widely used toxic Mg-Al-Pb or Mg-Hg-Ga alloys
in seawater batteries. Secondly, in terms of a Mg-Li anode, the heavy Li
load and need for a fourth or even fifth alloying element strongly reduces
the technological tolerances leading to a significant increase in associated
costs. In this case, some other low melting point elements (LMPEs), such
as Ga, In and Sn, are being considered. Work has been done to explore the
possibility of replacing Pb with these LMPEs in Mg-Al anodes. Mg-Al-Sn,
Mg-Al-Ga and Mg-Al-In alloys have been tested either in Mg-air batteries
or Mg-seawater batteries and compared with Mg-Al-Zn anodes.”"7*82110.111
As reported, all of these alloys show a better discharge voltage than Mg-Al-
Zn anodes, attributed to the less protective oxide film on the anode surface
resulting from these LMPEs. For example, the voltages of Mg-3 wt% Al-1
wt% Ga, Mg-3 wt.%Al-1 wt% Sn and Mg-3 wt.%Al-1 wt% In at 5 mA cm * are
1.18,1.21 and 1.31 V respectively, higher than that of the Mg-3 wt.%Al-1 wt%
Zn alloy (1.17 V). A dissolution-reprecipitation mechanism was proposed
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to explain the activation effect of In addition on a Mg anode with the assis-
tance of X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS)
and energy-dispersive X-ray spectroscopy (EDS). However, these alloys nor-
mally have a higher self-corrosion rate than Mg-Al-Zn alloys evaluated either
by polarization curves, EIS measurements or by immersion tests. Therefore,
the service life of Mg batteries is definitely shortened by adopting these Mg-
Al systems alloyed with LMPEs as an anode. Recently, a novel Mg-Ca anode
material with both good voltage and low self-corrosion rate was presented.”
The consideration of Ca addition was based on its more negative electrode
potential (—2.87 Vvs. SHE) than that of magnesium and the grain refinement
effect of Ca on Mg metal. The content of Ca was recommended to be lower
than 0.5 wt% since the increasing Mg,Ca secondary phases, accompanied by
high Ca content, severely accelerate the self-corrosion rate of Mg-Ca alloys.
As presented in Figure 12.7, a Mg-air battery with a Mg-0.1 wt% Ca as an
anode has a more stable and higher discharge voltage compared to anodes
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Figure 12.7 Discharge properties of Mg-air batteries with different anodes: (a)

discharge curves at a current density of 0.5 mA cm?; (b) cell voltage
at different current densities; (c) specific energy at different current
densities. Electrolyte is 3.5 wt% NaCl solution; Cathode is a commer-
cial air cathode with C/MnO, catalyst. Reproduced from M. Deng,
D. Hoche, SV. Lamaka, D. Snihirova and M.L. Zheludkevich, Mg-Ca
binary alloys as anodes for primary Mg-air batteries, J. Power Sources,
396, 109-118., Copyright 2018, with permission from Elsevier.
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based on high purity Mg, AZ31 and AM50 alloys. Besides this, a Mg-0.1 wt%
Ca anode can also offer enhanced energy density, even higher than that of
high purity Mg, which generally has a lower corrosion rate in a technically
relevant testing solution such as 3 wt% NaCl than most Mg alloys, as already
summarized in some literature reviews.*®'"?

12.4.1.3 Microstructure Tuning

Microstructure, which includes grain size, secondary phase constituent,
secondary phase morphology, density of various defects and impurities,
etc., also has a significant effect on the self-corrosion and discharge prop-
erties of Mg anodes. Therefore, technical processing, such as deformation
and subsequent heat treatment, are adopted to adjust the microstructure
of Mg anodes and to obtain good overall properties. Note that sheet or
rod materials of Mg anodes, which can be obtained through deformation
processes, such as rolling or extrusion, are normally required in practical
applications due to cell design constraints. Thus, studies concerning the
effect of these processes on properties of Mg anodes are quite important as
well as iterative processes for optimization. Until now, a number of studies
have been carried out to reveal the influence of different processes on the
microstructure, self-corrosion and discharge properties of numerous Mg
anodeS.60,70,74,79,82,90,91,93,94,113—116

Heat treatment, which can be applied to both as-cast materials and wrought
materials, has a significant impact on the microstructure of Mg anodes, espe-
cially the size, quantity and distribution of the secondary phases. Conse-
quently, the OCP of Mg anodes and the reaction kinetics of anode dissolution
are affected. As demonstrated by Yan et al., homogenization and aging treat-
ment have a great effect on the self-corrosion and discharge potential of a
Mg-4.8 wt% Hg-8wt% Ga alloy anode, resulting from the changing precipita-
tion behavior of the Mg,,Ga;Hg; and Mg;Ga, secondary phases.'”® The self-
corrosion resistance and discharge potential are improved after aging at 473
K for 96 h. This also indicates that anode pretreatment via heat aging under
some conditions has a negative effect on the overall performance of this
Mg-Hg-Ga anode. Therefore, suitable treatment parameters, including tem-
perature and treatment duration, are urgently required. The effect of heat
treatment on the discharge properties of Mg-Al-Zn anode with In addition
has also been studied by Li et al.®* After microstructural homogenization at
385 °C for 24 h followed by water quenching, the utilization efficiency of an
AZ63-0.5 wt% In anode was enhanced (from 67 to 71% at 10 mA ¢m ?) due
to the reduced self-corrosion rate attributed to the dissolution of the sec-
ondary phases into the Mg matrix. Besides this, the discharge voltage of a
Mg-CuCl seawater-activated battery was increased with this treated alloy as
an anode, because of more In dissolved in the a-Mg solid solution after heat
treatment, which also promotes the indium-induced dissolution-reprecipi-
tation process.
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Deformation processes such as extrusion are normally used to refine
materials and to obtain a more uniform microstructure. The induced dislo-
cations, twins, crystallographic textures, various grain orientations, incom-
plete recrystallization structures and subsequently, the occurrence of high
surface energy could also have a remarkable influence on the discharge prop-
erties of Mg anodes. Wang et al. investigated the effect of hot rolling and sub-
sequent annealing on the discharge properties of a Mg-Al-Pb anode.'™ The
results show that hot rolling improves the discharge potential of the AP65
anode, attributed to the induced dislocations and twins, which accelerate
the dissolution of the anode. Besides this, the utilization efficiency increased
from 78.8% for the as-cast AP65 alloy to 81.5% for the as-rolled one at 180
mA cm ?, because the grains are refined and the strongly cathodic Al-Mn
particles are fractured by hot rolling. Subsequent annealing at 150°C for 4 h
further improved the overall properties of the hot-rolled AP65 anode mate-
rial. The more negative discharge potential is due to the accelerated self-
peeling of the discharge products, while the increased utilization efficiency
can be attributed to the decreased density of dislocations and twins (might
be related to a lowered chunk effect). Generally, appropriate heat treatment
processes following deformation processes are quite necessary to obtain
the desired microstructure. Additionally, the different grain orientations
induced by rolling could also have an effect on both the corrosion and dis-
charge performance of Mg anodes, as indicated in the recent publication by
Wang et al.''” Extrusion is another widely used process to obtain a specific
anode shape and uniform microstructure. In the recent research of Xiong et
al., a Mg-6 wt% Al-1 wt% Sn alloy anode for Mg-air batteries was extruded
to achieve superior discharge properties.”* Similarly, both discharge voltage
and utilization efficiency are enhanced due to accelerated discharge activity
and more uniform anode dissolution. At a discharge current density of 10
mA cm?, the utilization efficiency increases from 32.2 to 45.2% after extru-
sion, while the discharge potential in half-cell tests becomes more negative,
from —1.605 to —1.670 V (vs. SCE).

12.4.2 Electrolyte Modification

The electrolyte is another determining factor for the performance of
aqueous Mg-based electrochemical power sources. Firstly, the utilization
efficiency of anode materials is closely related to the adopted electrolytes,
since the different self-corrosion rates of Mg anodes can be detected
in various solutions.’®® Secondly, the formation of discharge product
films on the anode surface, which has a great influence on the discharge
potential of Mg anodes as mentioned, is related to the electrolyte solu-
tion. Meanwhile, solution conductivity also varies with different electro-
lytes. High solution conductivity, which means low solution resistance,
is needed to decrease the voltage loss caused by ohmic drop (IR-drop).
Therefore, electrolyte modification, even in a water environment, is quite
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important to gain superior battery performance. Most research concern-
ing electrolytes for Mg-based batteries follows two directions, namely the
modification of background electrolytes and the utilization of additives.
Note that electrolyte modification may not be feasible for Mg-seawater
batteries since the battery system is open and the electrolyte is natural
seawater from the ocean.

The induced changes on Mg battery performance by the adjusted char-
acteristics of the background electrolytes, including the soluble salt type,
species concentrations, pH, etc., have been deeply investigated over the
last few decades.®"**81187121 Zhao et al. tested Mg battery performance
in NaCl solutions with different concentrations.'” Upon increasing the
NaCl concentration from 3.5 to 6.5 wt%, the discharge current at a spe-
cific voltage increases while the battery life time decreases. This could
be attributed to the decreased overpotential resulting from increased
solution conductivity and facilitated Mg anode dissolution. Instead of an
aggressive NaCl solution, other less-aggressive solutions without ClI” have
been proposed as electrolytes for Mg-based batteries, such as Mg(ClO),,
MgBr,, Mg(NO;),, etc. The utilization efficiencies of various Mg anodes at
different current densities have been demonstrated to be higher in Mg(-
ClO,), and MgBr, solutions than in MgCl, solution, owning to the reduced
self-corrosion rate.®® Besides this, Winther-Jensen et al. studied several
chloride salts, i.e. MgCl,, LiCl, CaCl, and NaCl, as electrolytes and anode/
electrolyte interface modulators for Mg batteries under saturated condi-
tions at pH 11.""® The results show that, in MgCl, and LiCl saturated solu-
tions, Mg batteries maintain a cell voltage of above 1.4 V for more than
150 h at 20 pA cm 2, which cannot be achieved in saturated CaCl, and
NaCl solutions. Moreover, a mixture of MgCl, and LiCl saturated solu-
tions can further enhance the cell voltage and stability. This phenomenon
is important for enhancing Mg battery performance, even if the reasons
are not yet well explained.

In addition to the modification of the background solution, utiliza-
tion of electrolyte additives is also an important approach for the pre-
viously introduced boosting of Mg battery performance and has already
drawn much attention. Most of the prior research on electrolyte addi-
tives was focused on corrosion inhibitors. The aim was to improve the
anode utilization efficiency through inhibiting the self-corrosion of Mg
anodes. Meanwhile, the discharge potential of Mg anodes is also affected
as a result of the varied kinetics of anode dissolution. Commonly used
inhibitors for aqueous Mg-based batteries include nitrites and chromate
compounds.®®*119122 However, they are not environmentally friendly.
Therefore, more effective and environmentally benign inhibitors for Mg
batteries are required. Several new additives for aqueous Mg-based bat-
teries have been evaluated, such as gallium oxide, decyl glucoside, water
soluble graphene, sodium phosphate and sodium dodecyl benzenesul-
fonate.'*>!*7125 Ag reported, decyl glucoside as the electrolyte additive
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can improve both the cell voltage and the utilization efficiency of Mg-air
battery systems.'*® The utilization efficiency of a pure Mg anode at 5 mA
cm? increases from to 86.2% after the addition of 2.5 mM decyl gluco-
side into the electrolyte, while the voltage increases to 1.36 from 1.15 V in
bare electrolyte. The significantly enhanced utilization efficiency can be
attributed to the reduced self-corrosion rate resulting from the adsorption
of decyl glucoside on the anode surface. The increased cell voltage is due
to the enhanced open circuit voltage, which indicates the cathodic inhi-
bition effect of decyl glucoside on local acting cathodes within the anode
material. Recently, Lamaka et al. reported work representing results of
the systematic screening of magnesium corrosion inhibitors."® In this
work, the inhibition effect of 151 individual compounds on various Mg
alloys and three grades of pure Mg was evaluated through hydrogen evo-
lution tests in 0.5 wt% NacCl solution. The results indicate a number of
new inhibitors that show higher inhibition efficiency on Mg corrosion
than chromate. This work shines some light on the selection of effective
electrolyte additives for aqueous Mg-based batteries. Nevertheless, more
work is still needed to find suitable additives for fully assembled Mg-
based batteries taking into consideration both utilization efficiency and
cell voltage.

Recently, Hoche et al. proposed a new concept to simultaneously
improve the anode efficiency and discharge voltage via the addition of
Mg*" and Fe’" complexing agents.”® This idea was based on their prior
research on iron complexing agents as effective corrosion inhibitors for
magnesium.’>'?*'>” Ag proposed, iron re-deposition on Mg surface accel-
erates the self-corrosion of impurities containing Mg.” Therefore, as illus-
trated in Figure 12.8a, preventing the re-plating of iron with strong iron
complexing agents becomes a feasible method by which to suppress the
self-corrosion of magnesium.'**'*” The principle for battery performance
boosting based on this mechanism is presented in Figure 12.8b. Electro-
lyte additives as strong Fe®* and moderate Mg®" complexing agents were
added into the battery system. The self-corrosion of Mg anodes is expected
to be suppressed by preventing Fe-re-deposition and impurity activation,
while the cell voltage is supposed to be enhanced through inhibiting the
formation of a Mg(OH), film and activation of the surface via Mg complex-
ing. An excellent organic additive, namely salicylate, was found in this
work. With the addition of 0.05 M salicylate, the utilization efficiency of a
cp-Mg (220 ppm Fe) in 0.5 wt% NacCl solution was enhanced from 13.5 to
27.2%, while the discharge potential became more negative, from —1.47
V (vs. Ag/AgCl) to —1.61 V (vs. Ag/AgCl). Note that the anode material used
in this work was cp-Mg that shows a high self-corrosion rate and inferior
discharge performance in electrolyte solutions. Nevertheless, it indicates
a new direction for choosing novel electrolyte additives for aqueous Mg-
based batteries. Thus, research on complexing agents as electrolyte addi-
tives for superior Mg alloy anodes deserves more attention.
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Figure 12.8 (a) Iron re-deposition mechanism on Mg corrosion and the working

principles of additives (here salicylate, Sal) as a corrosion inhibitor via
preventing Fe-re-plating. (b) Working principles of complexing agents
as additives for the performance boosting of Mg-based batteries. Main
aspects of the additive effect are indicated and emphasize the scope
of the discovery. Reproduced from ref. 59, https://doi.org/10.1038/
$41598-018-25789-8, under the terms of the CC BY 4.0 licence, http://
creativecommons.org/licenses/by/4.0/.

12.5 Outlook

In this chapter aqueous Mg-based batteries were introduced with respect to
battery types, involved reactions, hindrances to practical applications and also
research progress. For sure, Mg-based batteries with superior theoretical battery
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performance are promising future power sources, which fulfill the social require-
ments in terms of economic feasibility and clean energy. The various battery
types supported by different cathode reactants enable Mg-based electrochemi-
cal systems to be used for applications in different fields, such as marine devices,
military equipment, backup power, etc. Nevertheless, the practical applications
and commercialization are still hindered because of the imperfect battery per-
formance, such as low/unstable cell voltage and insufficient specific energy den-
sity. Therefore, in order to widen the application of aqueous Mg-based batteries,
more work should be done on improving all of the different components of
the battery system, i.e. the anode, cathode, electrolyte and the cell design itself.

Novel Mg anodes with a low self-corrosion rate and more negative discharge
potential are required. Mg alloys with non-toxic alloying elements should be
developed to replace the usage of high-quality but environmentally harmful
alloys, such as Mg-Hg-Ga and Mg-Al-Pb. Meanwhile, except for good elec-
trochemical performance, Mg anodes with simplified composition, such as
binary or at most ternary alloys, are needed to reduce the cost associated with
the anode preparation. The focus needs to be shifted from Mg-Al- and Mg-Li-
based alloys to other novel Mg alloys, such as the Mg-Ca system.

The cathode, including the cathode structure, cathode reactants and cata-
lysts, also plays a key role in the performance of aqueous Mg-based systems.
Firstly, the cathode structure needs to be optimized, supporting enough
mechanical strength and reducing battery inner resistance. Secondly, effec-
tive and low-cost cathode reactants are important, especially for Mg-seawa-
ter systems. Non-silver alternatives with a discharge performance close to
that of AgCl are still required. Besides this, concerning cathodes for Mg-air
and Mg-H,0, systems, highly effective catalysts need to be discovered, con-
sidering not only high catalytic activity but also low cost. Modified MnO,
and perovskite-based oxides deserve more attention as catalysts for Mg-air
systems. In addition, the importance of substrate materials for cathode cat-
alysts should also be noted. Adoption of a porous nanostructure is a feasible
approach, since the significantly increased surface area can reduce polariza-
tion induced by mass transfer and gas diffusion processes.

Electrolyte modification, especially if they are water based, as an effective
way of boosting battery performance, draws increasing attention nowadays.
Non-aggressive solutions can be used as electrolytes to ensure relatively
high anode efficiency, but the effect of these solutions on cell voltage and
power density should be considered thoroughly. Electrolyte additives pro-
vide another possible and very easy to handle alternative. Except for corro-
sion inhibitors, other new additives that can simultaneously enhance the
anode efficiency and cell voltage need to be developed, such as the newly
proposed dual acting complexing agents.
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3 Motivation and objectives (Anode material design targets)

Searching for high-performance and “green” Mg alloy anode materials has been the subject of intense
research in the past decades. However, the practical properties of Mg anodes are still far from the
theoretical pinnacles, leading to unsatisfactory battery performance. For instance, the practical voltage
of Mg-air cell is normally below 1.6 V, significantly lower than the theoretical value (3.1 V). The
practical capacity and energy density are also far below the theoretical values (Fig. 3-1) resulted from
the low anode utilization efficiency, which is normally below 50% at relatively small current densities
like 1 mA cm[4]. Issues related to the anode materials include the parasitic self-discharge reaction
and the large voltage drop caused by oxide/hydroxide layer on anode surface (Fig. 3-1). Generally, most
proposed Mg alloy anodes are based on Mg-Al system [5-16] because Al is the most commonly used
alloying element for corrosion resistance improvement of Mg. The enhanced corrosion property by Al
alloying is believed to be associated with the formation of a protective film on alloy surface attributed
to Al enrichment [17, 18]. However, it should be realized that the protective film on Mg surface is
destined to result in large voltage drop during discharge [19] and, consequently, issue in a reduced
battery voltage. As mentioned in the literature review section, addition of Pb and Hg are possibly able
to improve the anode discharge activity via promoting peeling of discharge products, but the usage of
elements with a certain toxicity should be contained. Therefore, novel Al-diluted Pb/Hg-free Mg anodes

with good discharge properties are highly demanded.
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Fig. 3-1 Schematic of Mg-air battery system and theoretical properties in comparison to practical

properties. Capacity and energy density are calculated based on anode only.

Calcium (Ca) possesses a good potential to be a promising alloying element for Mg anodes attributed
to its proper intrinsic characteristics, like more negative theoretical electrode potential (— 2.87 V vs.
SHE) than Mg and nontoxicity to the environment. Besides, as reported [20-22], Ca and related oxides
show the capability of reducing the grain size of Mg and, meanwhile, Mg-Ca alloys exhibit good

deformability. Ca has been investigated as an alloying element for some Mg-Al based ternary alloy
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anodes, e.g. AM60 [23] and AZ91 [12], indicating a positive effect on enhancing the discharge
properties. Nonetheless, research regarding the discharge properties, such as utilization efficiency and
operating potential, of binary Mg-Ca alloys is vacant, which becomes the major motivation of this work.
Besides, microstructure adjustment and adding other alloying elements are possibly capable of
enhancing the concerned properties of Mg-Ca anodes, but the element category needs to be carefully
selected and examined. Indium (In) alloying has been successfully adopted in primary Al batteries for
anodic activation [24, 25]. The In-induced Al anode activation is proposed to be related to film
disruption by In re-deposition on anode surface. Likewise, the effect of In addition on performance of
some Mg anodes (mostly Mg-Al-based) has been investigated [14, 16, 26-28]. As reported, a Mg-air
cell showed increased voltage of 1.22 V at 10 mA cm™2 with Mg-9 wt.%Al-1 wt.%In anode comparing
to 1.16 V based on Mg-9 wt.%Al [26]. Of late, Gore et al. [29] found that the dissolution rate of a high
purity Mg at OCP was increased after addition of 1 mM InCls into 0.1 M NaCl solution, whilst the self-
corrosion under anodic polarization was inhibited. Although the inhibition mechanism of In remains
unclear, the authors proposed that InCl; as a electrolyte additive could be effective to boost the
performance of Mg primary batteries. All these published works imply In could be a promising alloying
element for optimized Mg-Ca anode. Besides, it has been demonstrated recently that germanium (Ge)
as a trace alloying element was able to reduce the kinetics of cathodic HER reaction, resulting in more
negative OCP and reduced corrosion rate [30-33]. The findings provide a possibility of developing
novel corrosion resistant Mg anode materials with satisfying operating voltage via alloying with Ge and
combination with other elements. Thus, Ge is also one potential option of alloying elements for the
optimized Mg-Ca anode.

Noticeably, the utilization efficiency during discharge is a vital property for Mg anodes with great
relevance to the specific capacity, energy density and service life of Mg-based batteries. It is well known
that the severe self-corrosion of Mg under anodic polarization related to the negative difference effect
(NDE) [34-37] results in the decreased utilization efficiency of Mg anodes. Commonly, however, only
corrosion properties of Mg at open circuit potential (OCP) are reported in most papers focusing on Mg
anode development [5, 7, 12, 13, 23, 38-42]. Interestingly, the corrosion behavior of Mg at OCP may
differ significantly from the real-time self-corrosion under polarization [43, 44]. Besides, it should be
noted that the self-corrosion of Mg includes two different processes, namely the electrochemical
dissolution of Mg substrate and the detachment of undissolved metallic pieces, which is known as
“chunk effect” (CE) [45-47]. The correlation between corrosion at OCP, self-corrosion under
polarization and CE to utilization efficiency needs to be clarified but, unfortunately, is still blank before
this study. The work described in this dissertation is also motived by the shortage of relevant research
regrading clarifying the individual effect of different factors on the utilization efficiency of Mg anodes.

Flowchart presented in Fig. 3-2 indicates the anode materials selection and design strategy. With this

work, the following specific objectives are anticipated to be accomplished:
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Fig. 3-2 Flowchart indicating the anode materials selection and alloying strategy.

1) Evaluating as-cast binary Mg-Ca alloys as anode materials for primary agueous Mg-based batteries
and optimizing the alloy composition in terms of good corrosion resistance and discharge performance.

2) Adjusting the microstructure (e.g. grain size, secondary phase morphology) of optimized binary
Mg-Ca anodes by different solidification routes and then investigating the effect of varied
microstructure on the corrosion and discharge properties, including utilization efficiency, discharge
potential, specific energy density, etc.

3) To study the influence of several alloying elements (preselected indium and germanium) on the
concerned properties of binary Mg-Ca anodes with the purpose of enhancing the anode quality
(utilization efficiency, discharge voltage) via proper alloying categories and contents.

4) Clarifying the individual mechanistic effect of different factors, i.e. corrosion at OCP, self-
corrosion under polarization and CE, on anode utilization efficiency in attempt to provide more
information for designing Mg alloy anodes for battery system with high energy density and long service
life.

5) To gain a deeper understanding on the discharge behavior of Mg anodes in various aqueous
solutions, especially the correlation between alloy category and microstructure to the self-corrosion and

discharge performance.
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4 Methodology (Anode preparation and characterization strategy)

4.1 Materials preparation

In this work, all studied Mg alloys were prepared by conventional gravity casting in the cast-shop of
Magnesium Innovation Centre (MaglC) at Helmholtz-Zentrum Geesthacht (HZG). Raw materials used
were pure Mg ingot (99.96%, weight percent hereafter), pure Ca chips (99.9%), pure In bars (99.95%)
and pure Ge bulks (99.99%). Firstly, pure Mg was melted in a boron nitride coated steel crucible placed
in a furnace at 760 °C with protection of Ar and SFs mixed gas. Alloying elements were then added
into the Mg melt, holding for 30 min followed by a manual stirring process of 5 min to achieve good
composition homogeneity. Afterwards, the melt was poured into steel moulds preheated to 300 °C for
solidification. Two moulds with different dimensions were used for conducting different cooling routes,
i.e. air-cooling and water-cooling, to achieve varied solidification rates. The mould for air-cooling is
cylindrical with inner diameter of 18 mm, while the mould for water-cooling is cylindrical with inner
diameter of 60 mm. Pure Mg was also recast with the same casting process for comparison with the
prepared alloys. The actual chemical composition of all prepared materials were analyzed by spark
optical emission spectrometry (SOES, Ametek-Spectro), atomic absorption spectroscopy (AAS,
Agilent) and X-ray micro fluorescence (UXRF, Bruker). The chemical composition of all prepared and

studied materials in this work were presented in Table 4-1 as well as the cooling routes.
4.2 Microstructure characterization

In order to obtain a high-quality surface required for the microstructure observation, specimens were
embedded in resin and then carefully ground and polished. The grinding process was conducted on
silicon carbide (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 SiO- to remove scratches.
Afterwards, specimens were rinsed with ethanol and dried by hot wind, ready for observation under a
scanning electron microscope (SEM, TESCAN VEGAS3) and an atomic force microscope (AFM,
Nanowizard, JPK Instruments AG) combined with scanning Kelvin probe force microscope (SKPFM).
Besides, the polished samples were etched in an acetic-picric acid solution before characterization with

optical microscope (OM, Leica DM2500 M, Leica Microsystems).
4.2.1 Optical microscope (OM)

OM was adopted to observe the structure of grain boundaries as well as the shape of grains. Besides,
optical images obtained by OM were used to quantify the average grain size of studied materials via the

average grain intercept (AGI) method. Six images corresponding to various areas on the sample surface
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Table 4-1 Chemical composition of all prepared and studied materials in this work (wt.%).

Ca Ge In Fe Cu Ni Si Al Mn Cooling route
Mg-1 <0.001 - - 0.0043 0.0005 <0.0002 0.0041 0.0054 0.018 Air-cooling
Mg-0.1Ca-1 0.094 - - 0.0014 0.0015 0.0007 0.011 <0.01 0.032 Air-cooling
Mg-0.5Ca-1 0.46 - - 0.0013 0.0012 0.0009 0.020 <0.01 0.034 Air-cooling
Mg-1Ca 1.09 - - 0.0021 0.0011 0.0007 0.023 0.016 0.031 Air-cooling
Mg-2Ca 2.25 - - 0.0028 0.0018 0.0006 0.023 0.033 0.037 Air-cooling
Mg-4Ca 3.75 - - 0.0038 0.0019 0.0006 0.024 0.034 0.038 Air-cooling
Mg-0.5Ca-2 0.50 - - 0.0015 0.0016 0.0009 0.011 <0.01 0.033 Air-cooling
Mg-0.5Ca-3 0.50 - - 0.0015 0.0016 0.0009 0.011 <0.01 0.033 Water-cooling
Mg-0.1Ca-2 0.07 - - 0.0018 0.0012 0.0011 0.0036 <0.01 0.017 Water-cooling
Mg-0.1Ca-0.2In 0.09 - 0.25 0.0016 0.0009 0.0008 0.0052 <0.01 0.014 Water-cooling
Mg-0.2Ca-0.4In 0.19 - 0.37 0.0043 0.0009 0.0008 0.0052 <0.01 0.015 Water-cooling
Mg-2 0.0019 - - 0.0015 0.0003 0.0002 0.0086 <0.01 0.018 Water-cooling
Mg-0.1Ge - 0.09 - 0.0019 0.0012 0.0012 0.0048 <0.01 0.018 Water-cooling
Mg-0.1Ca-0.1Ge 0.11 0.11 - 0.0018 0.0010 0.0010 0.0060 <0.01 0.015 Water-cooling
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were utilized. Fig. 4-1 shows a typical image obtained by OM corresponding to the as-cast Mg-0.5 wt.%
Ca alloy prepared by air-cooling.

Jamim

Fig. 4-1 Typical image of as-cast air-cooled Mg-0.5 wt.% Ca alloy obtained by OM.

4.2.2 Scanning electron microscope (SEM)

The size, shape and distribution of impurity particles and intermetallic particles (IMPs) in metals were
distinguished with SEM via the backscattered-electron (BSE) detector. A SEM image for the as-cast
Mg-0.2 wt.% Ca-0.4 wt.% In alloy via water cooling is indicated in Fig. 4-2. The chemical composition
of varied particles and Mg matrix were analyzed with energy dispersive X-ray spectroscopy (EDS)
equipped to the SEM. Besides, elemental mappings corresponding to specific regions were carried out
under BSE model at 15 kV to demonstrate the distribution of concerned elements.

Det: BSE BI: 15.00

WD: 15.58 mm SEM MAG: 200 x 200 ym '

Fig. 4-2 SEM (BSE) image of as-cast water-cooled Mg-0.2 wt.% Ca-0.4 wt.% In alloy.
4.2.3 Scanning Kelvin probe force microscope (SKPFM)

Galvanic couples, formed due to the electrochemical potential difference between Mg matrix and IMPs,
are driving forces for the corrosion reaction of Mg alloys. Therefore, to understand the influence of
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alloying elements on corrosion properties of Mg, it is of significance to determine the potential
difference between newly found IMPs and the Mg matrix. In this case, AFM combined with SKPFM
was utilized to measure the Volta potential difference between IMPs and the matrix in newly produced
Mg-Ca-In and Mg-Ca-Ge alloys because of the absence of concerned information. The adopted silicon
probe supplied by Innovative Solutions Bulgaria Ltd. (Bulgaria) is coated with a Cr/Pt conductive
coating and possesses a resonance frequency of 75 kHz and a force constant of 3 N m™. The probe was
set above the sample surface with a height of 100 nm. The scanning was conducted on an area of 30 x
30 pum with a resolution of 512 x 512 pixels immediately after sample polishing via the aforementioned
processes. Subsequently, JFKSPM Data Processing was used to perform the data analysis.

4.3 Electrochemical measurements

Potentiodynamic polarization (PDP) curves and electrochemical impedance spectroscopy (EIS) were
measured with a Gamry interface 1000 potentiostat to evaluate the electrochemical properties and
corrosion resistance of all studied Mg anodes. Samples for all electrochemical measurements were
ground with SiC papers up to 1200 grit. The working surface was round with 1 cm? surface area. All
measurements were performed in a classic three-electrode system with a Pt counter electrode, a
Ag/AgCI reference electrode saturated with KCI and the Mg working electrode. The adopted solution
was unbuffered 3.5 wt.% NaCl aqueous solution prepared with deionized water and 99.9 wt.% NaCl

compound (Fisher Chemical).
4.3.1 Potentiodynamic polarization (PDP)

OCP measurement was performed before each polarization test to monitor the changing surface
condition of each specimen. Normally after one hour the OCP value is relatively stable, elucidating the
specimen retains a quasi-steady state. After that, polarization curves were measured with direct scan
from —250 mV upwards to +400 mV vs. OCP at a scanning rate of 0.5 mV s*. Besides, anodic and
cathodic polarization curves were also measured separately in order to deeply investigate the kinetics
of anodic and cathodic reactions with respect to different Mg materials. Anodic polarization curves
were obtained by scanning from -5 mV to +400 mV vs. OCP at 1 mV s, while cathodic polarization

curves were obtained by scanning from +5 mV to —400 mV vs. OCP at the same scan rate.
4.3.2 Electrochemical impedance spectroscopy (EIS)

EIS measurements were carried out to monitor the variation of corrosion resistance of Mg and Mg alloys
amid a long-term immersion period in the solution. Before each EIS measurement, relatively stable
OCP should be achieved to avoid severe sample polarization caused by impressed voltage. The adopted
frequency range was 100 kHz to 0.01 Hz, and the sinusoidal AC voltage was 10 mV rms. Zview
program was used to fit the EIS data with a specific equivalent circuit. Fig. 4-3 depicts representative

EIS results, obtained from the as-cast air-cooled Mg-0.5 wt.% Ca alloy after immersion in 3.5 wt.%
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NaCl solution for different times. The commonly used equivalent circuit (EC) for fitting is also shown
[48, 49]. Rs in the EC represents the solution resistance. The capacitive loop appears in the high
frequency range is attributed to the surface film, described with film resistance (Rs) and film capacitance
(CPEs). The second capacitive loop within the middle frequency range is ascribed to electric double
layer, represented by charge transfer resistance (Rc¢) and electric double layer capacitance (CPEg).
Occasionally, some data points without a well-defined shape appear within the low frequency range,
like in the EIS result for the Mg-0.5 wt.% Ca alloy obtained after immersion of 1 h in 3.5 wt.% NaCl
solution (shown in Fig. 4-3). These misaligned points can be originated from the non-stationarity during
acquisition of impedance spectra [50]. Therefore, they are not included in the EC and are discarded
during the fitting process. The sum of Rs and R, which is defined as Rsum, is utilized to evaluate the
corrosion resistance of studied Mg alloys.
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Fig. 4-3 Nyquist plots of EIS results for as-cast Mg-0.5 wt.% Ca alloy after immersion in 3.5 wt.%

NaCl solution for different times. A proposed equivalent circuit for fitting is also presented.
4.4 Hydrogen evolution (HE) tests

In NaCl solution, the main reactions involved during Mg corrosion, no matter at OCP condition or under

polarization, can be described as following:

Anodic: Mg = Mg?* + 2e” (4-1)
Cathodic: 2H,0 +2e = H, 1 + 20H" (4-2)
0, + H,0 +4e = 40H" (4-3)
Overall: Mg + 2H,0 = Mg(OH), + Hz 1 (4-4)
2Mg + O+ H20 = 2Mg(OH). (4-5)
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Water reduction is the main cathodic reaction during Mg corrosion, generating abundant H; gas. Besides,
the reduction of dissolved oxygen in water takes place as secondary cathodic reaction along Mg
dissolution [51], but in many cases the contribution of ORR is not high. Accordingly, the produced
hydrogen gas is able to act as an index for the corrosion rate of Mg metals. Actually, the collection of
generated H. during corrosion with specific experimental set-ups has become a widely used approach
for studying Mg corrosion. Impressing a particular potential or current with a potentiostat is vital for
investigating the corrosion behavior of Mg under polarization or, in another term, during discharge,
which, however, is not necessary for the corrosion evaluation at OCP. Thus, the set-ups for collecting
the hydrogen gas are partly different regarding the two situations. More details are given at the following

sections.
4.4.1 At OCP condition

A classic set-up for hydrogen collection at OCP is indicated in Fig. 4-4a. An Mg specimen was hung in
an upturned funnel with fishing line and a plastic screw inserted into the specimen. A burette was set
on top of the funnel and then all the items were placed in a beaker with 300 ml 3.5 wt.% NaCl solution.
The burette was filled with solution to a specific scale at the beginning. Hydrogen gas produced by
corrosion process went into the burette due to the low solubility of H; in the solution (0.015 ml H;
(STP)/ml H,O [52]) and, consequently, decreased the liquid level because of the pressure difference
between the burette inner and external. In such a case, the declined volume of solution in the burette
equaled to the H, volume. Generally, HE testing possesses high accuracy regarding assessing the
corrosion rate of Mg with relatively low corrosion resistance [53-55]. However, in the case of Mg with
high corrosion resistance or short time corrosion determination, HE method is not suitable considering
the insufficient generated gas, which is not able to compensate the experimental error caused by some
inevitable factors, like H, dissolution in the solution, corrosion via oxygen reduction, the changing
environmental temperature and pressure.

In order to determine the corrosion rate of highly corrosion-resistant Mg and its alloys, quantifying
the mass loss caused by corrosion during the whole immersion period is a better method, although only
the average corrosion rate within this period can be obtained. Besides, mass loss measurements are
normally conducted along with HE tests as verification for the experimental accuracy. The mass of
samples was measured prior to exposure in the solution. After corrosion testing, samples were immersed
into a diluted chromic acid aqueous solution (200 g I"1) to remove the corrosion products. Samples were
took out after no bubbles were generated, and then cleaned by ultrasonics in ethanol. Accordingly, the
mass loss due to corrosion can be known after measuring the mass of sample without corrosion products.
Assuming the experiments were carried out at 25 °C and 1 atm pressure, the molar volume of H, is
24.45 |1 mol™, while the molar mass of Mg is 24.31 g mol . Therefore, the volume of produced H; gas
(Vu, ml) can be converted into mass loss of Mg (Ww, mg) via the following equation:

Wi = 0.994Vy (4-6)
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Thus, corrosion rates related to HE tests (Px) and mass loss measurements (Pw) were calculated

according to HE rate (AV) and mass loss rate (AW) respectively via the following formulas [56, 57]:

Pw (mmy™) =2.1AW (mgcm2d™) (4-7)
Pu (mmy™) =2.088AV (ml cm™2d™) (4-8)
(a) m (b) M[ip

1o
S | Potentiostat
Fishirig:line Cathode \ Reference electrode
Plastic screw (Pt wire) (Ag/AgCl)
3.5 wt.% Nacl Mg sample 3.5 wt.% NaCl Working electrode

solution (Mg alloys)

Fig. 4-4 Experimental set-ups for hydrogen collection (a) at OCP condition and (b) under polarization.

4.4.2 During discharge

Fig. 4-4b presents the experimental set-up for HE testing during discharge with applied current densities.
The specimen was embedded in resin and connected with copper wire from backside for conducting.
The aforementioned three-electrode system was applied. The sample was connected with a potentiostat
for current loading. Evolved hydrogen gas volume was recorded within the whole discharge test and,
thus, the real-time HE rate can be obtained. The self-discharge rate of Mg anodes during the discharge

process was then calculated via Faraday’s law of electrolysis.
oM _ 1M

m= Fz - Fz (4_9)
Thus
_ mFz _
I=— (4-10)

Where m (g) is the mass of consumed Mg, M (g mol™) is the molar mass of Mg metal, I (A) is constant
current, t (s) is time, F (96485 C mol™?) is the Faraday constant and z is the number of electrons
transferred per ion. The current generated by Mg consumption can be calculated accordingly. Similarly,
the current density associated with the self-discharge of Mg anodes (Iseir, MA cm™2), can be determined

by the real-time HE rate (Vru, ml cm2 h™) via the following:

48



Methodology

mFz _ 0.994VgyFz
tM ~ 3600M

Iself = = ZZZVRH (4'11)

4.5 Half-cell discharge testing

The discharge tests in half-cell were performed under constant current densities. The aforementioned
three-electrode system was used. The working electrode was a Mg anode sample with 1 cm? working
surface area. Relatively low current densities, normally below 10 mA cm2, were adopted. The lowest
applied current density was 1 mA cm2. Occasionally, EIS measurements were conducted immediately
after discharge tests to evaluate the activity of the anodes, which is largely dependent on the surface
products film. After discharge measurements, the anodic utilization efficiency and capacity were
calculated based on the mass loss of samples determined after removing discharge products with
chromic acid aqueous solution. The utilized equations are indicated as follow [23, 58]:

Utilization efficiency (%) = ”’At—;/ x 100% (4-12)

Specific capacity (Ah g™) = IAX—V; (4-13)
Where I (A) is the discharge current, t (h) is discharge time, AW (g) is the practical mass loss of
samples during discharge process and W, () is the theoretical mass loss due to faradaic process.
AW was determined by measuring the mass of samples before discharge and after removal of discharge

products. The theoretical mass W;., Was calculated via the following equation [58, 59]:

_ Ixt
theo — o XXM

FxY (-5

my

(4-14)

Where F represents the Faraday constant (26.8 Ah mol™?), x;, n;, m; represent the mass fraction, number

of exchanged electrons and atomic weight, respectively, of each element in the materials.
4.6 Surface qualitative analysis

X-ray photoelectron spectroscopic (XPS) measurements were carried out to investigate the Mg anode
surface after discharge via a Kratos Axis Ultra DLD instrument (Kratos Analytical, Manchester UK)
equipped with a monochromatic Al Ka anode working at 15 kV (225 W). Survey spectra and region
spectra were recorded with a pass energy of 160 eV and 20 eV, respectively. The investigated area of
the sample was selected as 700x300 pm. In order to analyze the inside of the surface film, Ar etching
was applied for 30 min by a rate of 10 nm min~* related to Ta,Os. The acceleration voltage and extraction
current for the Ar etching were 3.8 kV and 160 mA separately. The XPS data were validated and
evaluated using CASA-XPS software (version 2.3.18). The C 1s signal was used for spectra calibration
and adjusted to 284.5 eV. Background subtraction (U2 Tougaard) was carried out for calculation and
deconvolution of the region spectra. To distinguish the concerned elements from different possible
chemical states, binding energy corresponding to each peak was compared with the standard in NIST

XPS Database (https://srdata.nist.gov/xps/selEnergyType.aspx).
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4.7 Surface and cross-sectional morphology

Specimens after discharge testing were observed under SEM, with the secondary electron (SE) detector,
to characterize the surface topography of discharge products film. Definitely, because of the poor
conductivity of discharge products, which were mainly Mg(OH)., the samples were subjected to sputter
coating with Au under 20 mA for 60 s prior to the SEM observation. Besides, the surface morphologies
corresponding to samples after discharge and removal of discharge products were also checked, surely
without sputter coating due to good conductivity of Mg substrate. 3D reconstruction of the sample
surface without products was conducted via SEM combined with Alicona Mex program for images
processing. Depth profiles were obtained to examine the surface roughness and homogeneity for
evaluating the dissolution behavior of Mg anodes. Additionally, cross-sectional morphologies of
specimens after discharge were checked. Samples after discharge were embedded in resin with the
intersecting surface exposing outside. The embedded samples were then ground and polished with the
same process mentioned above. Sputter coating was proceeded to the polished samples before

observation in SEM, due to the poor conductivity of resin, to acquire high quality images.
4.8 Mg-air battery testing

To evaluate the potential of all prepared Mg alloys as anode materials for primary Mg batteries,
discharge tests were carried out in a lab-made Mg-air full cell. The configuration for battery discharge
measurements under constant current densities is presented in Fig. 4-5a. The sample was embedded in
resin exposing a working surface of 15x15 mm, and connected with copper wire from backside. The
electrolyte was normally blank 3.5 wt.% NaCl solution, occasionally with electrolyte additives if it was
indicated. The adopted cathode was a commercially air cathode with C/MnQO; as catalysts. The surface
of the cathode exposed to the electrolyte was circular with 2.5 cm? area. A porous resin block was
compressed onto the cathode and fixed with a screw for air (oxygen) supplying. Cell voltage was
recorded within the whole discharge period under different current densities. Thereafter, mass loss
during discharge testing was determined after removing discharge products with the diluted chromic
acid. Consequently, specific energy density related to the anode materials can be calculated via the
following formula:

f0tU><1><At

Specific energy density (W hg™?) = G

(4-15)

Where U is the simultaneously recorded discharge voltage (V), I is the impressed current (A), t is the
total time for discharge (h) and AW (g) is the mass loss of anode during discharge tests.

Long-term battery failure tests were also performed with a different configuration indicated in Fig.
4-5b. The only difference between the two configurations was the geometry of the specimens. A strip
corresponding to each Mg anodes was used. The dimension of the immersed part for each specimen

was the same 30x5x2.5 mm. The batteries with varied anode materials were operated under a constant

50



Methodology

load until reaching a cut-off voltage, which was set as 0.5 V. The battery voltage was recorded
simultaneously. After that, battery service life and average voltage can be obtained from the voltage-
time curves. Further, anodic utilization efficiency and specific energy density were calculated via the

same equations mentioned above, as the mass loss of anodes were known.
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Potentiostat block
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Fig. 4-5 Configurations of a lab-made Mg-air battery: (a) for discharge measurements; (b) for battery

failure tests.

4.9 Reference anode materials

In order to verify the advances of the newly developed Mg alloy anodes in this work, several
commercially used Mg anode materials were also included in the battery testing for purpose of
comparison, including a high-purity Mg (HP Mg), a commercial AZ31 alloy and a commercial AM50
alloy (all as-cast). The chemical composition of the three materials is indicated in Table 4-2. Low
impurity contents are shown, especially concerning the main detrimental impurities for Mg corrosion,
i.e. Fe, Ni and Cu [34, 60, 61]. Note that the HP Mg used in this work has been studied previously by
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Lamaka et al. [61], indicating a low corrosion rate in NaCl solution due to low Fe content in impurity-

enriched precipitates.

Table 4-2 Chemical composition of commercially Mg anodes for comparison (wt.%).

Materials Ca Fe Al Mn Cu Ni Si Zn

Mg

HP Mg  <0.0001 0.0050 0.0030 0.0008 <0.0001 <0.0002 <0.0001 0.0035
AM50 0.0011 0.0002 4.85 0.430 0.0017 0.0005 0.0637 0.0418
AZ31 0.0011 0.0011 2.97 0.358 0.0019 0.0007 0.0309 0.732

99.98
94.61
95.90
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5 Results (Published and submitted)

The work described in this thesis aims at developing novel anode materials for primary aqueous Mg-
based batteries as well as revealing the decisive factors affecting anode performance. The obtained
results are presented in form of 4 published papers in scientific journals and 1 submitted manuscript.
The evaluation of binary Mg-Ca alloys as anode materials for Mg-air battery was carried out in paper
1, proposing that Mg-Ca alloys with Ca contents lower than 0.5wt.% are better candidates in comparison
to some commercial Mg anodes like AZ31, AM50 and HP Mg. Then, the effect of microstructure,
particularly secondary phase morphology, on corrosion and discharge properties of binary Mg-Ca anode
was investigated in paper 2. Meanwhile, the intermittent discharge performance of binary Mg-Ca
anodes was assessed. Paper 3 studied the contribution of different self-corrosion mechanisms to
utilization efficiency loss of Mg anodes, providing a guide for developing novel Mg alloy anodes. It
was indicated that a large fraction of secondary phases in Mg anodes should be avoid to reduce the
efficiency loss related to chunk effect. According to paper 3, micro-alloying with other elements should
be desirable to improve the performance of binary Mg-Ca anode. Thus, the effect of elaborately selected
elements, i.e. In and Ge, was studied in paper 4 and paper 5 respectively following the strategy of
micro-alloying, showing considerable enhancement of concerned anode properties. Mg-0.1wt.%Ca-
0.2wt.%In and Mg-0.1wt.%Ca-0.1wt.%Ge were recommended as high-performance anode materials
for next generation primary Mg batteries. Roadmap for the anode development process based on these
papers are presented in Fig. 5-1. Specifically, the motivation and main results related to each study are

separately summarized preceding each publication.

Unsatisfactory practical performance,
4 = . -2
A State of .- e.g. AZ31,-1.54 VAEQ}ECJ at 1 mA cm B
Commercial _.~= oo UE 35.9% (1 mA cm™2), 55.4% (10 mA ¢cm™2)
Mg anodes
Mg-0.1Ca, —1.60 V,apc; at 1 mA cm™
— UE 49.4% (1 mA cm2), 56% (10 mA ecm~2)

Ca, ~2.87 Vg, non-toxicity .+ FAPEE
composition optimization . : :
P p Good intermittent discharge performance
_-- Paper2
Mg-Ca microstructure adjustment =~ Clarifying decisive factors

-

affecting anode efficiency
Low real-time HE during discharge is required —&
Low secondary phase fraction is favorable Ca/In micro-alloying

-
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-

e Paper 4
Mg-0.1Ca-0.2In, =1.70 Vygaec; (1 mA em™2)

UE 78% at 10 mA cm-2 _-Ca/Ge micro-alloying
0 e

Paper 5
Mg-0.1Ca-0.1Ge, =1.61 Vg p4ci (1 mA cm™2) €
UE 48.2% (1 mA cm™2), 59% (10 mA cm™2)

Fig. 5-1 Roadmap for the anode development process presented in this thesis. UE represents utilization
efficiency, while HE means hydrogen evolution. All mentioned data value were determined in 3.5 wt.%

NacCl solution.
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5.1 Mg-Ca binary alloys as anodes for primary Mg-air batteries

Paper 1: Mg-Ca binary alloys as anodes for primary Mg-air batteries (published in Journal of Power

Sources)

The aim of this work was to evaluate the possibility of binary Mg-Ca alloys as anode materials for
primary Mg batteries (Mg-air system in this case). Five Mg-Ca alloys with varied Ca contents were
prepared via casting followed by air-cooling. The microstructure, corrosion resistance and discharge
properties of all Mg-Ca alloys were determined with different methods. Accordingly, composition
optimization was proceeded in terms of high corrosion resistance and improved discharge properties,
e.g. highly negative discharge potential and enhanced utilization efficiency. The optimized Mg-Ca alloy,
i.e. Mg-0.1 wt.% Ca, was then evaluated in a Mg-air full cell and compared with some commercially
Mg anode materials. Obtained results indicated that the battery based on the Mg-0.1 wt.% Ca anode
exhibited higher cell voltage and specific energy density than those based on high purity Mg, AZ31 and
AMS50 anodes. Hence, the micro-alloyed binary Mg-Ca (0.1~0.5 wt.%) is a good candidate for the anode

material of primary aqueous Mg batteries.
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In this research, Mg-Ca binary alloys are evaluated as anode material candidates for primary Mg-air batteries.
The effect of Ca content on self-corrosion and discharge performance of Mg anode is investigated through mi-
crostructure characterization, electrochemical measurements and half-cell discharge tests. Then the composition
of Mg-Ca alloys is optimized in terms of reduced self-corrosion and improved discharge performance. The basic
characteristics of Mg-air batteries with optimized Mg-Ca alloy as anode are tested and compared to those based

on high purity Mg and defined commercial Mg alloys. The results show that Mg-0.1 wt. % Ca alloy has the best
self-corrosion behavior and discharge performance among all prepared Mg-Ca alloys. The Mg-air battery with
Mg-0.1 wt. % Ca alloy as anode offers higher cell voltage and specific energy than those based on high purity Mg,

AMS50 and AZ31 alloys.

1. Introduction

Metal-air batteries exhibit high specific energy density because they
utilize oxygen from atmosphere as oxidant, reducing the weight of
battery system [1]. Besides, the consumption of electrode materials in
metal-air batteries does not cause CO, emissions into the environment.
Hence, metal-air batteries are becoming promising power source for
electric devices and vehicles. Some metals such as lithium, zinc, mag-
nesium and aluminum are possible anode materials for metal-air bat-
teries and have been researched by many scholars in recent decades
[2-5]. Among these metals, Mg attracts much attention because it has
second-most negative electrode potential (i.e., —2.37 V (vs. SHE)), high
theoretical specific capacity (i.e., 2.2Ahg™ '), high specific energy
density (i.e., 6.8 kWhkg™) and relatively low cost. In principle, Mg-air
batteries can be designed as primary batteries as well as rechargeable
batteries. However, rechargeable Mg-air batteries are still far from
being practical because of low energy conversion efficiency and low
high-rate stability attributed to the absence of suitable electrolytes and
efficient catalysts at air cathodes [6,7]. In contrast, aqueous primary

Mg-air battery systems can be easily assembled and reused through
replacing exhausted Mg anodes. The aqueous electrolytes can be simple
saline solutions that are easy to get and environmentally benign. Un-
fortunately, despite these advantages, the practical application of Mg-
air batteries is still limited due to some technical issues [4]. Firstly, the
operating voltage of Mg-air batteries is much lower than the theoretical
value because of the voltage drop caused by the corrosion products on
anode/electrolyte interface and sluggish kinetics of electrode reaction.
Secondly, Mg suffers severe self-corrosion during discharge in aqueous
electrolyte, reducing the utilization efficiency and specific energy
density of anodes. This unexpected parasitic reaction leads to huge ef-
ficiency loss of Mg-air battery systems.

To solve these issues and promote the application of Mg-air bat-
teries, developing novel Mg alloys as anode materials is a feasible
method. Up to now, some Mg alloys such as Mg-Al-Zn [8,9], Mg-Al-Mn
[10], Mg-Al-Pb [11,12], and Mg-Li [13] series alloys have been devel-
oped for Mg-air batteries, and the effect of some other alloying ele-
ments, e.g., In, Ce, Y, Sn and Ga, has been researched [11,14,15]. It has
been reported that Mg-6 wt.% Al-5 wt.% Pb alloy shows higher
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discharge voltage and power density than pure Mg(99.99 wt.%) in
home-made Mg-air battery test [11]. Besides, the addition of In can
improve the discharge voltage of Mg-6 wt.% Al-5 wt.% Pb alloy and
increase its utilization efficiency at high current densities. However, the
toxic element Pb can be very harmful to the environment. According to
the report of Ma et al. [13], Mg-14Li-1Al-0.1Ce alloy might be a good
candidate for anodes of Mg-air batteries because of its higher operating
voltage and specific capacity than pure Mg and AZ31 alloy. None-
theless, the safety issue during the preparation of Mg-Li alloys cannot
be ignored. Recently, Mg-Al-Sn alloys that are more environmentally
benign attracted attention of scientists [16,17]. Xiong et al. [17] re-
ported that Mg-6 wt.% Al-1wt.% Sn alloys after annealing at 200 °C can
exhibit similar discharge voltage and power density to Mg-Al-Pb alloy.
The limiting factor of this alloy is the low utilization efficiency, which is
below 50% at 10mA cm™2 even after extrusion and heat treatment.
Therefore, novel Mg anodes with both high discharge voltage and uti-
lization efficiency still need to be developed.

Calcium is a fully environmentally friendly element, and it has more
negative standard electrode potential than magnesium, i.e. —2.87V
(vs. SHE). Hence, it is reasonable that the addition of Ca into Mg can
improve the discharge voltage of Mg anodes. It has been reported that
the addition of Ca can shift the open circuit potential of Mg-Mn alloy to
more negative value [18]. Yuasa et al. [19] studied the effect of Ca on
the discharge performance of AM60 alloy as anode for Mg-air battery.
The results show that the Ca addition can increase the specific capacity
and anodic efficiency of AM60 alloy because of more uniform corro-
sion. Besides, owning to Ca addition, the operating time before failure
of anode sheet with thickness of 1 mm increases from 11 to 14 h to more
than 16 h, due to the thin and cracked discharge product layer, which
allows the electrolyte to penetrate easily. Recently, research on Mg-Ca
binary alloys is mainly focusing on its application as biomaterials
[20-27]. As reported, Ca addition with appropriate quantity can im-
prove the corrosion resistance of magnesium, but the measurement
were mostly carried out in simulated body fluid (SBF) [24,28].

Mg-Ca alloys might be promising candidate for anodes of primary
Mg-air batteries, but there is still no systemic research on their dis-
charge and self-corrosion properties in aqueous electrolyte for air bat-
teries. The aim of this work is to explore the possibility of Mg-Ca binary
alloys as anodes for primary Mg-air batteries. Five Mg-Ca alloys with
different compositions are prepared, and their discharge and self-cor-
rosion properties in sodium chloride solution are evaluated. At last, Mg-
Ca binary alloy with optimum composition is selected and its discharge
properties as anodes for lab-made Mg-air battery are compared to pure
Mg and some commercial alloys.

2. Materials and methods
2.1. Materials preparation

Mg-xCa (x = 0.1, 0.5, 1, 2, 4 wt.%) binary alloys were prepared via
casting using pure Mg (99.96 wt. %) and pure Ca (99.0 wt. %). For
comparison, pure Mg ingots were also prepared via the same casting
procedures and named as recast-Mg. The original materials were melted
in a steel crucible at 760°C with protection of Ar and SFe¢ gas.
Afterwards, the molten metals 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 chemical compositions of as-cast
pure Mg and Mg-Ca binary alloys were analyzed though optical emis-
sion spectrometry (spark OES) and atomic absorption spectroscopy
(AAS). The results are presented in Table 1, indicating low concentra-
tions of Fe, Ni and Cu, which are detrimental to the corrosion resistance
of Mg [29-31].

2.2. Microstructure analysis

Optical microscopy (OM) and scanning electron microscopy (SEM)
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were used to study the microstructure of Mg-Ca alloys. Before ob-
servation, Mg-Ca alloy samples were ground with emery papers up to
4000 grit, and then polished with oxide polishing suspension (OPS) to
remove most scratches. OM images of Mg-Ca alloys were taken after
etching in acetic-picric acid solution. The grain size of recast Mg and
Mg-Ca alloys were measured using linear intercept method. For each
material, six images of different fields of view were analyzed to mea-
sure the average grain size.

2.3. Electrochemical measurements

Potentiodynamic polarization curves were obtained by a Gamry
interface 1000 potentiostat in 3.5 wt. % NaCl solution. Typical three
electrodes system was used with Pt plate as a counter electrode, satu-
rated Ag/AgCl electrode as reference and samples as working electrode.
Samples were ground with emery papers up to 1200 grit and then put
into an electrochemical cell. Before testing, the samples were immersed
into the solution for 30 min to get stable open circuit potential (OCP).
The potentiodynamic polarization tests were proceeded within a po-
tential range from - 400 mV to 400 mV (vs. OCP) at a scanning rate of
0.5mVs~!. Corrosion current density was calculated through extra-
polating the cathodic polarization curve to corrosion potential. The
region for linear fitting is between - 200 mV and - 100 mV (vs. corrosion
potential). Besides, electrochemical impedance spectroscopy (EIS)
measurements were also performed using the same electrochemical
equipment. The frequency ranged from 100 kHz to 0.01 Hz and the si-
nusoidal excitation voltage applied to the cells was 10 mV rms. In order
to obtain stable surface state, before measurement the samples were
immersed in the electrolyte for 1h. All the electrochemical tests for
every material were repeated at least three times to ensure reproduci-
bility.

2.4. Half-cell discharge tests

Discharge curves at constant current density in half-cell arrange-
ment were tested in 3.5 wt. % NaCl solution. The discharge potential
was referred to saturated Ag/AgCl electrode. The surface area for dis-
charge testing was 1cm? and the applied current densities were
0.5mAcm™ 2 2mAcm™2 5mAcm~ 2 and 10mAcm ™2 After dis-
charge, the surface morphology of these materials was characterized by
SEM. Utilization efficiencies and specific capacity of recast Mg and as-
cast Mg-Ca alloys were calculated after removing corrosion products
from the surface with 200gL ™! chromic acid aqueous solution. The
equations used for utilization efficiency and specific capacity calcula-
tion are listed as follow [19,32]:

- . M/theo
Utilization Efficency(%) = —— X 100%
K ficency (&) =~ : €h)

. . oy IX¢
Specific capacity (mAh g7') = A X 1000 @
Where I is the discharge current (A), ¢ is discharge time (h), AW (g) is
the weight loss of samples during discharge process and W, (g) is the
theoretical weight loss due to faradaic process. Weight loss AW was
measured by weighing the mass of samples before and after discharge.
The theoretical weight W, can be calculated through the following
equation [32,33]:

Ixt

Wiheo =
3
Where F represents the Faraday constant (26.8 Ahmol ™Y, x;, n;, m

represent the mass fraction, number of exchanged electrons and atomic
weight, respectively, of each element in the materials.
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Table 1

Chemical compositions of recast-Mg and Mg-Ca binary alloys (wt. %).
Materials Ca Fe Al Mn Cu Ni Si Zn Mg
recast Mg < 0.001 0.0043 0.0054 0.0184 0.0005 < 0.0002 0.0041 0.0028 Bal.
Mg-0.1Ca 0.094 0.0014 < 0.01 0.032 0.0015 0.0007 0.011 0.0034 Bal.
Mg-0.5Ca 0.46 0.0013 < 0.01 0.034 0.0012 0.0009 0.020 0.0033 Bal.
Mg-1Ca 1.09 0.0021 0.016 0.031 0.0011 0.0007 0.023 0.0038 Bal.
Mg-2Ca 2.25 0.0028 0.033 0.037 0.0018 0.0006 0.023 0.0032 Bal.
Mg-4Ca 3.75 0.0038 0.034 0.038 0.0019 0.0006 0.024 0.0034 Bal.

Table 2

Chemical compositions of materials for comparison (wt. %).
Materials Ca Fe Al Mn Cu Ni Si Zn Mg
HP Mg < 0.0001 0.0050 0.0030 0.0008 < 0.0001 < 0.0002 < 0.0001 0.0035 99.98
AMS50 0.0011 0.0002 4.85 0.430 0.0017 0.0005 0.0637 0.0418 94.61
AZ31 0.0011 0.0011 2.97 0.358 0.0019 0.0007 0.0309 0.732 95.90

Fig. 1. Optical micrographs of: (a) recast Mg; (b) Mg-0.1Ca; (c) Mg-0.5Ca; (d) Mg-1Ca; (e) Mg-2Ca; (f) Mg-4Ca. The insets in (b) (d) and (f) are corresponding SEM

images.

2.5. Magnesium-air battery tests

The discharge properties of magnesium-air battery were measured
in a lab-made full cell. The optimized Mg-Ca alloy as anode was tested
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and compared to high purity Mg (HP Mg), commercial AM50 and AZ31
magnesium alloy. The chemical compositions of HP Mg, AM50 and
AZ31 alloys used in this research are listed in Table 2. The electrolyte in
Mg-air battery test was 3.5wt. % NaCl solution. The cathode was
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Table 3

Average grain size of recast Mg and as-cast Mg-Ca alloys.
Materials recast Mg Mg-0.1Ca Mg-0.5Ca Mg-1Ca Mg-2Ca Mg-4Ca
Grain size (um) 919 + 450 497 + 226 245 + 46 181 = 37 166 = 32 142 = 25
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Fig. 2. OCP (a) and polarization curves (b) of recast Mg and Mg-Ca alloys in
3.5wt. % NacCl solution.

Table 4
Electrochemical parameters of recast Mg and Mg-Ca alloys.

Material Eoc (V vs. Ag/AgCl) Ecorr (V vs. Ag/AgCl) Ieorr (WA cm™2)
Pure Mg -1.65 -1.78 84.1 + 15.1
Mg-0.1Ca -1.77 —-1.84 63.0 = 19.3
Mg-0.5Ca -1.69 -1.81 1325 + 11.6
Mg-1Ca -1.64 -1.74 1529 = 0.6
Mg-2Ca -1.63 -1.60 427.6 + 45.1
Mg-4Ca —-1.61 —-1.56 1062.8 = 70.8

commercial air cathode with carbon/MnO, as catalysts and Nickel
mesh as the current collector. The surface areas of anodes exposed to
the electrolyte are all approximately 2.5 cm? The discharge voltage of
the cell was measured at different current densities. The average vol-
tage during a whole discharge test was calculated and set as the cell
voltage of Mg-air battery. After discharge, the specific energy based on
magnesium anode was calculated through the following equation [34]:

j(;tUxIxAt

Speci Whkg™) =
pecific energy ( g™ W

@
Where U is the discharge voltage (V), I is the discharge current (A), ¢ is
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the discharge time (h) and AW (kg) is the weight loss of anode during
the discharge.

3. Results and discussion
3.1. Microstructure of Mg-Ca alloys

Fig. 1 shows the optical images of recast Mg and as-cast Mg-Ca al-
loys with different Ca content. It can be seen that Ca addition causes
grain refinement to magnesium, and further grain refinement can be
observed with increasing Ca content. The calculated average grain sizes
according to OM images are presented in Table 3, indicating that the
grain size decreases with increasing Ca content. Besides, distinct den-
drites appears in the microstructure of Mg-Ca alloys with high Ca
content (=2 wt. %). The formation of dendrites is due to the significant
constitutional undercooling in regions near to the solid/liquid interface
caused by high Ca content [23]. The constitutional undercooling is also
the major driving force for nucleation, so that many nucleation sites
will be activated and more crystal nucleuses will form in the con-
stitutionally undercooled zone [35]. Therefore, the grain size is likely to
be smaller. In addition, because of the low solubility of Ca in Mg, nu-
merous Ca atoms accumulate in the regions adjacent to the solid/liquid
interface, thus restricting the growth of grain due to the slow diffusion
of Ca atoms [23,24,35]. The phase composition of as-cast Mg-Ca binary
alloys has been reported in many papers [22-24], indicating a typical
composition consisting of a-Mg solid solution and Mg,Ca intermetallic
as shown in the Mg-Ca phase diagram [36]. The insets in Fig. 1(b, d and
f) shows the SEM images of as-cast Mg-Ca alloys. Mg-0.1Ca alloy ex-
hibits the microstructure with only some small particles distributing in
the grain interior. In contrast, for Mg-Ca alloys with high Ca content,
eutectic structure composed of a-Mg and Mg,Ca exists not only along
grain boundaries but also in the interdendritic regions. Obviously, the
rising Ca content also causes a significant increase of Mg,Ca phase
amount as indicated by the inserted SEM images and in other papers
[21,23,24].

3.2. Open circuit potential of Mg-Ca alloys

Fig. 2a presents the open circuit potential of recast Mg and as-cast
Mg-Ca alloys in 3.5wt. % NaCl solution. After immersion in solution,
the open circuit potential of recast Mg and Mg-Ca alloys all suffer a
rapid change before reaching a stable value. The immersion time for
reaching the stable state varies with the Ca content. The average value
of measured OCP in last 100 s during the whole 1-h OCP test is set as E,
and shown in Table 4. It can be found that the addition of Ca in Mg can
shift the E,. toward negative direction. However, the E,. would increase
with the rising content of Ca. Mg-0.1Ca alloy exhibits most negative
open circuit potential during the last 100 s measurement, i.e., - 1.770 V
vs. Ag/AgCl. Theoretically, calcium has more negative standard elec-
trode potential than magnesium, so the dissolution of active Ca into Mg
matrix might cause a decrease of electrode potential of pure magne-
sium, as shown in this work. However, the E,. Mg-Ca alloys become less
negative with increasing Ca content, which is probably due to the dif-
ferent reaction rates of cathodic hydrogen evolution. Potentiodynamic
polarization curves of recast Mg and Mg-Ca alloys are presented in
Fig. 2b. The cathodic branch of polarization curve is driven with hy-
drogen evolution reaction. Obviously, the addition of calcium element
shows significant effect on the cathodic process. With the increasing
content of Ca, cathodic polarization curve keeps moving to position
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Fig. 3. EIS results of recast Mg and as-cast Mg-Ca alloys at OCP in 3.5 wt. % NaCl solution: (a) Nyquist plots; (b) Equivalent circuit; (c) Charge transfer resistance and
total resistance after fitting.
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Fig. 4. Discharge curves of recast Mg and Mg-Ca alloys in 3.5wt. % NaCl solution at current density:(a) 0.5 mAcm~2 (b) 2mAcm™% (¢) 5mAcm™2 (d)
10 mA cm ™2

with higher current. The cathodic current density of Mg-0.1Ca alloy at calcium into magnesium matrix and the slow cathodic reaction rate
—2.0V (vs. Ag/AgCl) is 141.9 yA cm®, while that of Mg-1Ca alloy is lead to the most negative open circuit potential of Mg-0.1Ca alloy
877.6 uA cm2. This indicates that the kinetic of cathodic reaction tends among all researched materials in this work.

to be faster with higher Ca content in magnesium. The dissolution of

113

59



Journal of Power Sources 396 (2018) 109-118

M. Deng et al.
Table 5
Discharge properties of recast Mg and as-cast Mg-Ca alloys.
Current (mA cm™?) recast Mg Mg-0.1Ca Mg-0.5Ca Mg-1Ca Mg-2Ca Mg-4Ca
Discharge potential (V vs. Ag/AgCl) 0.5 —1.590 —1.604 —1.600 -1.597 —1.592 —1.582
2 -1.565 —-1.590 -1.576 -1.569 -1.566 -1.562
5 -1.520 -1.542 -1.521 -1.520 -1.518 -1.503
10 —-1.432 -1.458 -1.442 —1.445 —1.440 -1.425
Utilization efficiency (%) 0.5 309 + 1.6 39.7 + 1.0 38.5 + 0.2 25.6 = 0.4 21.1 * 1.0 142 = 0.8
2 425 + 4.7 55.5 = 0.8 50.3 + 4.0 46.9 = 1.2 26.5 = 0.2 16.9 + 2.3
5 45.8 * 0.1 58.2 * 2.1 53.3 * 2.0 492 + 1.3 39.5 = 0.6 30.4 + 1.8
10 49.6 + 0.7 55.6 + 1.1 54.3 + 1.6 50.0 = 1.3 429 + 0.1 32.6 + 1.3
Specific capacity (mAh g~ 1) 0.5 660 * 35 886 + 22 857 £ 5 576 = 9 467 + 22 311 + 17
2 948 + 106 1238 + 17 1156 + 93 1042 + 27 587 + 5 371 * 50
5 1022 + 3 1299 + 47 1188 + 44 1093 * 30 876 * 13 669 * 40
10 1107 + 16 1241 + 25 1245 + 49 1109 = 28 950 + 3 716 + 28
1600 spectrum of Mg-1Ca, Mg-2Ca and Mg-4Ca alloys is not presented in the
—=—recast Mg equivalent circuit since it can be originated from the non-stationarity
ook T 1ore —*—Mg-0.1Ca during acquisition of impedance spectra.
—+—Mg-0.5Ca Fig. 3c shows the charge transfer resistance, R, and total resistance,
555 | 20r oHe . mg';ga Riotar, Of recast Mg and as-cast Mg-Ca alloys after fitting EIS results with
25t g-cLa Zview software. Obviously, both R, and R, increase after the addition
g 0 A —+ Mg-4Ca of Ca with low concentration, but will decrease with rising content of
é 1000 - 0 - Ca. It indicates that the addition of low content of Ca can improve the
> 200 L L A corrosion resistance of Mg in NaCl solution. However, for Mg-Ca alloys,
N 800k 2 134H°Z & 80 5 the corrosion resistance will weaken with increasing Ca content. This is
' e o consistent with the results getting from polarization curves. Mg-Ca alloy
i e, oo o o with Ca addition of 0.1% exhibits best corrosion resistance in 3.5 wt. %
200 o S NacCl solution among all researched materials in this work. The corro-
e sion behavior of Mg-Ca alloys has been widely studied in the past
LSz 2‘% decade, suggesting that the effect of Ca on the corrosion of magnesium
O[ omHe relates to two aspects: the grain refinement of Ca addition in Mg and the
0 200 400 6(1)0 8(I)0 = 1.0I0£). ’ 12'00 ' 1'4'06' 1600 precipitation of active Mg,Ca phase [21-23]. On one hand, it has been
Z Oocm? claimed that solid film on grain boundaries is likely to be more stable
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Fig. 5. Nyquist plots of recast Mg and Mg-Ca alloys after discharge in 3.5wt. %
NaCl solution at 2mA cm ™2 for 2 h.

3.3. Self-corrosion performance of Mg-Ca alloys

Self-corrosion in electrolytes during discharge is the most important
factor that decreases the utilization efficiency of magnesium batteries.
Therefore, it is necessary to investigate the self-corrosion performance
of magnesium anodes. Values of corrosion current density, I o, €x-
tracted from polarization curves of as-cast pure Mg and Mg-Ca alloys
are summarized in Table 4. The corrosion current density tends to be-
come higher with increasing Ca content, which indicates that the self-
corrosion rate of Mg-Ca alloy in NaCl solution would increase with
increasing Ca content. The self-corrosion behavior of as-cast pure Mg
and Mg-Ca alloys were also investigated with EIS measurements at open
circuit potential. The EIS results are shown in Fig. 3. The Nyquist plots
(Fig. 3a) of recast Mg, Mg-0.1Ca and Mg-0.5Ca alloy show two large
capacitive loops within the whole frequency range. The high frequency
capacitive loop results from the oxide film present on the surface of
alloy and the one at middle frequencies is responsible for charge
transfer process. On the other hand, for Mg-Ca alloys with higher Ca
content (=1 wt. %), the middle capacitive loop diminishes, indicating a
very low polarization resistance. Instead, an inductive loop at low fre-
quency, which might be related to the non-stationality during the
measurements [37], appears in EIS spectrum of Mg-1Ca, Mg-2Ca and
Mg-4Ca alloys. The equivalent circuit for all materials is presented in
Fig. 3b. Film resistance (Ry) and film capacitance (CPEy) are used to
present the first capacitive loop in the equivalent circuit, while R; re-
presents solution resistance. The middle frequency time constant is
described by charge transfer resistance (R.,) and electric double layer
capacitance (CPEg). Besides, the incomplete inductive loop in EIS
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compared to the bulk surface [38,39], while grain boundaries can also
act as corrosion barriers [40,41]. Therefore, in many cases, grain re-
finement can be beneficial for improving the corrosion resistance of
magnesium. This is one of the reasons Mg-0.1 and Mg-0.5Ca alloys have
higher corrosion resistance than recast pure Mg. Besides, it is note-
worthy that Fe concentration in Mg-0.1Ca and Mg-0.5Ca alloys is lower
than in recast Mg, which also contribute to their different corrosion
performance, even though the Fe concentrations are all below Fe tol-
erance limit in as-cast Mg. On the other hand, Mg,Ca phase has been
studied and claimed to be more electrochemically active than a-Mg
[21,22,42], leading to galvanic corrosion between Mg,Ca phase and a-
Mg matrix. The increasing Ca content introduces more Mg,Ca phase
into Mg-Ca alloys, which means more micro anode-cathode sites are
formed. Hence, the increasing Ca content accelerates the galvanic
corrosion in Mg-Ca alloys and consecutively decreases the corrosion
resistance. For Mg-Ca alloys with high Ca content, the positive effect on
corrosion resistance caused by grain refinement is probably exceeded
by the negative effect caused by increasing Mg,Ca amounts, so they
exhibits low corrosion resistance in sodium chloride solution.

3.4. Discharge properties of Mg-Ca alloys

Discharge curves of recast Mg and Mg-Ca alloys at different current
density are measured in 3.5 wt. % NaCl solution in a half-cell. Materials
that exhibit more negative discharge potential during half-cell test can
possibly supply higher voltage when serve as anodes in fully assembled
batteries. Discharge results of recast Mg and Mg-Ca alloys are presented
in Fig. 4. The average discharge potential during complete discharge
tests are calculated and listed in Table 5. All the materials can maintain
relatively stable discharge potential during the whole discharge tests at
different current density. However, the value of discharge potential
varies with the increasing Ca content. From Fig. 4 and Table 5, we can
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Fig. 6. Surface morphologies of (a) recast Mg, (b) Mg-0.1Ca, (c) Mg-0.5Ca, (d) Mg-1Ca, (e) Mg-2Ca, (f) Mg-4Ca after discharge in 3.5wt. % NaCl solution at
2mA cm ™~ 2 for 2 h, and surface morphologies after discharge at 0.5 mA cm ™2 for 16 h and removing all discharge products: (g) recast Mg, (h) Mg-0.1Ca, (i) Mg-0.5Ca,

(j) Mg-1Ca, (k) Mg-2Ca, (1) Mg-4Ca.

see that most Mg-Ca alloys have more negative discharge potential than
recast Mg, even though the discharge potential becomes less negative
with increasing Ca content. Mg-0.1Ca alloy shows most negative dis-
charge potential at all current densities, such as —1.604V (vs. Ag/
AgCl) at 0.5mA cm ™2 compared with —1.590 V for recast Mg.
The potential of anodes during discharge can be expressed as
Eqnode = Eo — Net — ndiff — iR 5)
where E, is the open circuit potential, 7, is the charge transfer
overpotential, 7, is the diffusion overpotential caused by discharge
products film, i is the current on load and R is the electrolyte resistance
between the reference electrode and polarized anode [43,44]. In this
work, all the materials are tested with the same cell arrangement,
which means the same electrolyte resistance, so that the potential loss
caused by iR drop can be considered as the same. In principle, E, in-
dicates the most negative value of potential one anode can present.
However, during discharge, potential loss caused by 7, 7, and iR
drop always exists and increases with the rising current density on load
[45]. From the OCP measurement results presented in Fig. 2a, we can
know that the OCP difference between Mg-0.1Ca alloy and other Mg-Ca
alloys ranges from 80mV to 160 mV. However, the difference of

discharge potential at different current densities is just 4 mV-40 mV,
which is much smaller than the OCP difference. This phenomenon in-
dicates the overpotential during discharge caused by 7,, and 7, varies
with the Ca content in Mg-Ca alloys. It is not easy to calculate or
measure the 7,, and 7,,; separately because of the complicated physical
structure of the electrodes and the unstable surface conditions. Never-
theless, EIS has been considered as a good method to investigate the 7,
and 7, during cell operating [44,46]. Fig. 5 presents the EIS results of
recast Mg and Mg-Ca alloys after discharge at 2mA cm ™2 for 2h. The
Nyquist plots of Mg-0.1Ca and Mg-0.5Ca alloys after discharge both
show a large capacitive loop in high frequency, indicating a protective
film in the surface. This film will inhibit the mass diffusion process,
leading to large diffusion overpotential. By contrast, for recast Mg and
Mg-Ca alloys with high Ca content, the loop in high frequency shrinks
sharply with increasing Ca content, indicating a film with less protec-
tion. Therefore, for recast Mg and Mg-Ca alloys, the mass diffusion
through the discharge products film can be easy, so that the diffusion
overpotential is most likely to be low. This statement can be proven by
surface morphologies of recast Mg and Mg-Ca alloys after discharge at
2mA cm ™2 for 2h, as presented in Fig. 6a—f. The surface of Mg-0.1Ca
(Fig. 6b) and Mg-0.5Ca (Fig. 6¢) are covered by dense discharge pro-
ducts, which prevents the penetration of solution and reactants. For Mg-
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Element

S Y Wt.% At.%
A 4
Mg 98.212 97.776
Ca 0.53 0.32
(0] 1.258 1.904
Mg matrix

200 um

Fig. 7. SEM image of Mg-4Ca alloy after discharge in 3.5 wt. % NaCl solution at
10 mA cm ™2 for 8 h (cross section).

Ca alloys with high Ca content, the discharge products covering the
electrode surface are much more loose and porous. The solution and
reactants can penetrate through the film easily, leading to low diffusion
overpotential. Besides, from the Nyquist plots, we can see that the
diameter of capacitive loop in middle frequency diminishes or even
disappears with increasing Ca content, which means the charge transfer
resistance will decrease with the increase of Ca content. Therefore, Mg-
Ca alloys with higher Ca content can exhibit higher electrochemical
activity during discharge than Mg-0.1Ca and Mg-0.5Ca alloys. In other
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words, the charge transfer overpotential will decrease with rising Ca
content in Mg-Ca alloys. Mg-0.1Ca alloy suffers large charge transfer
overpotential and diffusion overpotential during discharge, but it has
much more negative OCP than other materials, so that it can still pre-
sent most negative discharge potential with current densities on load.
Table 5 also presents the utilization efficiency and specific capacity
of recast Mg and as-cast Mg-Ca alloys. Be similar to the self-corrosion
resistance, the utilization efficiency and specific capacity can be im-
proved by the addition of Ca, but decrease with increasing Ca content in
Mg-Ca alloys. Mg-0.1Ca alloy shows the highest utilization efficiency
and capacity at all current densities, such as 58.2% and 1299 mAh g ™!
at current density of 5mA cm ~ 2, respectively, comparing to 30.6% and
669 mAh g~ ! of Mg-4Ca alloy. The utilization efficiency and specific
capacity of magnesium anodes are affected not only by the self-corro-
sion during discharge but also by the “chunk effect” induced by the
detachment of some metallic particles or pieces during discharge pro-
cess [11,19,47]. On one hand, during discharge, self-corrosion leads to
mass loss of anodes and this part of mass loss cannot be utilized to
supply energy for applied loads, reducing the utilization efficiency and
capacity of anodes. Therefore, the best self-corrosion resistance of Mg-
0.1Ca alloy is one of the reason that it exhibits highest utilization ef-
ficiency and specific capacity among all the materials. On the other
hand, during discharge, some metallic particles or pieces may drop off
from the surface because other metallic parts surrounding these me-
tallic pieces have dissolved. These detached metallic parts also cannot
take part in the discharge process, thus reducing the utilization effi-
ciency and capacity of anodes. Fig. 6g-1 also shows the surface
morphologies of recast Mg and Mg-Ca alloys after discharge at
0.5mA cm ™2 for 16 h and removing discharge products with chromic
acid solution. Be similar to recast Mg, the surface morphology of Mg-
0.1Ca alloy after discharge indicates uniform dissolution of anode
surface during discharge, so the “chunk effect” on utilization efficiency
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is limited. It is remarkable that many pits distribute uniformly on the
surface of Mg-0.5Ca alloy after discharge (Fig. 6i). These pits are left by
the preferential dissolution of Mg,Ca phase that distributes evenly in
grain interior. For Mg-Ca alloys with high Ca content, the surface
morphologies after discharge are different and special, as shown in
Fig. 6j-1. Some matrix phase has been partially dissolved, while some
matrix phase is still complete. The continuously Mg,Ca eutectic en-
closing interdendritic regions (as shown in the inserted SEM images in
Fig. 1d, f) has been preferentially dissolved, leaving some narrow cracks
around these matrix phase. The dissolution of eutectic continues deeply
and, unavoidably, promotes the undercutting of matrix phase, leading
to the detachment of some undissolved grains. This is consistent with
the corrosion mechanism of Mg-Ca alloys proposed by Jeong et al. [23].
Therefore, for Mg-Ca alloys with high Ca content, the “chunk effect” is
severe, reducing the utilization efficiency of anodes. The detachment of
undissolved grains leaves some holes on the surface of Mg-Ca alloys, as
marked in Fig. 6j-1. In addition, the detachment of undissolved grains
can also be observed clearly by SEM images of Mg-4Ca alloys after
discharge at 10 mA cm ~ 2 for 8 h, as shown in Fig. 7. The marked region
in discharge products is confirmed to be Mg matrix pieces by the in-
serted EDX results. These undissolved metallic pieces have been de-
tached from Mg anodes surface and would be dissolved independently.
In conclusion, Mg-Ca alloys with low Ca content (0.1 wt. % and 0.5 wt.
%) have high utilization efficiency and specific capacity because of the
high self-corrosion resistance and limited impact of “chunk effect”. Mg-
Ca alloys with high Ca content show low self-corrosion resistance and
severe “chunk effect”, so that their utilization efficiencies and capacity
are much lower.

3.5. Magnesium-air battery properties

In half-cell measurements, Mg-0.1Ca alloy shows best discharge
potential and utilization efficiency among all Mg-Ca alloys. Therefore,
we select Mg-0.1Ca alloy as the optimized Mg-Ca alloy and test its
discharge properties as anode in full-assembled Mg-air battery. High
purity Mg, AZ31 and AM50 alloys are also tested in the same Mg-air
battery configuration for comparison. Fig. 8a shows the discharge
curves of Mg-air batteries with different anodes at 0.5 mA cm ™2, At the
initial stage of nearly half an hour, the voltage of Mg-air battery with
Mg-0.1Ca anode decreases sharply, due to the accumulation of dis-
charge products on the anode surface. Afterwards, the voltage keeps
stable during the whole discharge process of more than 15 h. Fig. 8 also
presents the discharge properties of Mg-air batteries with different Mg
alloy anodes at different current densities, including cell voltage
(Fig. 8b) and specific energy (Fig. 8c). Mg-air battery with Mg-0.1Ca
alloy as anode exhibits higher cell voltage at all current densities than
Mg-air batteries with other alloys as anode. The open circuit voltage
(OCV) of Mg-air battery with Mg-0.1Ca anode can reach 2.032 V, which
is higher than HP Mg (1.925V) and also higher than that of Mg-Al-Pb
anode (1.8 V) as tested by Wang et al. (3.5wt. % NaCl as electrolyte,
MnO, as cathode catalyst) [11]. At current density of 0.5 mA cm 2, the
cell voltage of Mg-air battery with Mg-0.1Ca as anode can reach 1.6 V.
Besides, from Fig. 8c we can also see that Mg-0.1Ca alloy can supply
higher specific energy than HP Mg and other magnesium alloys when
serves as anode for Mg-air battery, especially at high current densities.
The peak specific energy of Mg-0.1Ca alloy in Mg-air battery can be
above 1800 Wh kg~ !. At current density of 10mA cm ™2, its specific
energy is 1429 Wh kg™ !, higher than that of Al anode after equal
channel angular pressing (1096 Wh kg™') in Al-air system with 2M
NaCl as electrolyte as reported [48]. Accordingly, Mg-0.1Ca alloy can
be a promising candidate for anode of Mg-air batteries. Besides, it is
notewothy that the cell voltage and specific energy of HP Mg in Mg-air
battery can be much higher than AZ31 and AM50 alloys and close to
those of Mg-0.1Ca alloy. Interestingly, this situation just happens when
discharging at low current densities. With increasing discharge current
density, Mg-air battery with HP Mg as anode can just offer cell voltage
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and specific energy which are approximate to those of Mg-batteries
with AZ31 and AM50 anodes, and much lower than that based on Mg-
0.1Ca alloy. The reason for this phenomenon is still not clear and need
to be studied further in the future.

4. Conclusions

In this work, the effect of Ca content on self-corrosion and discharge
performance of magnesium is investigated. The chemical composition
of Mg-Ca alloys is optimized for best half-cell discharge performance.
Afterwards, the basic characteristics of Mg-air battery with optimized
Mg-Ca alloy as anode are measured and compared to those based on
high purity Mg (50 ppm Fe), AM50 and AZ31 alloys. As a result, the
following conclusions can be drawn:

(1) The addition of Ca improves the discharge performance of magne-
sium, due to the high electrochemical activity of Ca and the induced
grain refinement. However, with the increasing Ca content, dis-
charge potential of Mg-Ca alloys becomes less negative and the
utilization efficiency tends to be lower because of the increasing
amount of Mg,Ca phase. Mg-0.1Ca alloy shows best discharge po-
tential, highest utilization efficiency and capacity among all pre-
pared alloys.

(2) Mg-air battery with Mg-0.1Ca alloy as anode shows higher cell
voltage and specific energy than those based on high purity Mg,
AMS50 and AZ31 alloys. The open circuit voltage of Mg-air battery
based on Mg-0.1Ca alloy is up to 2.0 V and the cell voltage reaches
1.6 V at current density of 0.5 mA cm ™ 2. The peak specific energy of
Mg-0.1Ca anode appears at current density from 2 to 10 mA cm ™~ 2
and reaches above 1800 Wh kg™

(3) Mg-Ca alloys with appropriate low Ca content (e.g., 0.1 wt. %) are
the promising candidates as anode material of Mg-air batteries.
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Results

5.2 Revealing the impact of second phase morphology on discharge properties of binary

Mg-Ca anodes for primary Mg-air batteries

Paper 2: Revealing the impact of second phase morphology on discharge properties of binary Mg-Ca
anodes for primary Mg-air batteries (published in Corrosion Science)

The motivation of this work was to investigate the effect of varied microstructures, specifically
secondary phase morphologies, on corrosion and discharge properties of binary Mg-Ca anodes. Mg-0.5
wt.% Ca alloy, with a Ca content within the optimized composition range, was adopted as the studied
material to ensure a relatively high fraction of second phase. Two alloys with different microstructures
were prepared via casting followed by air-cooling and water-cooling respectively. The air-cooled alloy
showed fine Mg,Ca phase and impurity particles dispersing uniformly, while the water-cooled alloy
exhibited relatively continuous Mg.Ca phase distributed along the grain boundaries. Water-cooling
enabled the alloy a lower corrosion rate due to uniform corrosion behavior and less impurity particles.
Besides, Mg-air battery testing indicated the water-cooled anode had higher utilization efficiency and
yielded boosted specific energy density than the air-cooled one. The different secondary phase
morphologies affected the propagation of discharge cracks and the formation of chunks, leading to
varied efficiency loss caused by chunk effect. Discharge cracks in the air-cooled anode tended to be
larger and then connected with each other to promote the formation of undissolved chunks. By contrast,
discharge cracks in the water-cooled anode exhibited a tendency of penetrating along grain boundaries
because of the preferential dissolution of Mg.Ca phase, leading to uniform discharge and, thus, less
efficiency loss by chunk effect.
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Mg-0.5 (wt.%)Ca alloys with different microstructures are prepared through casting followed by different
cooling rates. The impact of microstructure, especially second phase morphology, on self-corrosion and dis-
charge performance of Mg-0.5Ca alloys is investigated. The water-cooled Mg-0.5Ca alloy shows a lower self-
corrosion rate than the air-cooled one and enables the Mg-air cell to possess increased utilization efficiency and
enhanced energy density. Intermittent discharge tests are performed to study the battery performance after no-

discharge intervals. All results indicate that the water-cooled Mg-0.5Ca cast alloy could be a promising anode
material for aqueous Mg-air batteries with long-term storage and under intermittent discharge.

1. Introduction

Aqueous primary Mg-air batteries have attracted attention for some
time due to their high theoretical energy density (6.8 kW h kg~ ! based
on anode), discharge voltage (3.1 V), volumetric capacity of metallic
Mg (3832 mA h cm™, vs. 2061 mA h ecm for Li) and relatively low cost
[1-3]. Despite these advantageous characteristics, the spread of this
technology is rather limited because of a number of critical obstacles
related to the self-corrosion and discharge kinetics of metallic Mg-based
anodes. A number of research works have been dedicated to over-
coming the limitations of Mg-air batteries for practical applications,
such as poor self-corrosion resistance and surface blockage of the
anode. Performance boost for the primary Mg-air system can be
achieved by developing novel Mg anodes [4-7] as well as tailoring
electrolyte compositions [8-13]. During the past decades, several types
of Mg alloys have been proposed for use in Mg-air systems, i.e., Mg-Al-
Zn [14,15], Mg-Al-Pb [16], Mg-Al-Sn [17-19] and Mg-Li [20-22].
Nevertheless, the practical voltage and specific capacity of such systems
are still much lower than the theoretical values. In addition, the Pb
commonly used in Mg-Al-Pb alloys is harmful to the environment de-
spite its positive impact on the discharge voltage of Mg-air batteries.
Furthermore, in terms of Mg-Li anodes, quaternary or even quintenary
alloys doped with several alloying elements, like Zn, Y, Ce or Al, are
necessary to ensure both a high voltage and low self-corrosion rate. The
large amount of alloying elements that have a higher density than Mg

would decrease the gravimetric capacity of the Mg anodes and sub-
stantially reduce the technical tolerances, leading to a large increase in
associated costs. In this context, novel binary Mg-Ca anodes with a
minor amount of Ca (less than 0.5 wt.%) were proposed in our previous
work [23], in which battery performance as a function of different
anodes was compared. The results demonstrate the application poten-
tial of Mg-Ca anodes due to their superior discharge performance
compared to that of high-purity Mg and some commercial magnesium
alloys.

It is well known that the microstructure, including the grain size,
second phase morphology and distribution, has a great effect on the
corrosion resistance and electrochemical performance of Mg alloys.
Therefore, microstructure tuning through various processing methods,
e.g., heat treatment and plastic deformation, has become the most
popular approach to improve the discharge properties of Mg anodes
[15,24-27]. As demonstrated by Huang et al. [14], an as-rolled AZ31
anode shows a higher discharge activity and voltage than the as-cast
material when acting as the anode for a Mg-air battery. Regarding Mg-
Ca alloys, the impact of microstructure on corrosion resistance has been
widely investigated, but most studies were performed on Mg-Ca alloys
with high Ca contents (=1 wt.%) and in biomedical solutions [28-31].
Jeong et al. [31] studied the effect of microstructural refinement on the
corrosion resistance of Mg-Ca alloys by indirect extrusion. No im-
provement in the corrosion resistance for a Mg-0.4 wt.% Ca alloy in
Hank’s solution was found in this research, and they attributed this to

* Corresponding author at: Helmholtz-Zentrum Geesthacht, Max-Planck-Str. 1, 21502 Geesthacht, Germany.

E-mail address: Min.Deng@hzg.de (M. Deng).

https://doi.org/10.1016/j.corsci.2019.03.050

Received 9 January 2019; Received in revised form 29 March 2019; Accepted 31 March 2019

Available online 03 April 2019
0010-938X/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/0010938X
https://www.elsevier.com/locate/corsci
https://doi.org/10.1016/j.corsci.2019.03.050
https://doi.org/10.1016/j.corsci.2019.03.050
mailto:Min.Deng@hzg.de
https://doi.org/10.1016/j.corsci.2019.03.050
http://crossmark.crossref.org/dialog/?doi=10.1016/j.corsci.2019.03.050&domain=pdf

M. Deng, et al.

the competition between grain refinement and increased dislocation
and twin densities.

Nevertheless, the influence of second phase morphology and dis-
tribution in Mg-Ca alloys with a low Ca content is still unclear. To the
best of our knowledge, no research has revealed the effect of the mi-
crostructure on the discharge properties of Mg-Ca anodes for primary
Mg-air systems. Therefore, the aim of this work is to investigate the
effect of the microstructure, especially the second phase morphology
and distribution, on the self-corrosion rate of binary Mg-Ca alloys as
well as their capability as an anode material. In addition, the applica-
tion prospect of Mg-Ca alloys is also studied when serving as anodes for
aqueous Mg-air batteries with long storage times under intermittent
discharge. The Mg-0.5 wt.%Ca alloy was chosen as the research object
in this work to ensure a relatively high content of the second phase
because the effect of the second phase morphology is the emphasis here.
This composition is still in the range of the optimized alloy composition
of binary Mg-Ca anode, i.e., Mg-(0.1" 0.5) wt.%Ca, as concluded in our
previous work [23], which indicated only a slight difference between
the discharge properties of Mg-0.1Ca and Mg-0.5Ca alloy anodes.

2. Experimental procedures
2.1. Materials preparation

Mg-0.5Ca alloys with nominal composition of Mg-0.5 wt.% Ca were
prepared through conventional casting with a pure Mg ingot (99.96 wt.
%) and pure Ca chips (99.0 wt. %). The raw materials were placed in a
steel crucible protected by Ar and SF¢ mixed gas and then heated to
760 °C. Before casting, the melting metal was stirred for 5 min to ensure
composition homogeneity. Afterwards, to obtain Mg-0.5Ca alloys with
identical compositions but different microstructures, the melt was cast
into two moulds with different cooling methods, i.e., in air and in
water. The mould for air cooling was cylindrical with a diameter of
18 mm and a thickness of 10 mm, while the mould for water cooling
was cylindrical with a diameter of 60 mm and a thickness of 6 mm. The
bottom and top portions for each prepared ingot with a length of 20 mm
were discarded due to the possible accumulation of impurities and
oxide. Specimens for all experiments were extracted from the rest of the
ingots after removing the surface oxide. The chemical composition of
the prepared materials is presented in Table 1. Ca was detected with
atomic absorption spectroscopy, while other elements were measured
by optical emission spectrometry. The content of impurities, which
have a substantial influence on Mg corrosion [13,32,33], were low and
below their tolerance limitations. The two alloys that were air cooled
and water cooled are referred to as AC and WC alloys, respectively.

2.2. Microstructure observation

The corresponding microstructures of the prepared alloys were
characterized via optical microscopy (OM) and scanning electron mi-
croscopy (SEM). To obtain samples with a high quality, all the speci-
mens embedded in epoxy were ground with 4000 grit silicon carbide
paper followed by a polishing process with the assistance of a water-
free SiO, oxide polishing suspension (OPS). All the specimens after
polishing were immersed in ethanol and cleaned by ultrasonication.
Afterwards, an acetic-picric acid solution was used for sample etching
before optical microscopy analysis. The grain sizes were determined
through the average grain intercept (AGI) method. In the case of both
alloys, five pictures were collected with OM and then utilized to

Table 1

Chemical composition of Mg-0.5Ca alloy (wt.%).
Material Ca Fe Ni Cu Si Mn Al Mg
Mg-0.5Ca 0.50 0.0015 0.0009 0.0016 0.011 0.033 <0.01 Bal
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calculate the average grain size. Additionally, element analysis for
second phase particles was carried out with energy dispersive X-ray
spectrometry (EDX).

2.3. Immersion tests

The corrosion rates of the Mg-0.5Ca alloys were evaluated at a free
corrosion potential and room temperature using the hydrogen collec-
tion method after immersion in a 3.5 wt.% NaCl solution. The experi-
mental configuration used here is similar to that commonly used for
studying Mg corrosion [17,34]. An inverted burette with a funnel
covering the corroding sample was used to collect the evolved hydrogen
during the immersion period. Each sample with a surface area of nearly
8 cm? was suspended and completely exposed in the solution through a
fishing line and a plastic screw with a diameter of 2.5 mm. Crevice
corrosion was avoided with this specimen configuration that was pro-
posed by Shi et al. [35]. Before the hydrogen evolution test, each
sample was ground with SiC sandpapers up to 1200 grit. The weight
loss of each specimen after the immersion test was measured after re-
moving the corrosion products in a diluted chromic acid solution (200 g
L™1). In addition, the surface morphology of each alloy after immersion
for a short time was also recorded with SEM to study the origination
and propagation of the corrosion. Before exposure to the solution, each
sample was polished to remove most scratches. Samples after the hy-
drogen evolution measurement were also observed with SEM after re-
moving the corrosion products.

2.4. Electrochemical impedance spectroscopy (EIS)

EIS measurements after discharge were performed with a po-
tentiostat (Gamry, USA) to compare the discharge activity of the Mg-
0.5Ca alloys. A typical three-electrode system was applied with the
specimen serving as the working electrode. The reference and counter
electrodes were saturated Ag/AgCl and Pt plates, respectively. After the
specimens were ground with 1200 grit sandpaper, they were exposed to
the solution with a working surface area of 1 cm? The samples were
scanned from a high frequency (100 kHz) to a low frequency (0.01 Hz),
and the sinusoidal excitation voltage was 10 mV rms. Three separate
samples of each Mg-0.5Ca alloy were used for EIS measurement to
ensure reproducibility.

2.5. Mg-air battery tests

A full cell constructed in the laboratory was used to compare the
discharge properties of the magnesium-air system using the Mg-0.5Ca
alloys as the anode. A conventional air cathode comprising a gas dif-
fusion layer, a C/MnO, catalyst layer and a nickel mesh current col-
lector layer was utilized. A 3.5 wt.% NaCl solution was adopted as the
electrolyte. The working surface area of the anode for all discharge tests
was approximately 2.5 cm?. Discharge curves at different current den-
sities, i.e., 2mA cm ™2 and 10 mA cm ™~ 2, were recorded using a Gamry
interface 1000 potentiostat. After discharge, the corrosion products on
the anode surface were removed in a 200 g L™ chromic acid solution.
Afterwards, the specific energy density (based on the anode only) as
well as the anode utilization efficiency were calculated. The following
equations were used [36,37]:

Utilization efficiency (%) = % x 100%

@

JLUXTIx A

Specific energy density (Whkg™!) =
pecifi gy density ( g™ NG

(2)
where U (V) represents the instantaneous cell voltage corresponding to
discharge time ¢ (h), I (A) is the applied current, AW (kg) represents
the specific anode mass loss during each measurement, and W, (kg) is
the theoretically consumed anode mass attributed to the faradaic
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process. The value of AW was obtained via the measured weight of the
specimens before the discharge test and after removal of the discharge
products. The theoretical weight loss Wj,,, was obtained via the equa-
tion [38,39]:

Ixt 1

theo( g) Fx Z (xl;inl) 1000

3)

where F is the Faraday constant (26.8 Ahmol ™) ; and m; (g mol ™), n;
and x; are the atomic mass, number of exchanged electrons and mass
fraction relevant to Mg and each alloying element, respectively.

Surface morphologies and corresponding corrosion sections of
samples after discharge were recorded with SEM as well. In addition, an
intermittent discharge test was also carried out for Mg-air batteries with
both Mg-0.5Ca anodes at 2mA cm ™2 In each cycle, the discharge
process lasted for 10 h followed by a no-discharge period of 5h. Five
cycles were tested to evaluate the stability of Mg-Ca relevant batteries
during long-term usage.

3. Results
3.1. Microstructure

Two different microstructures were obtained by the different
cooling methods, as indicated by Fig. 1. The optical images (see
Fig. 1(a, d)) show that water cooling slightly decreases (by ca. 16%) the
grain size of this alloy compared to air cooling. The calculated grain
size is 577 = 180 um for the AC alloy and 438 + 53 um for the WC
alloy (average of three samples from different locations). Furthermore,
the morphology and distribution of the second phase, which is gen-
erally an a-Mg/Mg,Ca eutectic aggregate [23,40,41], also varied with
different cooling methods, as demonstrated by the scanning electron
microscopy images (see Fig. 1(b, c, e, f)). It is noteworthy that for both
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materials, the second phase morphology corresponding to the ingot
horizontal plane and vertical plane are identical. For the AC material, a
large number of fine second phase particles is distributed uniformly in
the matrix. In contrast, for the WC material, except for a few second
phase particles in the grain interior, most of the second phase is rela-
tively continuous and is distributed along grain boundaries as den-
drites. Nevertheless, the grain boundaries are not fully populated by the
second phase because of its insufficient amount due to the relatively
low Ca content. In other words, grains in the Mg-0.5Ca WC alloy are not
completely surrounded by continuous second phases. Specimens from
the centre and edge of the WC alloy ingot also exhibit the same second
phase morphology, indicating good ingot homogeneity. The only dif-
ference is the slightly larger grain size of the specimen from the edge
(485 = 122um) compared to that from the ingot centre
(381 + 65um). In addition, except for the a-Mg/Mg.Ca eutectic
phase, some small impurity-rich particles with compositions of Mg-Ca-
Si or Mg-Ca-Si-Fe are also found in both materials. This is consistent
with the description on the microstructure of the Mg-0.8 wt.% Ca alloy
by Mohedano et al. [41] and Mg-0.54 wt.% Ca alloy by Zeng et al. [42].
As shown in Fig. 1(g), the EDX results of points A and C, as marked in
the SEM images, also prove the existence of Mg-Ca-Si particles. Mg-Ca-
Si-Fe particles are not noted here because of their low quantity due to
the low Fe content in both alloys. Particles B and D with larger sizes are
regular a-Mg/Mg,Ca eutectic phases, as shown by the EDX results.

3.2. Hydrogen evolution

Fig. 2 presents the hydrogen evolution results of the Mg-0.5Ca al-
loys obtained with different cooling methods. Two samples of both
materials were tested in parallel under the same experimental condi-
tions to ensure the reproducibility of the results. At the initial stage of
immersion (nearly three hours), the WC alloy suffers a higher hydrogen

Mg (wt.%)

82.1
91.3
56.3
92.0

0N ® >

Ca (wt.%) Si (wt.%)
9.4 8.5
8.5 0.2
23.7 20.0
7.8 0.2

Fig. 1. Optical and SEM images of Mg-0.5Ca alloys: (a, b, ¢) AC; (d, e, f) WC. (b, e) SEM images of ingot horizontal plane; (c, f) SEM images of ingot vertical plane.

Table g is the EDX results for particles marked A, B, C and D.
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Fig. 2. Hydrogen evolution of Mg-0.5Ca alloys in 3.5 wt.% NacCl solution (unbuffered, pH 5.6).

evolution rate, indicating a faster corrosion rate than the AC alloy.
Thereafter, the hydrogen evolution rate of the WC alloy slows down and
is surpassed by that of the AC alloy. During the later immersion period,
both materials show relatively stable hydrogen evolution rates. Con-
cerning the whole 7-day immersion test, the WC alloy evolved less
hydrogen than the AC alloy, showing that the former had a lower
average corrosion rate than the latter in the 3.5wt.% NaCl solution.
With the hydrogen evolution rate, the self-corrosion rate of these two
materials can be deduced according to the equation Py (mm
y_l) =2.088 Vy (ml ecm™ d~1) [43]. The average corrosion rate ob-
tained from hydrogen evolution data is 0.15mm y~! for the WC Mg-
0.5Ca alloy and 0.26 mm y* for the AC material. It should be noted that
the corrosion rate could be underestimated with the hydrogen evolu-
tion method, especially for Mg alloys with a high corrosion resistance
[44,45]. In this case, corrosion rates of these alloys were also de-
termined according to results of weight loss measurement via the
conversion Py, (mm y ') = 2.1 AW (mg cm™> d ™ ') [43]. The measured
corrosion rate is 0.20 mm y ~ ! for the WC alloy and 0.31 mm y " for the
AC alloy, both are lower than the corrosion rate of most Mg alloys in
similar solutions, as summarized by Cao and co-workers [46]. A low
corrosion rate of the anodes during the no-discharge period is crucial
for the aqueous primary Mg-air system to increase its service life.
Therefore, the remarkably low overall corrosion rate enables Mg-0.5Ca
alloys to be potential anode materials for primary Mg-air batteries in
terms of long-term storage.

3.3. Mg-air battery properties

The cell voltage and specific energy density of the battery based on
different Mg-0.5Ca anodes were tested and are presented in Fig. 3. A
drastic difference is not found between the cell voltages of the

1.60

80

electrochemical system with these two anode materials, except that the
battery with AC anode shows gradually increasing voltage, while the
voltage for that with WC material is relatively stable. Nevertheless,
apparent differences can be found regarding the utilization efficiency as
well as the specific energy density based on the anode materials during
the discharge process (see Fig. 3b). The WC anode shows higher utili-
zation efficiency than the AC anode at both current densities. Compared
to that of the ordinary air cooling, the water cooling increases the
utilization efficiency of the Mg-0.5Ca anode from 37.1%-44.5% at a
low current density of 2mA cm™2. At a higher current density, i.e.,
10mA cm™2 the increase in the utilization efficiency is less pro-
nounced, approximately 5.7%. In the case of specific energy density,
the variation is similar. The battery system based on the WC anode
supplies a higher energy density than that based on the AC material,
especially at lower current density.

The intermittent discharge behaviour of the batteries operating with
the AC and WC alloy anodes at 2mA cm ™ 2 are presented in Fig. 4.
Similar to the results presented in Fig. 3a, the cell voltage based on the
AC anode increases gradually during every discharge period. However,
its average voltage is found to decrease with increasing number of
discharge cycles. For instance, the average voltage in the first discharge
cycle is 1.506 V, while in the fifth discharge cycle it is 1.485V. Such
change is not as obvious for the intermittent discharge of the battery
based on the WC anode. The average voltage is 1.499V for the first
discharge cycle, while it is 1.490 V for the fifth cycle. In other words,
this battery system can maintain a stable voltage even after several
closed/opened circuit cycles, which is important for the practical ap-
plication of battery systems concerning sporadic switch-on and switch-
off operation. In addition, the OCV of the battery with the AC anode is
higher than that based on the WC anode in all intervals between the
discharge processes.
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Fig. 3. Mg-air battery performance corresponding to Mg-0.5Ca anodes: (a) cell voltage; (b) utilization efficiency and energy density. 3.5 wt.% NaCl solution is

adopted as the electrolyte, while C/MnO,, acts as catalyst in the air cathode.
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Fig. 4. Intermittent discharge curves of lab-made Mg-air cells adopting Mg-0.5Ca anodes with applied 2 mA cm ™2 current density. 3.5 wt.% NaCl solution is adopted

as the electrolyte, while C/MnO, acts as catalyst in the air cathode.

4. Discussion
4.1. Effect of microstructure on corrosion behaviour

It is well known that a faster solidification rate leads to finer grains
due to the increased nucleation rate and decreased time for grain
growth [47-49]. Therefore, the Mg-0.5Ca sample prepared with water
cooling shows a smaller grain size than that prepared through air
cooling. In addition, the solidification rate can also significantly affect
the second phase morphology. For the alloy prepared with air cooling,
the a-Mg solid solution is saturated with Ca atoms at a high tempera-
ture. During the slow solidification process, the Ca distributed uni-
formly in the Mg matrix and precipitated as Mg,Ca particles due to the
low solid solubility of calcium in a magnesium matrix at low tem-
perature. By contrast, when prepared with water cooling, the faster
cooling rate caused a greater segregation of the solute atoms [50] (Ca
atoms in this study) and that led to the precipitation of Ca as a coarse a-
Mg/Mg,Ca eutectic structure.

The surface morphology after immersion for different times was
recorded and is presented in Fig. 5 to demonstrate the dissolution
process of the Mg-0.5Ca alloys. To observe the dissolution process at the
very initial stage, diluted NaCl solution with a concentration of 0.5 wt.
% was utilized. The surface morphologies after exposure in 0.5 wt.%
NacCl solution for 5 min and 30 min are demonstrated in Fig. 5(a-d). It
can be seen that the corrosion of both materials begins at some pre-
ferential points, in which impurity particles exist, as proven by the
inserted EDX maps. This is reasonable because these impurity-rich
particles have a large potential difference with the Mg matrix [41] and
become the driving force for galvanic corrosion. Thereafter, the Mg,Ca
phases undergo corrosion due to their higher negative potential than
the Mg matrix [30,51,52], which renders the Mg,Ca to be the anode
that preferentially undergoes corrosion in the micro-galvanic cell cou-
pled with Mg matrix. After exposure to a 3.5wt.% NaCl solution for
24 h, both Mg-0.5Ca alloys show surfaces covered with thin but com-
pact oxide films with few micro-cracks, in addition to some coarse
corrosion products in the sites that experienced galvanic corrosion (see
Fig. 5e and f)). As reported, Ca-containing Mg alloys typically exhibit a
protective calcium carbonate film on the surface after immersion [53].
Furthermore, the surface morphologies of both alloys after immersion
for 7 days and removal of the corrosion products are also shown in
Fig. 5g and h. Scratches left by the mechanical grinding are still ap-
parent on the surface of both alloys even after 7 days of immersion,
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which is further evidence of the low self-corrosion rates of these two
Mg-0.5Ca alloys prepared via different cooling routes. However, the AC
alloy experienced localized corrosion to some extent, leaving a number
of cavities and one corrosion strip on the surface, as shown in Fig. 5g. In
contrast, the corrosion is more general and uniform on the WC alloy.
The Mg,Ca phases are still visible in the dendrites along the grain
boundaries (see the inserted enlargement in Fig. Sh).

In conclusion, both the hydrogen evolution and surface morpholo-
gies indicate that the corrosion rates of Mg-0.5Ca alloys decrease after
immersion for several hours due to the protective oxide/hydroxide film
that formed on the alloy surface. The Mg-0.5Ca alloy processed with
water cooling has a slower average corrosion rate than the AC alloy
after a long immersion time, even though it reverses at the initial stage
of several hours. Grain size is not the crucial factor for the different
corrosion rates of the Mg-0.5Ca alloys because the grain refinement
caused by water cooling is slight. Instead, the morphology and dis-
tribution of the second phases act as key factors for the various corro-
sion behaviours of the Mg-0.5Ca binary alloys. Concerning the initial
exposure period in solution, the WC alloy shows a higher dissolution
rate due to the presence of the continuous active Mg,Ca phases along
grain boundaries. Compared to the fine Mg,Ca particles distributed
uniformly in the AC alloy, the large second phases in the WC alloy
expose a larger surface area of the anodic phases to the solution, leading
to a faster overall hydrogen evolution rate. With increasing immersion
time, the formation of a protective film suppresses the corrosion rates of
both the WC and AC Mg-0.5Ca alloys. However, the corrosion rate of
the AC material becomes higher than that of the WC material. This can
be attributed to the propagation of pitting or localized corrosion caused
by more impurity-rich particles and smaller Mg,Ca particles in the AC
alloy. As stated by Seong and Kim [54], there is a greater probability of
isolated corrosion pits left by the dissolution of small Mg,Ca particles
that connect to form large and deep pits.

4.2. Effect of microstructure on utilization efficiency and energy density

The experimental results shown in the previous section indicate that
both the utilization efficiency and energy density of the WC Mg-0.5Ca
alloy are higher than those of the AC alloy at different current densities.
Generally, the energy density of the Mg-air battery relates to the utili-
zation efficiency of the electrodes as well as the cell voltage. In the case
of this research, the battery voltage corresponding to the AC and WC
alloy anodes has no significant difference, so the energy density
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Fig. 5. Surface morphology of Mg-0.5Ca alloys after immersion for different time in: (a-d) 0.5 wt.% NaCl solution; (e-h) 3.5 wt.% NaCl solution. The surfaces after 7-
days immersion are recorded after removing corrosion products. The inserted image in (b) is the EDX mapping for Fe, while in (g, h) it is corresponding enlargement

of marked area.

depends only on the utilization efficiency of the anodes. According to
Eq. (1), the utilization efficiency is inversely proportional to the actual
weight loss of the anode during discharge. Actually, the weight loss
during discharge consists of three parts, namely, the weight loss caused
by impressed discharge current, the weight loss by self-corrosion of the
Mg anodes and the weight loss due to the detachment of undissolved
grains (known as the “chunk effect”) [16,23,55,56]. The chunk effect is
also a kind of self-corrosion process occurring via different mechanisms.
Therefore, the lower corrosion rate of the WC alloy measured in 3.5 wt.
% NaCl solution at OCP could partly contribute to its higher utilization
efficiency than that of the AC anode. To explore the contribution of the
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chunk effect, the surface morphologies of these two materials after
discharge are shown in Fig. 6. It is remarkable that the surface of the AC
anode after discharge and removal of the discharge products is rugged
(see Fig. 6a), while the surface of the WC anode is more even in spite of
some relatively small cavities (see Fig. 6b). From the cross-section
presented in Fig. 6¢, some undissolved grains can be found in the dis-
charge product layer of the AC anode. These undissolved grains can
detach from the anode surface into the solution along with the falling
down of discharge products. In this way, they do not participate in the
discharge process of Mg anodes and therefore decrease the utilization
efficiency. In contrast, few undissolved grains can be found for the WC
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Fig. 6. Surface morphologies and cross sections of Mg-0.5Ca alloys (a, ¢) AC, (b, d) WC after discharge in 3.5 wt.% NaCl solution at 2mA cm ™~ 2for 16 h: (a, b) surface
after removing discharge products; (c, d) cross-section with discharge products. Corresponding SEM and OM images of marked areas are also presented.

material (see Fig. 6d), indicating a slight impact of the chunk effect. In
addition, for both anodes, there are some discharge cracks penetrating
down into the anode substrate, as shown by the enlarged BSE images of
the marked areas. These cracks or discharge channels are most likely
along the grain boundaries, as demonstrated by the presented corre-
sponding optical images. The discharge channels in the AC anode ap-
pear broad and shallow, while in the WC anode, the channels appear
narrow and deep into the matrix.

To investigate the formation process of these two different discharge
morphologies, the surfaces and corresponding cross-sections after dis-
charge at 2mA cm ™2 for different times, i.e., 30 min, 2h and 6 h, are
presented in Fig. 7. For both Mg-0.5Ca alloys, discharge cracks appear
after discharge for 30 min (see Fig. 7(a, b)). After that, these cracks
show extraordinarily different propagation behaviours. In terms of the
AC alloy, these cracks become large and deep with increasing discharge
time (Fig. 7c). Gradually, these growing cracks connect with each other
(Fig. 7e), and some matrix grains start to detach from the anode surface
because of the connection of the large cracks (see cross-sections in
Figs. 6 and 7). In the case of the WC anode, no large discharge cracks
are found in Fig. 7(d, f). Instead, most of these discharge cracks prefer
to penetrate deeply into the anode matrix along the grain boundaries
(see Fig. 6d). Therefore, the surface after discharge is more even. The
utilization efficiencies of these two anodes after discharge for different
times are also calculated and presented in Fig. 8. A discussion of the
difference between the calculated utilization efficiency after a 0.5-hour
discharge is not meaningful since an experimental error may exist due
to the small amount of weight loss after a short discharge. The changing
utilization efficiency after long-term discharge deserves more discus-
sion to evaluate the discharge behaviour of these two anode materials.
The WC anode shows increased utilization efficiency from a 2-hour
discharge to a 6-hour discharge, which could be attributed to the in-
creased surface area after the discharge process. In principle, an

increased surface area leads to a decreased applied current density, i.e.,
a weakened polarization. It is well known that Mg and Mg alloys under
polarization suffer from fast self-corrosion because of the negative
difference effect (NDE) [33,57,58]. The self-corrosion rate is related to
the extent of polarization or anodic current density. A positive corre-
lation relationship is expected. Therefore, to some extent, self-corrosion
of the WC anode might decrease with prolonged discharge time due to
the reduced current density caused by the increased surface area. After
that, the WC anode can maintain a relatively stable utilization effi-
ciency with increasing discharge time, owing to the balance between
the slightly increased surface area and the weak chunk effect. By con-
trast, the utilization efficiency of the AC anode is similar to that of the
WC anode after discharge for 2h but becomes much lower after a long
discharge period. This is most likely due to the emergence of a severe
chunk effect after long-term discharge, as shown in Figs. 6 and 7. The
positive effect of an increased surface area on the utilization efficiency
is counteracted.

Based on the aforementioned discussion, a schematic illustration is
proposed to describe the propagation of discharge cracks originating in
the Mg-0.5Ca anodes, as shown in Fig. 9. Regarding the AC anode,
crack propagation can be described as follows. (1) After application of
the loading current, dissolution preferentially occurs along the grain
boundaries because of the existence of active Mg,Ca particles as well as
the possibility of grain boundaries functioning as local anodes with
respect to the Mg matrix [54,59,60]. Therefore, some discharge cracks
originate underneath the anode surface. (2) Thereafter, because of the
discontinuity of the Mg,Ca particles, the extension of discharge cracks
slows, and the dissolution develops towards the interior area of the Mg
matrix, leading to shallow but spacious cracks. (3) With increasing
discharge time, these large cracks connect with each other, resulting in
separated grains in the centre of the cracks. These undissolved grains
then detach from the anode surface and do not participate in the
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Fig. 7. Surface morphologies of Mg-0.5Ca alloys after discharge in 3.5 wt.% NaCl solution at 2mA cm ™2 for different time and removing discharge products. The
inserted images are correspongding cross sections, in which the dark area is resin and the gray area is Mg substrate.
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Fig. 8. Utilization efficiency of Mg-0.5Ca anodes relevant to differet discharge

time in 3.5 wt.% NaCl solution at current density of 2mA cm ™2

discharge process. In the case of the WC anode, discharge cracks ori-
ginate for the same reason. However, because the active Mg,Ca phases
are distributed relatively continuously along the grain boundaries, the
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cracks continue growing along the grain boundaries due to the pre-
ferential dissolution of the anodic second phases. In this case, the dis-
charge cracks in the WC anode prefer to penetrate deep into the bulk
anode instead of becoming spacious towards the interior area of the
grains. It is worth noting that, in fact, grains in the WC Mg-0.5Ca anode
are not completely surrounded by the a-Mg/Mg.Ca eutectic (see
Fig. 1(e, f)) because of the low content of Ca (volume fraction of second
phase is not high enough). Therefore, most cracks that surround grains
are not completely connected with each other. In other words, during
discharge, most grains are not fully surrounded by cracks in every di-
mension because of the partially continuous second phases. These
single grains can still keep contact with the bulk anode in some posi-
tions, contributing to the immobility of grains in the top layer. Conse-
quently, the dissolution of the WC anode is uniform with little de-
tachment of the grains. It was reported previously that in Mg-Ca anodes
with a high Ca content, grains would detach from the anode matrix
because of the preferential dissolution of Mg,Ca phases fully sur-
rounding these grains [23]. Note that these two propagation processes
merely predominate in Mg-0.5C anodes prepared via air cooling and
water cooling, respectively, which means they also happen in the other
anode material to some extent.
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Fig. 9. Schematic illustration of the propagation process of discharge cracks in Mg-0.5Ca anodes.

4.3. Effect of microstructure on discharge voltage

The intermittent discharge curves show that the Mg-air cell utilizing
the AC alloy as the anode has an enhanced OCV than that based on the
WC anode, but their discharge voltages have no apparent difference.
This result could be attributed to the different discharge activities of
these two anodes that can be determined by EIS spectra measured after
discharge. Fig. 10 shows EIS Nyquist plots of both anodes after dis-
charge at 2mA cm ™2 for 1 h. The WC anode shows a lower resistance
than the AC anode, indicating a higher dissolution activity (or lower
overpotential) during discharge. Therefore, the battery system with the
WC anode shows a similar cell voltage to that based on the AC anode. It
is well known that a current or polarization applied to Mg anodes could
cause a rupture of the oxide film on the metal surface [61,62]. Hence,
with a low protection of the oxide film, the WC Mg-0.5Ca anode could
exhibit higher dissolution activity owing to the relatively continuous a-
Mg/Mg,Ca phases. In addition, the unstable discharge voltage of the
cell incorporating the AC alloy anode may be ascribed to the increasing
surface area caused by the large discharge cracks.

5. Conclusions

In this work, Mg-0.5Ca alloys with various microstructures are
prepared through different cooling routes. Afterwards, the effect of
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Fig. 10. Nyquist plots of the EIS spectra of Mg-0.5Ca anode after discharge at
current density of 2mA cm ™2 for one hour in 3.5 wt.% NaCl solution.
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microstructure on the corrosion performance of Mg-0.5 wt.%Ca binary
alloys is studied through immersion tests combined with surface mor-
phology analysis. Moreover, the discharge properties of primary Mg-air
batteries using Mg-0.5Ca alloy anodes are measured to study the in-
fluence of the microstructure. The following conclusions are obtained
from this work:

(1) The Mg-0.5Ca air-cooled alloy shows fine Mg,Ca particles disper-
sing uniformly in Mg matrix and grain boundaries. After water-
cooling, the grain size of Mg-0.5Ca alloy decreases slightly, and the
second phases are distributed relatively continuously along the
grain boundaries. In addition, more impurity-rich particles are
found in the air-cooled alloy.
Both Mg-0.5Ca alloys show remarkably low overall corrosion rates,
enabling them to be attractive anode materials for aqueous Mg-air
batteries with long-term storage. The corrosion rate of the water-
cooled alloy is lower than that of the air-cooled material, because of
the greater general corrosion behaviour. The localized corrosion of
the air-cooled alloy is due to a large number of fine Mg,Ca particles
and more impurity-rich particles.
During discharge, the water-cooled Mg-0.5Ca anode has a higher
utilization efficiency and specific energy density than the air-cooled
anode, attributed to the lower corrosion rate and low amount of
detached undissolved grains. Discharge cracks in the air-cooled
anode tend to become larger and then promote the emergence of
the chunk effect. By contrast, discharge cracks in the water-cooled
anode tend to penetrate along grain boundaries, leading to uniform
discharge.

(4) Mg-air batteries fabricated with these two Mg-0.5Ca anodes show
similar cell voltages as a result of the higher OCV of the air-cooled
anode and higher discharge activity of the water-cooled one. The
water-cooled alloy could be a better anode material for Mg-air
batteries under intermittent discharge due to the stable discharge
voltage.
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Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of an ongoing study.
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Results

5.3 Clarifying the decisive factors for utilization efficiency of Mg anodes for primary

aqueous batteries

Paper 3: Clarifying the decisive factors for utilization efficiency of Mg anodes for primary aqueous
batteries (published in Journal of Power Sources)

The emphasis of the work presented in this paper is to clarify the individual effect of different factors,
i.e. corrosion at OCP, self-corrosion under polarization and chunk effect, on anode utilization efficiency
for purpose of gaining more information concerning the design of Mg alloy anodes for battery system
with high energy density and long service life. Anodic efficiencies of several Mg anodes at different
current densities were measured in 3.5 wt.% NaCl electrolyte. The contribution of self-corrosion at OCP
and at constant applied current to efficiency of Mg anodes were compared. Additionally, the efficiency
loss caused by chunk effect (CE) was determined with a proposed new approach. The effect of self-
corrosion and CE on anodic efficiency were assessed accordingly. The results indicated that self-
corrosion rates determined at OCP cannot be utilized to estimate the utilization efficiency of Mg anodes
during discharge, because the real-time self-corrosion was dependent on the applied discharge current
density. The occurrence of CE was derived from a large fraction of secondary phases and non-uniform
dissolution of Mg anodes. It can also result in a large efficiency loss of Mg anodes, especially at low
current densities, which, in some cases, could exceed the loss caused by self-corrosion of anode
substrate. Hence, regarding the design of Mg alloy anodes for high energy density batteries, attention
should be paid to both aspects, particularly for application in long-term low-power battery system. In

this context, micro-alloyed Mg-Ca anodes with high corrosion resistance could be a feasible approach.
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ARTICLE INFO ABSTRACT
Keywords: Low anodic efficiency of metallic Mg, which results in low discharge capacity and specific energy density,
Mg batteries hinders the wider application of aqueous primary Mg batteries. In this work, we clarify the decisive factors

Anodic efficiency
Self-corrosion
Chunk effect

effecting the utilization efficiency of Mg anodes. Anodic efficiency of several Mg anodes at different current
densities is measured in 3.5 wt% NaCl electrolyte. The contribution of self-corrosion at open circuit potential and
at constant applied current to efficiency of Mg anodes is compared. Additionally, efficiency loss caused by
detachment of undissolved metallic portions, namely “chunk effect”, is determined with a proposed new
approach. The effect of self-corrosion and “chunk effect” on anodic efficiency is assessed accordingly. The results
indicate that “chunk effect” can also result in large efficiency loss of Mg anodes, especially at low current
densities, which, in some cases, could exceed the loss caused by other mechanisms of self-corrosion of anode
substrate. Hence, attention should be paid to both aspects when developing novel Mg anodes with high anodic
efficiency, particularly for application in long-term low-power battery system.

1. Introduction aqueous Mg batteries are still hindered in spite of the attractive theo-
retical properties of these promising energy storage devices. The issues
Nowadays, the wide application and commercialization of primary could be partially originated from the cathode materials, such as the
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sluggish kinetics of cathodic reactions or the limited diffusion of re-
actants, leading to large overvoltage. The problems concerning cathode
materials have been widely discussed in the last decades [1-4] and some
approaches have been proposed as effective solutions, like the adoption
of selected advanced catalysts and porous substrate materials with
nanostructures [5-10]. However, there are also major issues relevant to
the Mg anode materials, including large overpotential caused by
discharge products on anode surface and severe self-corrosion of Mg
under polarization due to the well-known NDE [11-13]. These problems
still exist despite recent progresses achieved through the development of
novel Mg alloy anodes [14-17] and electrolyte additives [18-22].
Therefore, more effort needs to be made for modification and optimi-
zation of Mg anodes.

The anodic efficiency (or utilization efficiency) has great impact on
the specific performance of aqueous Mg-based battery system, e.g., en-
ergy density and service life. The decreased anodic efficiency leads to
low discharge capacity and specific energy density of Mg batteries, since
a large portion of Mg anode is consumed via self-corrosion processes
and, consequently, does not participate in the power supply. Unfortu-
nately, the utilization efficiency of Mg anodes is normally below 60% at
current density of 10 mA cm™2 and was found to be even less than 50%
under smaller current densities [15,23-29]. As a consequence, the re-
ported optimized specific energy density, like 1800 Wh kg~! in Mg-air
system [14], is far below the theoretical level (6800 Wh kg’1 based
on anode only). Hence, the service life of primary Mg-based batteries are
severely shortened, especially for those battery system designed for
long-term and low power applications. Generally, the utilization effi-
ciency of Mg anodes is inversely proportional to the weight loss caused
by self-corrosion during discharge. In fact, the self-corrosion of Mg in-
cludes two different processes, namely the electrochemical dissolution
of Mg substrate and the detachment of some metallic pieces from anode
surface, which is known as “chunk effect” (CE). CE has been shown in
some publications at the cross section morphology of Mg after corrosion
tests. It is identified by the existence of some metallic pieces in corrosion
products, including impurity particles, second phases or undissolved
matrix [14,30-33].

Until now, nearly all the published work regarding improving the
utilization efficiency of Mg anodes follows the direction of controlling
the self-corrosion of anode substrate. Meanwhile, the corrosion resis-
tance measured via electrochemical impedance spectroscopy (EIS) and
corrosion rate determined with hydrogen evolution (HE) at open circuit
potential (OCP) are normally utilized to conclude the effect of self-
corrosion on Mg anode efficiency at different current densities. How-
ever, the feasibility of evaluating the real time self-corrosion rate of Mg
during discharge based on determined corrosion behavior at OCP is
doubtful. To the best of our knowledge, no published research has put
emphasis on particularly clarifying this issue. Nonetheless, relevant in-
formation can be found from some publications. In the published paper
of Samaniego et al. [34], Mg-33 at%Li alloy exhibits lower HE rate than
pure Mg at OCP, but its HE rate becomes similar or even higher than
pure Mg with applied anodic current densities. Similarly, according to
the work of Chu et al. [35], HE rate of Mg-Zn-Ca-Mn alloy is similar to
pure Mg in NaCl solution with applied current density of 1 mA cm ™2 but
tends to be higher when the current density increases to 10 mA cm™2.
Therefore, more systematic work is necessary to specify the relevance of
self-corrosion to anodic efficiency of different Mg alloy anodes, espe-
cially under varying current densities. On the other hand, the impact of
CE on anode utilization efficiency seems to be not fully taken into ac-
count in the selection procedure of Mg alloy anodes [15-17,20,23,27,
29,36-41]. Only a few published works mention the possible influence
of CE when evaluating the anodic efficiency of Mg anodes [14,28,
42-44]. In fact, opposite results regarding utilization efficiency of same
Mg anodes are found at different current densities in the work of Wang
et al. [28]. Mg-Al-Pb-In anode has lower utilization efficiency than
Mg-Al-Pb and pure Mg anode at current density of 10 mA cm™2. How-
ever, adverse results are obtained when the current density increases to

Journal of Power Sources 441 (2019) 227201

Table 1
Chemical composition of as-cast HP Mg and Mg alloys [14,22]. The values are in
ppm if other is not indicated.

Element HP Mg AZ31 AMS50 E21 WE43 ZE41
Fe 50 11 2 12 38 18

Cu <1 19 17 20 47 19

Ni <2 7 5 52 46 7

Si <1 309 637 4 0.9 2

Ca <1 11 11 42 225 27

Zn 35 0.73% 418 0.29% 268 4.2%
Mn 8 0.36% 0.43% 38 60 79

Al 30 2.97% 4.85% 145 133 144
Zr - - - 0.19% 0.17% 0.3%
Nd - - - 3.2% 1.95% 0.24%
La - - - 26 0.14% 0.42%
Pr - - - 340 0.1% 647
Th - - - 920 0.15% 0.29%
Y - - - 72 4.49% 50

Ce - - - 70 206 0.65%
Mg 99.98% 95.90% 94.61% 96.09% 92.85% 93.75%

180 and 300 mA cm™2, as Mg-Al-Pb-In anode exhibits the highest ef-
ficiency comparing to the other two anode materials. The inconsistent
utilization efficiency is supposed to be the consequence of different
extent of CE at different current densities, concluded from the different
surface morphologies after discharge. Despite the absence of more direct
evidence in that work, it demonstrates that CE could have decisive effect
on the utilization efficiency of Mg anodes.

In this present work, we examine the influence of the decisive factors
for anodic efficiency of Mg anodes in aqueous electrolyte under rela-
tively small load. Corrosion resistance and self-corrosion rate at OCP of
high purity Mg (HP Mg) and several industrially relevant Mg alloys are
determined through EIS and HE tests as well as the real time HE rate
during discharge at different current densities. The possible occurrence
of CE on these anode materials is observed from the cross section
morphology after discharge tests. Meanwhile, the anodic efficiency of
these selected Mg anodes after discharge are measured. The efficiency
loss resulted from self-corrosion of anode substrate and CE is determined
respectively by a proposed approach. Accordingly, the effect of both self-
corrosion and CE on anodic efficiency of Mg anodes is evaluated.

2. Experimental procedures

Six magnesium alloys were used in this work. Of these, the discharge
properties of HP Mg, AZ31 and AM50 alloys as anode for Mg-air bat-
teries have been reported in our previous work [14]. Besides, we also
investigated three more industrially relevant Mg alloys with different
chemical compositions, i.e., Elektron 21 (E21 hereafter), WE43 and
ZEA41, which are the same materials studied in the published work of
Lamaka et al., where new corrosion inhibitors for Mg were reported
[22]. All six possess significantly different corrosion rates. All the sam-
ples were taken from as-cast ingots of corresponding materials. The
chemical composition of all studied materials is presented in Table 1,
showing the contents of all main elements and detrimental impurities
like Fe, Cu and Ni. Fig. S1 in the supplementary materials shows the
micrographs of all materials after polishing via a Tescan VEGA scanning
electron microscope (SEM), indicating different microstructures,
including diverse second phase fraction and distribution.

HE rate on different Mg anodes at open circuit potential was deter-
mined with an ordinary set-up, which includes a funnel inserted into a
100 ml inverted burette (0.2 ml graduations) and covering the sample.
The specimens, with surface area of approximately 8 cm?, were hung up
with fishing line via an inserted plastic screw. The solution for all the
measurements in this work was 3.5 wt% NaCl unbuffered solution pre-
pared with deionized water, with pH of around 5.6. Before immersion,
all the specimens were ground with SiC sand paper up to 1200 grit. The
immersion test for each material was repeated three times to ensure the
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Fig. 1. (a) Discharge curves of high purity Mg and Mg alloys at 5mA cm™~2; (b) Anodic efficiency after discharge at different current densities; () EIS (Nyquist plots)
at OCP; (d) Hydrogen evolution curves of all selected materials. All the measurements are performed in unbuffered 3.5 wt% NaCl solution.

reproducibility. The duration time of each immersion measurement was
100 h.

Real-time HE rate during discharge was measured with a similar set-
up used in the work of Frankel et al. [45] to collect the gas during gal-
vanostatic polarization of Mg. The schematic corresponding to this
experimental set-up is presented in Fig. S2. A Gamry Potentiostat was
used to apply current to the Mg anodes in galvanostatic mode. A classical
three-electrode system was adopted with Mg samples embedded into
epoxy as a working electrode, exposing one rectangle surface with
1 cm?. The counter electrode and reference was Pt wire and saturated
Ag/AgCl electrode, respectively. Evolved hydrogen was collected via the
50ml inverted burette with graduations of 0.1 ml. The volume of
evolved hydrogen was determined under applied current densities of
1mAcem™2, 5mAcm 2 and 10mAcm 2 The duration time for
1mAcm 2 was 6 h, while for 5 and 10 mA em 2 is 90 and 60 min
respectively due to the rapid hydrogen evolution rate under severe po-
larization. Real-time HE rate was then calculated according to the
recorded data. Note that only data in the later discharge period was used
for calculation after a relatively constant HE rate was achieved. In detail,
HE data after 3h was used for 1 mA cm™2, while data after 30 min was
used for 5 and 10 mA cm 2. Real-time HE measurement was carried out
twice, showing a low deviation below 10%.

Electrochemical impedance was also measured to evaluate the
corrosion resistance of different Mg anodes. Each sample was carefully
treated with sand paper and then immersed into the solution with 1 cm?
working surface. EIS measurements were performed after one-hour OCP
test in order to obtain relatively stable surface condition. The scanned

frequency ranged from 100 kHz to 0.01 Hz with sinusoidal excitation
voltage of 10 mV rms referred to OCP.

Half-cell discharge test at different current densities was carried out
in 3.5wt% NaCl electrolyte. The discharge process under 1 mA cm™2
lasts 16 h, while 8 h in the case of 5mA cm ™2 and 10 mA cm 2. After
discharge, precipitated products were removed from the surface with
chromic acid (200 gL’l CrOs3) and the anode utilization efficiency of
each material was calculated. . The details of the calculation procedure
can be found elsewhere [14,46]. The surface morphology after discharge
and cleaning the discharge products was observed with SEM. The
morphology of corresponding cross section for each anode after
discharge at 5mAcm™2 for 16h was also observed. Additionally,
elemental mapping for selected zones in cross section was determined
with the SEM coupled with energy dispersive X-ray spectroscopy (EDS)
via backscattered-electrons (BSE) detector at 15kV.

3. Results and discussion
3.1. Anodic efficiency during discharge

Fig. 1 presents the discharge curves and anodic efficiency of pure Mg
and different Mg alloys. During the 15-h discharge measurement, all the
materials maintain relatively stable discharge potential after the initial
unstable periods for approximately one hour. This indicates that all the
Mg anodes can keep a steady surface condition during the long-term
discharge, attributed to the balance between actual surface area,
changing pH, accumulation and self-peeling of discharge products. The
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Table 2

Hydrogen evolution rate of high purity Mg and selected Mg alloys at OCP and under applied current in 3.5 wt% NaCl solution.
Self- corrosion Py (ml cm 2 h™") HP Mg E21 WE43 AMS50 ZE41 AZ31
oCP (6+2)-1073 3+1)-107° 16+1)107° (52+3)107° (87 £15)-1073 (33+7)1073
1 mA cm 2 0.3 0.4 0.3 0.6 0.8 0.5
5mAcm 2 1.6 1.6 1.7 1.8 3.0 1.7
10 mA cm 2 3.0 3.8 3.1 3.0 6.0 3.2

discharge potential is relevant to the Mg anode composition, which,
however, is not the emphasis of this work. According to Fig. 1(b), these
six Mg anodes show rather different anodic efficiency after discharge at
various current densities. HP Mg exhibits highest anodic efficiency at all
current densities, with that being above 50% at 5 and 10 mA cm ™2,
Anodic efficiency of AZ31 alloy approaches that of HP Mg at 5 and
10mAcm 2 E21 alloy shows second highest anodic efficiency at
1mA cm™2, but with increasing current density its anodic efficiency
becomes inferior comparing to HP Mg, AZ31 as well as WE43, which
shows lower efficiency than E21 anode at 1 and 5 mA cm™2. AM50 alloy
has lower efficiency than E21 alloy at different current densities.
However, the difference tends to be less with increasing current den-
sities from 1 to 10 mA cm 2. Among all the measured materials, ZE41
alloy possesses the lowest anodic efficiency at all current densities. It is
worth noting that nearly all the anodes show enhanced anodic efficiency
at higher discharge current density, except E21 and ZE41 at current
density of 5mA cm™2 As mentioned in the introduction section, the
anodic efficiency of Mg anodes depends on the self-corrosion perfor-
mance, including substrate dissolution rate and the CE. The respective

contribution of substrate dissolution rate and CE on efficiency loss may
vary with different current densities, leading to the different anodic
efficiency of Mg anodes at each current density. Therefore, we would
like to investigate the effect from both aspects, respectively, in the
following sections.

3.2. Self-corrosion rate

3.2.1. Self-corrosion at OCP

EIS and hydrogen evolution test are commonly used to evaluate the
corrosion resistance and corrosion rate of magnesium [12]. Fig. 1(c)
presents the results of EIS measurement for all selected materials at OCP
after immersion for one hour in 3.5 wt% NaCl solution. Obviously, these
materials have completely different impedance, indicating varying
corrosion resistance following the order: E21 > HP
Mg > WE43 > AM50 > ZE41 > AZ31. Nevertheless, these results can
only reflect the initial corrosion resistance of these materials. Mg alloys
with different chemical composition typically show different corrosion
behavior after long immersion time due to the changing surface
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Fig. 2. Hydrogen evolution curves of different Mg anodes during discharge in 3.5 wt% NaCl solution applied with different current densities: (a) 1 mA cm~2; (b)
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condition, such as the formation of protective oxide film [47-49]. The
hydrogen evolution curves obtained from immersion test in 3.5 wt%
NacCl solution for more than 100 h are indicated in Fig. 1(d) and utilized
to evaluate the overall self-corrosion rate of these Mg anodes. The
average self-corrosion rate calculated from hydrogen evolution test are
presented in Table 2, following the order: E21 <HP
Mg < WE43 < AZ31 < AM50 < ZE41. For all the materials, the results
obtained from hydrogen evolution test are consistent with the EIS results
except AZ31 alloy. It is not surprising because from the hydrogen evo-
lution curves we can see that, during the initial stage of immersion (see
Fig. S3), AZ31 alloy shows the fastest hydrogen evolution rate, indi-
cating the highest self-corrosion rate, which is consistent with the EIS
results. After immersion for nearly 30 h, the hydrogen evolution rate of
AZ31 decreases and becomes slower than that of AM50 and ZE41 alloys.
Interestingly, from the comparison of anodic efficiency and
self-corrosion rate of these Mg anodes, something noteworthy is that the
self-corrosion rate at OCP of Mg anodes should not be used as a direct
indicator for the utilization efficiency. For instance, E21 shows the
lowest self-corrosion rate obtained from both EIS and hydrogen evolu-
tion test, but it has lower anodic efficiency than HP Mg and AZ31 alloys,
especially at high current densities. AZ31 alloy exhibits higher efficiency
than E21 and WE43 alloys, even though its hydrogen evolution rate at
OCP  (0.033mlem™2h™!) is greatly higher than E21
(0.003mlcm2h™1) and WE43 (0.016mlem 2h™!). The hydrogen
evolution rate of AM50 is 0.052mlcm ™ 2h™!, which is nearly 20 times
that of E21. However, their utilization efficiencies at 10 mA cm ™2, which
are 43.2% and 45% respectively, indicate little difference.

3.2.2. Self-corrosion during discharge

In Fig. 2, the hydrogen evolution was recorded while applying
different current densities so that the self-corrosion rate of Mg anodes
during discharge can be compared. After an initial incubation period, all
the materials maintained a relatively stable hydrogen evolution rate
under different current densities. This incubation period lasts from

several hours at low current density to less than 30 min at high current
densities. Therefore, the real-time HE rate of these anode materials are
calculated via the recorded HE data in the later discharge period with a
relatively constant hydrogen evolution rate (more details in the section
of experimental procedures). Table 2 shows the average value of
hydrogen evolution rate obtained from two measurements that show
deviation below 10%. No doubt that the hydrogen evolution rate of all
the Mg anodes increases with increasing discharge current densities,
which is a typical manifestation of the negative difference effect (NDE)
of Mg in the unbuffered pH neutral NaCl solution. Interestingly, several
alloys show similar hydrogen evolution rate measured with applied
current, even though their self-corrosion rates at OCP appear to be of
different magnitudes. At current density of 1 mAcm 2, HP Mg and
WE43 show the same hydrogen evolution rate, which is even lower than
E21 despite that their self-corrosion rates at OCP are higher than that of
E21. At 5mA cm ™2, the hydrogen evolution rates of all Mg anodes, but
ZE41, indicate no large difference. The situation changes at 10 mA cm ™2,
as the difference between the hydrogen evolution rates of these Mg
anodes tends to be more distinct. Surprisingly, E21 alloy exhibits the
second highest hydrogen evolution rate among all the studied materials
while HP Mg and AM50 shows the lowest, which is completely incon-
sistent with their self-corrosion rates determined at OCP, Fig. 1(d).

The plots of the hydrogen evolution rates of all selected Mg anodes as
a function of applied current density are presented in Fig. 3. Within the
current range in this work, from 1mA em ™2 to 10mAcm 2, the
hydrogen evolution rate of every material indicates a linearly increasing
tendency with increasing current density. Previous reports show the
examples of the linearly increasing hydrogen evolution rate for ultra-
high purity Mg and AZ91 alloy in a wide range of current density [11,
45,50,51]. Fig. 3 also presents the linear fitting curves for all Mg anodes
and lists the corresponding slope k, which represents the increase of
hydrogen evolution rate as the function of current density. HP Mg,
WE43, and AZ31 show similar slope, nearly 0.31, indicating a similar
increasing tendency of hydrogen producing. By contrast, E21 and ZE41
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Fig. 4. Cross section morphologies of WE43 and ZE41 alloy after discharge for different duration time at 1 and 10 mA cm ™2 in 3.5 wt% NaCl solution.

exhibit much higher slopes than most materials, i.e., 0.38 and 0.58
respectively. This could be a sensible reason for the higher hydrogen
evolution rate of E21 and ZE41 compared with other materials at high
current density. The coefficient k for different Mg anode is probably
dependent on the chemical composition and microstructure, which is
beyond the scope of this work. In conclusion, the self-corrosion rate of
Mg anodes during discharge varies with different current density and the
corresponding increasing rate highly depends on the properties of the
alloy.

Severe self-corrosion of Mg anodes during discharge, appearing as
fast hydrogen evolution, is the most well-known reason for the large
efficiency loss of Mg anodes in aqueous battery. Taking consideration of
the real-time self-corrosion rate during discharge, we find it reasonable
that HP Mg has the highest anodic efficiency among tested alloys due to
its lowest self-corrosion rate under different current densities. Similarly,
the highest self-corrosion rate of ZE41 anode during discharge could be

an important reason for its lowest anodic efficiency. However, the
anodic utilization efficiency of WE43 alloy could not be explained from
the aspect of self-corrosion as it shows similar hydrogen evolution rate
with HP Mg but inferior efficiency, which is even worse than AZ31 and
E21, especially at low current densities. Note that, comparing to E21, the
efficiencies of WE43 and AM50 anodes are much lower at low current
densities but in similar level at high current density. This could be
attributed to their varied hydrogen evolution rates under different cur-
rent densities. E21 shows much higher hydrogen evolution rate than
WE43 and AMS50 at 10 mA cm™2 while reverse situation happens with
current density of 1 and 5mA cm™ 2. Regarding AZ31 alloy, its good
anodic efficiency at all current densities seems to be contradictory with
its relatively high self-corrosion rate during discharge. Therefore, it is
sensible to pay more attention to the aforementioned “chunk effect”
factor.
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3.3. Influence of “chunk effect”

The efficiency loss resulting from CE cannot be directly determined
by weight loss measurements since the undissolved anode parts will
drop into the electrolyte and then degrade via independent self-
corrosion processes. Other undissolved portions existing in the
discharge products layer would fall out into the chromic acid solution in
the chemical cleaning procedure. Therefore, we propose a novel method
to calculate the efficiency loss caused by CE.

Generally, the specific weight loss (W) of Mg anode during discharge
process can be expressed as following:

W = Wiaischarge + Wietr—corrosion + Wer (@8]
where Wischarge represents the weight loss resulting from Faradaic pro-
cess driven by the applied current, Wieif.corrosion means the weight loss
caused by the self-corrosion of anode substrate and W¢g indicates the
weight loss due to the mechanically detachment of undissolved anode
portions. Therefore, similar to the equation for anode efficiency calcu-
lation [14,46], anodic efficiency (1) during discharge can also be defined
as:

W[xc arge
Ddischarge ' 100%

n= ()
Meanwhile, the efficiency loss due to self-dissolution of anode sub-
strate (75.) is defined as:

3

W:e —corrosion
N = “T x 100%

Hence, the efficiency loss caused by CE () can be calculated via the
following relationship:

Wehunk efect

h— x 100% = 100% — 5 — n,, “)

The anodic efficiency 7 is determined after removing the discharge
products from anode surface and presented in Fig. 1(d). In this context,
nce can also be obtained supposing that the efficiency loss due to self-
corrosion (5s.) were known. Meanwhile, the weight loss due to self-
corrosion of Mg is directly proportional to the volume of produced
hydrogen gas (assuming that water reduction accompanied by hydrogen
evolution is by far the main cathodic reaction during Mg corrosion at
anodic polarizations and the contribution of oxygen reduction is negli-
gible [52]). Hence, it could be possible to determine the weight loss
caused by self-corrosion and corresponding 5, via the measured
hydrogen evolution data if the collected hydrogen were all produced by
self-corrosion of Mg substrate. However, it should be noted that the
detached undissolved anode parts (chunks) also produce hydrogen gas
during corrosion, which definitely affects the determination. Therefore,
to minimize the contribution of the chunk effect into the self-corrosion
quantified by measuring Hy evolution, the hydrogen evolution tests
with applied current are only performed for relatively short time after a
constant hydrogen evolution rate appears. The applied measurement
durations are decided according to the time for the initial formation of
CE, which is estimated from the cross section morphologies of WE43 and
ZEA41 alloys after discharge for different time (as shown in Fig. 4). After
discharge at 1 mA cm™2 for 4h, both WE43 and ZE41 do not show
apparent “chunks” in the discharge products. When the discharge time
increases to 6 h, the formation of “chunk” does not happen on WE43. In
contrast, visible “chunks” are found from ZE41 alloy. At 10 mA cm ™2, CE
is evident for both WE43 and ZE41 after discharge for 90 min. However,
after discharge for 60 min, “chunks” are discovered only at cross section
of ZE41 but not in the case of WE43. Note that, among all the studied Mg
anodes, ZE41 offers the theoretically optimum condition for the for-
mation of CE, attributed to the large fraction and continued distribution
of second phases (see Fig. S1). Therefore, the selected time for real-time
hydrogen evolution test at 1 mA cm ™2 is 6 h, while for 5 and 10 mA cm ™2
the measurement time is only 90 and 60 min, respectively, as stated in
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Fig. 5. Calculated efficiency loss caused by “chunk effect” for various Mg an-
odes at different current densities in 3.5 wt% NaCl solution (1 mA cm~? for
16 h, 5 and 10 mA cm~2 for 8 h).

the section of experimental procedures. It is reasonable to assume that,
in these initial discharge periods, the produced hydrogen is mostly
resulted from the dissolution of bulk anode substrate. Besides, we can
know directly from Table 2 that the dissolution of Mg anode without
applied current is dozens of times lower than its NDE-increased self--
corrosion during discharge, especially at high current densities. It could
be another evidence for the negligible effect of possible hydrogen evo-
lution by “chunks” in the determination of 5. Another considerable
factor is the stability of Mg hydrogen evolution rate during long-time
discharge, in view of the varying anode surface and solution proper-
ties, like the composition and pH. On one hand, as discussed in section
3.1, generally all Mg anodes maintain a relatively steady surface con-
dition during the long-term discharge, after initial stabilization period of
one to two hours. Therefore, the issue concerning possibly changing
surface condition can be ignored after the surface stabilization. On the
other hand, possible influence of changing solution composition was
clarified experimentally. The hydrogen evolution results during
discharge of AM50 in fresh 3.5 wt% NaCl solution and in similar solution
remained in the electrochemical cell from previous experiment are
presented in Fig. S4. The used solution is collected after a 15-h discharge
measurement at 5 mA cm 2 with AM 50 anode (1 cm? working surface).
Note that this used solution was saturated with dissolved hydrogen, its
pH was 10.8 and concentration of dissolved Mg?* was 2.35mM as
shown by atomic absorption spectroscopy measurements. The results
indicate that AM50 anode showed identical hydrogen evolution rate,
1.8 mlem~2h™}, in fresh and in used electrolyte. The difference between
the total volumes of evolved hydrogen gas originates from the initial
stage of several minutes, which could be attributed to the solubility of
hydrogen in water, fast increase of local and bulk pH, saturation with
Mg2" and other aspects. The results demonstrate that the changing so-
lution composition and bulk pH during the discharge process have no
apparent influence on the constant hydrogen evolution rate of AM50
(and possibly all other studied Mg anodes in this paper) at our experi-
mental condition. This is also in agreement with previous reports were
the fast increase of local pH near Mg surface after exposure in different
media has been shown [53-55]. The rapid dissolution of Mg induced by
applied current certainly accelerates the alkalization in the vicinity of
Mg anodes, minimizing the effect of increasing bulk pH on
self-corrosion. Therefore, eliminating the possible influence of these
factors, the determined hydrogen evolution rate in the present work can
be used to evaluate the self-corrosion rate of anodes during long-term



M. Deng et al.

Journal of Power Sources 441 (2019) 227201

%Second phases

4

Fig. 6. Morphologies of the cross section of different Mg anodes after discharge at 5mA cm™2 for 8 h in 3.5 wt% NaCl solution. The top layer in each cross section is

an epoxy layer followed by a discharge products layer and Mg matrix.

discharge. Consequently, the proposed approach to determine the effi-
ciency loss caused by self-corrosion is believed to have relatively high
accuracy.

The measured hydrogen evolution rate (Py) of different Mg anodes
are listed in Table 2. The corresponding weight loss rate (P,) can be
calculated with the conversion: P, (mg cm 2 h_l) =0.994 Py (ml cm—2
h’l), as the working condition is nearly 25 °C at a pressure of 1 atm [56].
Therefore, the efficiency loss due to self-corrosion can be calculated
using the following formula:

Py xt

W:e —corrosion 0.994P, x t
7”“/ X 100% = = x 100% = —— 1=~

x 100%  (5)

nSC =

where t (h) is the duration time of discharge. 7. is then calculated using
equation (4).

The determined efficiency loss caused by CE, 7., via this proposed
approach is shown in Fig. 5. The results indicate that E21, WE43, AM50
and ZE41 anodes all exhibit high 7., especially at low current density.
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Marked zone A in E21 anode
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Fig. 7. Corresponding EDS mapping for the marked zone A and B respectively in the cross section of E21 and WE43 anodes after discharge as presented in Fig. 6.

HP Mg and AZ31 anodes show relatively low 7., and the efficiency loss is
below 10% at current density of 10 mA cm™2. This offers a plausible
explanation for the relatively high anodic efficiency of AZ31 in spite of
its fast self-corrosion rate during discharge compared to other anodes,
such as E21. It is remarkable that an apparent decreasing tendency of the
efficiency loss from low current density to high current density is found
for all the evaluated Mg anodes, except ZE41 and AM50 at 5mA cm 2.
Nevertheless, E21, WE43, AM50 and ZE41 alloys still have efficiency
loss around 20-30% originated from CE. Definitely, the high 7., of E21
and WE43 alloys leads to their low anodic efficiency even though they
show relatively low self-corrosion rate during discharge. For instance,
efficiency loss of WE43 caused by CE is 43.8% at 1 mA cm™2, much
higher than that resulted from self-corrosion, 23.3%. ZE41 suffers the
highest efficiency loss caused by CE as well as by self-corrosion, leading
to the lowest anode utilization efficiency at all current densities.
Generally, higher applied current density leads to more anode dissolu-
tion forced by faradaic process and increased total weight loss of anode.
Therefore, the proportion of weight loss caused by chunk effect in total
weight loss decreases, leading to lower efficiency loss by chunk effect.
However, in some cases, with increased current density, the formation of
chunk effect may also be promoted, resulting in more weight loss by
chunk effect. The efficiency loss due to chunk effect in this case would
possibly increase even under slightly enhanced current density, the same
situation for ZE41 and AMS50 at 5 mA cm 2. The results presented here
indicate that the formation of chunk effect closely relates to the applied
current density and Mg alloy category, including the microstructure and
alloying elements.

The morphologies of cross section after discharge at 5mA cm ™2 for
8h are presented in Fig. 6, as a supportive evidence for the calculation
results concerning efficiency loss by CE. For E21, WE43, AM50 and ZE41
alloys, the cross section indicates severe CE, appearing as large amounts
of undissolved metallic portions in the discharge products layer. These
separated portions are undissolved Mg matrix or second phases as
demonstrated by the EDS element mapping presented in Fig. 7. Note that
the elemental mapping is performed on selected areas in the cross sec-
tion of E21 and WE43 anodes after discharge as shown in Fig. 6. Only the
mapping results of main elements are presented here. By contrast, HP
Mg and AZ31 anodes exhibit more homogeneous dissolution and cor-
responding discharge product layer with few separated parts, indicating
only slight chunk effect. From Figs. 6 and 7, it is clear that CE appears in
two forms, i.e., the separated second phases attributed to the preferen-
tial dissolution of Mg matrix around these phases (e.g., in E21) and the
undermined Mg grains after the detachment of second phases sur-
rounding this matrix (like in WE43, AM50 and ZE41). The formation of
CE closely depends on the microstructure of Mg anodes, especially the

constitution, quantity and distribution of the second phases. Addition-
ally, 3D reconstruction of the surface topographies of these Mg anodes
after discharge at 1 mA cm 2 for 16 h are also shown in Fig. 8. It should
be noted that HP Mg suffers from relatively uniform dissolution for most
working surface; however, some individual grains show severe localized
dissolution (see Fig. S5(a)) possibly because of special crystal orienta-
tion [57-59]. Topography of this non-uniform area is displayed here.
Apparently, HP Mg, WE43 and AM50 show some large cavities on the
surface after discharge. These cavities, most probably left by detachment
of chunks, are the manifestation of severe CE regarding WE43 and AM50
anodes. Meanwhile, this could also be the reason that HP Mg exhibits
around 20% efficiency loss by CE when discharge at 1 mA cm™2. By
contrast, E21, ZE41 and AZ31 alloys show relatively flat surface mor-
phologies macroscopically. Nevertheless, separate chunks of magnesium
matrix are clearly separated by dissolved second phase in case of ZE 41
alloy as seen from the SEM image under high magnification (see Fig. S5
(b)). Consequently, it is noticeable that the possible occurrence of CE,
especially as the form of matrix undermining, can be examined by sur-
face morphology after discharge, but should be determined both
macroscopically and microscopically.

All the experimental results mentioned here indicate that CE, namely
the detachment of undissolved Mg matrix and second phases, has great
influence on the efficiency of Mg anodes. In some cases, the effect of CE
could exceed the impact of self-corrosion of Mg substrate, leading to low
anode utilization efficiency for the Mg anodes characterized by low self-
corrosion rate during the discharge. Since the presence of CE depends
tightly on the chemical composition and microstructure of Mg anodes,
the finding in this work demonstrates another decisive factor for the
development of novel Mg anodes apart from the commonly considered
self-corrosion resistance. No doubt, alloying is still an important
approach to improve the self-corrosion and discharge properties of Mg
anodes. However, the influence on anode utilization efficiency resulted
from second-phase-relevant CE need to be elaborately considered. In
order to minimize the efficiency loss caused by CE, Mg anodes with small
fraction of second phase as well as discontinued distribution are
requested.

4. Conclusions

Discharge tests in 3.5 wt% NaCl solution were performed on HP Mg
and five Mg alloys at current densities of 1, 5 and 10 mA cm ™2 to eval-
uate their utilization efficiency when served as anodes for primary
aqueous batteries under relatively small load. Corrosion resistance and
self-corrosion rate at OCP of these Mg anodes are measured as well as
their real-time self-corrosion rate during discharge under different
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Fig. 8. 3D reconstruction indicating the topography of different Mg anodes after discharge at 1 mA cm ™2 for 16 h in unbuffered 3.5 wt% NaCl solution and removal of

discharge products. Corresponding depth profiles are also presented.

current densities. The efficiency loss caused by self-corrosion of anode
substrate and by detachment of undissolved metallic pieces, namely
“chunk effect”, is determined via a newly proposed approach. The
impact of self-corrosion, at OCP and under polarization, and “chunk
effect” on anodic efficiency of Mg anodes is evaluated. The following can
be concluded:

(1) Self-corrosion rate determined at OCP cannot be utilized to esti-
mate the utilization efficiency of Mg anodes during discharge.
This is because the real-time self-corrosion depends on the
applied discharge current density.

10

2

3

4

Real-time self-corrosion rate of Mg anodes increases linearly with
increase of applied discharge current density. The alloy compo-
sition and microstructure pre-determines how steeply the rate of
self-corrosion increases with increase of applied discharge cur-
rent density.

“Chunk effect” can also cause large efficiency loss to Mg anodes,
up to 50% as was shown in this work. Generally, the efficiency
loss resulted from ‘“chunk effect” is reduced with increase of
current density (by 10-25% when discharge current increases
from 1 to 10 mA cm™2).

In some cases, anodic efficiency loss due to “chunk effect” ex-
ceeds that caused by self-corrosion of anode, especially at low
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current density, being the decisive factor for the efficiency of Mg
anodes.
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Results

5.4 Ca/ln micro-alloying as a novel strategy to simultaneously enhance power and energy

density of primary Mg-air batteries from anode aspect

Paper 4: Ca/ln micro-alloying as a novel strategy to simultaneously enhance power and energy density
of primary Mg-air batteries from anode aspect (published in Journal of Power Sources)

In this paper, element indium (In), which has been widely studied as activator for Al anodes [25, 62,
63], as an additional minor alloying element for binary Mg-Ca anodes was evaluated in terms of
influence on self-corrosion resistance and discharge properties. Two micro-alloyed Mg-Ca-In anodes,
with composition of Mg-0.1%Ca-0.2%In and Mg-0.2%Ca-0.4%In (all wt.%), were prepared by casting
with water-cooling along with Mg-0.1%Ca. Re-deposition of metallic In on Mg-Ca-In anode surface
after discharge was found and supposed to contribute to the breakage of surface film. Discharge
potential of Mg-Ca-In anodes were more negative than the binary Mg-Ca due to film breakage and
anodic activation promoted by galvanic coupling between Mg substrate and the re-deposited In. Besides,
self-discharge was suppressed by minor In addition to binary Mg-Ca, although the reason was still
unclear but was speculated to be related to NDE of Mg. Thus, utilization efficiency of the two Mg-Ca-
In anodes were enhanced comparing to the binary Mg-Ca anode. Consequently, the battery failure
testing indicated that Mg-air batteries based on Mg-Ca-In anodes showed increased service life,

enhanced cell voltage and higher specific energy density than the system with binary Mg-Ca.
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HIGHLIGHTS

o Effect of Ca/In micro-alloying on discharge properties of Mg anode is studied.

e Wasteful anode discharge is suppressed synergistically by Ca/In micro-alloying.

e Anodic dissolution is activated by re-deposition of metallic In at anode surface.

e Mg-Ca-In anode renders enhanced power and energy density to aqueous Mg-air cell.
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ABSTRACT

Herein we report micro-alloying with the combination of Ca/In as a novel strategy to improve the anode per-
formance for Mg-air batteries. Two micro-alloyed Mg-Ca-In anodes, i.e. Mg—0.1%Ca—0.2%In and Mg—0.2%
Ca—0.4%In (wt%), are fabricated and evaluated in both configurations: half-cell and Mg-air full cell. Re-
deposition of metallic In on anode surface during discharge is demonstrated. Anodic activation is then pro-
moted by galvanic coupling between Mg and the re-deposited In, and film breakdown induced by In re-
precipitation at the substrate/oxide film interface. Thus, the voltage and power density of Mg-air system are
enhanced via adopting Mg-Ca-In anodes. Besides, wasteful-discharge of the Ca/In micro-alloyed anodes, which
is related to the negative difference effect (NDE), is significantly suppressed. Anodic efficiency is consequently
improved, reaching 80.2% at 5 mA cm ™2 initial current density, and so is the service life of the Mg-air battery.
Due to the enhanced voltage and anodic efficiency, Mg-Ca-In anodes enable Mg-air battery to exhibit
outstanding energy density, e.g. 2259 Wh kg~! at 5 mA cm™2. Mg—0.1%Ca—0.2%In anode possesses superior
performance in terms of low wasteful-discharge, enhanced discharge activity and high anodic efficiency.
Therefore, we recommend micro-alloyed Mg-Ca-In, like Mg—0.1%Ca—0.2%In, as excellent candidates for anode
materials of primary aqueous Mg-air batteries.

1. Introduction

the ocean or remote mountains. Primary batteries, under such circum-
stances, are better choices instead of rechargeable batteries because of

The power sources with high energy density, high capacity, good
stability and low cost are highly required. The investigation and
development of rechargeable batteries attract much social attention due
to their ability of recharging for many times, which results in a much
lower cost of ownership than primary batteries. However, it is worth
noting that rechargeable batteries are not applicable in some cases, such
as in some places where recharging is impossible or impractical, like in

their long self-life and high energy density [1,2]. Besides, primary bat-
teries are also important as backup power sources, for schools, hospitals,
etc. Therefore, much effort should also be paid to search for economi-
cally feasible primary batteries with no hazard to the environment.
Primary Mg-air batteries are promising power sources attributed to the
good theoretical electrochemical properties of Mg metal, like the large
volumetric capacity (3832 mA h cm > versus 2061 mA h cm ™3 of Li) and
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relatively negative electrode potential (—2.37 V vs. SHE) [3-6]. Besides,
the adoption of oxygen from air as cathodic reactant reduces total
weight of the battery system and, thus, remarkably enhances the energy
density. Generally, the electrolytes used in primary Mg-air batteries are
simple saline solutions with additives or natural seawater directly from
the ocean [7-10]. Therefore, all components in this battery system are
nonhazardous to the nature, rendering it a kind of environmentally
benign energy system meeting the social requirement for green energy.
In addition, the produced hydrogen gas accompanying the discharge
process of Mg anode can also be the fuel source for fuel cells [11].
However, wide commercialization of primary Mg-air batteries is not yet
achieved because of the insufficient practical properties. The rapid
self-corrosion (or wasteful anode discharge) of Mg anodes during
discharge leads to a shortened service life and reduced energy density of
Mg-based battery system, due to the well-known negative difference
effect (NDE) on Mg [12-14]. Besides, the battery voltage is relatively
low because of the high open circuit potential (OCP, typically 1 V more
positive than the theoretical thermodynamic potential) of ordinary Mg
anode and large overpotential caused by sluggish anodic reaction ki-
netics or dense discharge products on anode surface [15-19]. Therefore,
searching for Mg anode with low wasteful-discharge rate, more negative
OCP and low anodic overpotential is vital for the improvement of Mg-air
batteries.

Alloying as a conventional approach is effective to improve various
properties of Mg via controllable microstructure and chemical compo-
sition. Likewise, some alloying elements, like Al, Zn, Pb, Sn, In, Li and RE
[17,20-25], have been evaluated in attempt to modify the corrosion and
discharge performance of Mg-based anode materials. Improvement has
been achieved by an alloy with composition of Mg—11 wt%Li—3 wt%
Al—-1 wt%Zn—0.2 wt%Y, as reported by Liu et al. [20]. The voltage of a
Mg-air battery with this Mg alloy as anode at 10 mA cm™2 in 3.5 wt%
NaCl electrolyte reaches around 1.32 V and the discharge capacity is
approximately 1300 mA h g~!. Apart from these, Mg-Hg alloys also
attract interests as anode materials as they possess the most negative
OCP among all Mg alloys as found [26-28]. As reported by Feng et al.
[26], Mg-6 wt% Hg alloy exhibits extremely negative corrosion potential
in 3.5 wt% NaCl solution (around — 2.2 V vs. SCE), which, in fact, is the
most negative corrosion potential reported of any Mg alloy. Neverthe-
less, the usage of toxic elements, like Hg and Pb, is against the vital social
requirement for green energy. It should also be noted that most research
work focuses on Mg anode development via high content of alloying
elements. The heavy alloying load results in high fraction of second
phases and, therefore, leads to severe exfoliation of undissolved metallic
pieces during discharge, which is normally termed as chunk effect (CE).
As reported by Deng et al. [29], large loss of anodic efficiency (up to
50%) could be arisen from the occurrence of CE that is induced by
preferential dissolution of Mg matrix surrounding the noble second
phases. Consequently, the energy density of Mg-air system is reduced
and the service life is decreased. In such cases, development of
micro-alloyed Mg anodes is a feasible strategy to avoid this issue.
Micro-alloyed Mg anodes with excellent discharge properties are highly
required. Besides, it is noteworthy that Mg anodes should have low
wasteful-discharge rate during discharge to obtain high anodic effi-
ciency and, consequently, enhanced energy density and service life.
Virtually, all recent research concerning Mg anodes paid more attention
to the corrosion rate of Mg anodes at OCP, which is normally considered
as the evaluation criterion of wasteful-discharge rate under varied
applied current. However, recent work of Deng et al. [29] indicates that
the wasteful anode discharge of Mg electrode is greatly dependent on the
applied current density. To assess the wasteful anode discharge behavior
of Mg in time of discharging by the corrosion rate measured at OCP is not
advisable. Different Mg alloys show varied increasing rate of real-time
wasteful-discharge rate with the rising applied current density, result-
ing from different extent of NDE. Therefore, advanced Mg anodes should
have low wasteful-discharge rate during discharging at different current
densities (inhibited NDE) rather than low corrosion rate simply at OCP
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condition.

Our previous research indicates that binary Mg-Ca alloys possess
great potential as environmentally benign anode materials with superior
discharge properties [30,31]. Micro-alloyed Mg—0.1 wt%Ca alloy shows
higher discharge voltage and energy density than that of high purity Mg,
AMS50 and AZ31 alloys measured in a lab-made Mg-air full cell. Never-
theless, the voltage (e.g., 1.6 V at 0.5 mA cm™~2) and peak energy density
(1800 Wh kg’l) should be improved towards the theoretical value,
which is 3.1 V and 6.8 kWh kg’1 respectively. Thus, further improve-
ment on Mg-Ca based anodes is desirable via micro alloying with other
elements. Indium (In) as an alloying element has been successfully used
in Al anodes for primary Al batteries to improve relevant discharge
performance [32-36]. The In-induced activation on Al anodes is pro-
posed to be the result of film disruption by In re-deposition back to
anode surface. Likewise, recently, some work has been done to investi-
gate the effect of In addition on performance of some Mg anodes [22,26,
37-39]. Improvement to different extent has been achieved. As re-
ported, the discharge voltage at 10 mA cm 2 of a Mg-air cell increases
from 1.16 V to 1.22 V after replacing the Mg—9 wt%Al anode with
Mg—9 wt%Al—1 wt%In Ref. [39]. Interestingly, almost all the relevant
work regarding In-alloyed Mg anodes is based on Mg—Al alloys with high
Al contents, from 3 to 9 wt%. Mg-Al based anodes normally output low
discharge voltage because of low open circuit voltage (OCV) and rela-
tively protective surface oxidation film caused by accumulation of Al;03
[40-42]. In such cases, all the studied Mg anodes retain a low cell
voltage (around 1.2 V at 10 mA cm™2) although an enhancement by In
addition (popularly 1 wt%) is achieved. On the other side, the corrosion
rate of Mg anodes in NaCl-based electrolytes at OCP is accelerated after
In alloying. Nevertheless, no information regarding the
wasteful-discharge of these Mg-In anodes during discharge can be
found. The possible different dissolution behavior at OCP condition and
with applied current is neglected. Of late, Gore et al. [43] investigated
the effect of In>* ions existing in the electrolyte on the dissolution ki-
netics of Mg at OCP as well as under polarization. The dissolution rate of
a high purity Mg at OCP is increased after addition of 1 mM InCl;3 into
0.1 M NaCl solution, whilst the self-corrosion under applied current
densities is inhibited in the solution with InCls. Although the inhibition
mechanism of In remains unclear, the authors propose that InCls as a
electrolyte additive could be an effective approach for developing Mg
primary batteries with high performance. However, it should be noted
that free In>* ions would be consumed via precipitation as oxide or
hydroxide during long-term battery operation, which consequently
negatively affects the battery properties. A better alternative could be
alloying Mg anode with an appropriate In content. In such a case, In ions
are constantly replenished along with the continuous dissolution of
anode materials.

Considering all the aforementioned strategies concerning Mg anodes
development, we suppose that Mg micro alloyed with Ca and In is a high
quality anode of aqueous Mg-air batteries. In the present work, two
micro-alloyed Mg-Ca-In alloys are fabricated and appraised as anodes
in half-cell and a lab-made Mg-air full cell. Corrosion rates at OCP
condition and wasteful-discharge rates under different current densities
are measured and compared. The activation effect of In on Mg anodes is
confirmed and the activation mechanism is investigated from different
aspects.

2. Experimental section
2.1. Materials preparation

Conventional gravity casting method was utilized to prepare all the
micro-alloyed Mg anodes with nominal composition of Mg—0.1%Ca,
Mg—0.1%Ca—0.2%In and Mg—0.2%Ca—0.4%In (hereafter weight
percent). The raw materials used for alloy preparation were pure Mg
ingot (MAGONTEC Ltd., Australia), Ca chips (Alfa Aesar GmbH & Co.
KG, Germany) and In bars (Grirem Advanced Materials Co., Ltd., China)
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with purity of 99.96 wt%, 99.9 wt% and 99.95 wt% respectively. All the
raw materials for each alloy were melted at 760 °C in a steel crucible
coated with boron nitride under protection of Ar/SFg (5:1) mixed gas to
prevent melt oxidation and burning. Afterwards, the melts were cast and
then quenched in water with a cylindrical steel mold with diameter of
60 mm preheated to 300 °C. The actual chemical compositions of all
processed materials were shown in Table 1 as analyzed by spark spec-
trometer (spark OES, Ametek-Spectro) and X-ray micro fluorescence
(pXRF, Bruker). The impurities Fe, Ni and Cu [12,44-47] that have
deleterious influence on Mg corrosion resistance were below the
generally accepted tolerance limits.

2.2. Microstructure characterization

All specimens after embedding in resin were carefully ground and
polished to obtain high-quality surface for microstructure observation.
Grinding process was carried out on silicon carbide papers consecutively
up to 4000 grit. Afterwards, samples were polished to remove scratches
using a water-free oxide polishing suspension (OPS) containing SiO,
followed by a cleaning process in ethanol by ultrasonication. Second
phase morphology and distribution were observed with a scanning
electron microscope (SEM, TESCAN VEGA3) combined with energy
dispersive X-ray spectroscopy (EDS) to analyze the phase composition.
Elemental mapping was also obtained with the SEM to investigate the
distribution of each selected alloying element via backscattered-
electrons (BSE) detector at 15 kV. Besides, atomic Force Microscopy
(AFM, Nanowizard, JPK Instruments AG) combined with Scanning
Kelvin Probe force microscopy (SKPFM) was utilized to measure the
Volta potential difference between second phase particles and the Mg
matrix. The adopted silicon probe supplied by Innovative Solutions
Bulgaria Ltd. (Bulgaria) is coated with a Cr/Pt conductive coating and
possesses a resonance frequency of 75 kHz and a force constant of 3 N
m~!. The measurements were conducted immediately after sample
polishing via the aforementioned processes.

2.3. Corrosion and wasteful anode discharge rate determination

The corrosion rates of all prepared alloys at OCP and wasteful-
discharge rates during discharge were determined by the commonly
accepted hydrogen evolution (HE) method at 23 + 2 °C. Hydrogen gas
produced during immersion at OCP was collected simultaneously via a
widely used set-up combining a funnel and an inverted burette [48,49].
The solution used throughout was 3.5 wt% NaCl solution based on
deionized water. The volume of solution was 350 ml for each test. Two
bulk specimens with a total surface area of approximately 14 cm? were
used for each measurement applied with stirring by an electromagnetic
stirrer at 350 rpm. HE rates during discharge were measured with the
same set-up adopted in our recent work [29]. Each sample was
embedded in epoxy exposing a working surface of 15x 15 mm. A
potentiostat (Gamry interface 1000) was used to apply specific current
densities with a classic three-electrode system consisting of a Pt wire
counter electrode, a saturated-KCl filled Ag/AgCl reference electrode
and an Mg electrode. HE rates of each Mg anode were determined when
discharge at varied current densities, i.e. 1, 5, 10 and 20 mA cm 2 for 8
h, 2 h, 2h and 1 h, respectively. Each measurement was conducted for
three times to ensure data reproducibility.
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2.4. Electrochemical measurements

The aforementioned three-electrode system was also applied to
measure the potentiodynamic polarization curves and electrochemical
impedance spectra (EIS) via a Gamry Interface-1000 potentiostat.
Samples with 1 em? working surface area were utilized. Anodic and
cathodic polarization curves were measured separately with a scanning
rate of 1 mV s™! after a stabilization period of 1 h in the solution to
obtain a relatively stable OCP. The scanning potential of anodic curves
was — 10 mV versus OCP upwards to — 1.4 V versus the reference elec-
trode, while for cathodic curves it was +10 mV versus OCP downwards
to — 2.2 V versus the reference. Besides, polarization curves were also
obtained after immersion in the solution for 48 h via direct scanning
from — 250 mV to +400 mV versus OCP. For each alloy, the EIS was
determined after immersion for different period, i.e., 0.5, 4, 8, 24, and
48 h, to evaluate the corrosion evolution. The scanned frequency range
was 100 kHz to 0.01 Hz, and the sinusoidal AC voltage was 10 mV rms.
The EIS results were fitted by Zview software according to a proposed
equivalent circuit. All the electrochemical measurements were carried
out for three times with diverse specimens to ensure data
reproducibility.

Half-cell discharge curves were recorded via the Gamry potentiostat
with the aforementioned three-electrode system at constant current
densities. The surface area of each specimen as working electrode was 1
cm?. EIS was also determined after discharge, such as at 1 mA cm ™2 for 8
h and 20 mA cm™2 for 2 h, to evaluate the discharge activity of each Mg
anode. The lowest scanning frequency was set as 0.1 Hz for the EIS
measurement after discharge. Besides, the surface and cross-sectional
morphologies after discharge were observed under SEM. X-ray photo-
electron spectroscopic (XPS) measurements for investigating the anode
surface after discharge were performed using a Kratos Axis Ultra DLD
instrument (Kratos Analytical, Manchester UK) equipped with a mono-
chromatic Al Ko anode working at 15 kV (225 W). The pass energy for
recording of the survey spectra and region spectra was 160 eV and 20
eV, respectively. The investigated area of the sample was selected as
700 x 300 pm. In order to analyze the inside of the surface film, Ar
etching was applied for 30 min by a rate of 10 nm min ! with respect to
Tag0s. The acceleration voltage and extraction current for the Ar
etching were 3.8 kV and 160 mA. The XPS data were validated and
evaluated using CASA-XPS software (version 2.3.18). Background sub-
traction (U2 Tougaard) was conducted for calculation and deconvolu-
tion of the region spectrum. The C 1s signal was used for spectra
calibration and adjusted to 284.5 eV.

2.5. Mg-air battery tests

Discharge properties of prepared Mg anodes were evaluated in a lab-
made Mg-air full cell. The adopted cathode, with surface area of around
2.5 cmz, was a commercial air cathode (Gaskatel GmbH, No. 82011)
with C/MnO, catalysts, nickel mesh current-collector and PTFE gas
diffusion layer, while the electrolyte was 3.5 wt% NaCl solution. The
anode was an alloy specimen embedded in resin with exposing surface
area of approximately 2.2 cm? An as-cast AZ31 Mg alloy, which is
commercially accepted as anode materials for Mg batteries, was tested
as well for comparison. Cell voltage was recorded simultaneously during
discharge at different current densities for 1 h. Afterwards, the average
voltage and power density at different current densities were calculated.

Battery discharge tests were performed in a constructed Mg-air full

Table 1

Chemical composition of as-cast Mg anodes (wt%).
Materials Ca In Fe Ni Cu Al Mn Si Mg
Mg—0.1Ca 0.07 - 0.0018 0.0011 0.0012 <0.01 0.017 0.0036 Bal.
Mg—0.1Ca—0.2In 0.09 0.25 0.0016 0.0008 0.0009 <0.01 0.014 0.0052 Bal.
Mg—0.2Ca—0.4In 0.19 0.37 0.0043 0.0008 0.0009 <0.01 0.015 0.0052 Bal.
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cell with the schematic shown in Fig. 1 to evaluate the service life of
varied anodes. The anode was strip-shaped sample corresponding to
each Mg alloy. The dimension of the anode working part immersed into
the electrolyte is 30 x 5x 2.5 mm. The Mg-air cell assembled with
varied anode material was discharged at constant current of 23.75 and
47.5 mA, which respectively correspond to an initial current density of 5
and 10 mA cm™2. A cut-off voltage of 0.5 V was set for each test. Af-
terwards, service life and average voltage of the Mg-air cell with
different anode can be obtained from the voltage-time curves. Besides,
anodic efficiency, discharge capacity and energy density can be calcu-
lated via the same equations used in other literatures [30,31], as the
weight of consumed anode was known. This kind of battery discharge
test for all anodes at different current densities were repeated twice.
Good reproducibility was indicated as slight deviation (below 5%) be-
tween the two measurements was obtained.

3. Results and discussion
3.1. Microstructure

Fig. 2a-c presents the SEM images of all prepared Mg alloys, indi-
cating increasing amount of intermetallic particles (IMPs) with the ris-
ing In content. The IMPs in Mg—0.1Ca alloy are mainly MgCaSi because
of the existence of trace Si in the alloy. This is consistent with the so-
lidification simulation results reported by Jin et al. [50], which indicates
that MgCaSi phase solidifies prior to MgsCa in the Mg—0.5 wt%Zn—0.2
wt%Ca system with 145 ppm Si. The chemical compositions of the IMPs
are also analyzed by EDS (one representative result is indicated in
Table 2), proving the preferential formation of MgCaSi. In the case of
Mg-Ca-In alloys, two types of IMPs, i.e. Mg—Ca-Si and Mg—Ca-In-Si, are
determined by EDS and elemental mapping as presented in Fig. 2d-g and
Table 2. The stoichiometry of Mg—Ca-In-Si phases is not known since
there is a paucity of phase diagram or relevant thermodynamic data
available for predicting the equilibrium phases in Mg-Ca-In based al-
loys, e.g. using Pandat™ 2017. Some literatures reported Mg—Ca-In
precipitates with a Ca/In content ratio of 2:1 after aging heat treatment
[51,52], but Si was not included in these work. Apparently, no fixed
ratio of Ca/In is detected in the present work from the EDX results and Si
indicates a highly random content in the Mg-Ca-In-Si IMPs. Never-
theless, determination of the specific stoichiometry and crystal structure
of Si-enriched Mg—Ca-In phases are beyond the scope of this work. Much
attention is paid to the electrochemical potential of these IMPs relative
to Mg matrix, which is more relevant to the self-corrosion and discharge
performance of Mg anodes. Fig. 2h-j presents the Volta potential map
and corresponding Volta potential along line I and II in Mg—0.1Ca-
—0.2In alloy obtained by SKPFM. The results indicate that all the IMPs
have higher Volta potential than surrounding Mg matrix. Micro galvanic
couples, in which the matrix acts as anode and IMP acts as cathode, are
pronounced during corrosion and discharge process. Thus, preferential
dissolution of Mg matrix is favored by the existence of different IMPs.

| &
> |
N e H
: i |
Potentiostat ', \‘ 30 min
1 ‘\ ;
il o,(ain »
] ] :
i = g
\l ‘l e— 2.5mm
N 1
%0 Air cathode
with C/MnO, catalyst
Electrolyte
3.5 wt.% Nacl Mg anode

Fig. 1. Schematic of a lab-made Mg-air cell for battery discharge test.
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3.2. Half-cell discharge properties

Discharge potential at different current densities was measured in
half-cell and presented in Fig. 3(a—d). Obviously, more negative poten-
tial is achieved by In addition to Mg—0.1Ca anode, which would
consequently contribute to higher output voltage of Mg-air full cell. It is
noticeable that both Mg-Ca-In anodes exhibit a negatively shifting po-
tential at the beginning stage before presenting a relatively stable po-
tential afterwards. The time for reaching the steady discharge differs
with varied current densities, such as approximately 3 h at 5 mA cm ™2
while less than 1 h at 20 mA cm 2. Besides, at all applied current den-
sities, Mg—0.2Ca—0.4In anode requires less time for the stabilization
than Mg—0.1Ca—0.2In. The activation of Mg anodes induced by In
addition is probably related to the re-deposition of In onto the anode
surface from In>* produced by anode dissolution as proposed by Li et al.
[22]. A displacement reaction contributing to the re-precipitation of In is
described in Eq. (1) as assumed by Gore et al. [43].

3 Mg (s) + 2In°" (ag) = 3Mg”" (aq) + 2In (s) @

XPS measurements were applied in attempt to prove the existence of
metallic In either for the surface of a Mg—Al-Zn-In anode after discharge
in blank 3.5 wt% NaCl solution [22] or a pure Mg surface after im-
mersion in 0.1 M NaCl + 1 mM InCl;3 solution [43]. However, from the
exhibited results, the existence of In,O3/In(OH)3 is more pronounced
than pure In. Dissimilarly, in this work, apart from the surface outermost
layer, the inside of the surface film on Mg—0.2Ca—0.4In anode after
discharge is also analyzed by XPS after Ar etching for 30 min by a rate of
10 nm min . The survey spectrum related to the inside film presented
in Fig. 4a indicates the presence of Na, Cl and O, ensuring that the
measurement is performed still on the products film rather than anode
substrate. The In 3d XPS region spectrum indicated in Fig. 4b confirms
the existence of metallic In. The In 3d 5/2 peak at 443.55 eV and In 3d
3/2 peak at 451.09 eV, with a specific distance of 7.54 eV, are related to
indium in the form of elementary In Ref. [53,54]. It is noteworthy that
no information of metallic Ca is found from the XPS spectra. Therefore,
the possibility can be excluded that In signal in XPS results may be from
the possible existence of IMPs in discharge products layer, since Ca
shows a much higher content than In the mentioned IMPs as shown by
EDS (Table 2). Note that, however, metallic In has not been detected by
the XPS performed on the surface outermost layer without etching,
implying that In re-deposition takes place at the vicinity of anode sub-
strate. Since In has more positive electrochemical potential than Mg, the
re-deposition of metallic In on Mg anode substrate would definitely
promote the dissolution of Mg driven by micro galvanic couples and,
consequently, increase the discharge activity. Meanwhile, the redepos-
ited In would be detached from the anode substrate after dissolution of
surrounding Mg matrix. It is convincible that the re-deposition and
detachment of In could reach a dynamic equilibrium after a period,
leading to relatively stable discharge voltage. Because of the low In
contents in the anodes (0.2 and 0.4 wt%) studied in this work, several
hours are needed before reaching the dynamic equilibrium as indicated
from the discharge curves due to insufficient In>* jons within initial
discharge period. Reasonably, enhanced discharge current density and
higher In content in anode, which both contribute to a higher concen-
tration of generated In>", are able to decrease the time required for the
stabilization process. Similar phenomenon is not found from other
published work regarding Mg anodes with In Ref. [22,37,39,55],
possibly because of the relatively higher applied In content (e.g., 1 wt%)
and the synergetic effect of other elements in high contents.

Moreover, it is noteworthy that the discharge potential of
Mg—0.2Ca—0.4In anode is more positive than Mg—0.1Ca—0.2In at 1
mA cm ™2, but shows a tendency of being comparable or more negative
with the increased current density. EIS determined after discharge are
presented in Fig. 3e and f, illustrating varying discharge activity under
different current densities. Remarkably, In-based Mg-Ca anodes show
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Fig. 2. (a—c) SEM images of three as-cast Mg alloys; (d—g) Corresponding elemental mappings for the marked region in (c) Mg—0.2Ca—0.41In alloy. (h) Volta potential
map of Mg—0.1Ca—0.2In alloy obtained by SKPFM. (i, j) Corresponding Volta potential along line I and II, respectively.

Table 2
Chemical compositions of the particles marked in Fig. 2(a—c) by EDS analysis (wt
%).

Particle 1 2 3 4 5 6
Mg 73.5 57.9 65.9 84.0 75.7 65.3
Ca 13.9 24.6 20.4 8.4 18.7 25.0
In / 9.3 / 7.3 5.2 6.3
Si 12.6 8.2 13.7 0.3 0.4 3.4

significantly lower electrochemical impedance after discharge than bi-
nary Mg—0.1Ca, corresponding to enhanced discharge activity and
decreased overpotential by In addition. Mg—0.2Ca—0.4In shows slightly
higher electrochemical impedance than Mg—0.1Ca—0.2In measured
after discharge at 1 mA cm 2, while lower regarding 20 mA cm 2.
Therefore, it is speculated that different In content would lead to varying
discharge activity of the Mg-Ca-In anodes with relevance to varied
discharge current densities. Besides, the surface morphologies after
discharge presented in Fig. 5(a—c) explicate altered diffusion over-
potential during discharge process after In addition. Mg—0.1Ca anode
surface is densely and integrally covered by discharge products (Fig. 5a),
which causes large transport overpotential. In contrast, the discharge
products film on the surface of Mg-Ca-In anodes is deformed (Fig. 5b
and c). Dense discharge products are only found at specific spots. Most
areas are covered by thin and porous products film. Besides, some cav-
ities without discharge products are apparently visible from the
Mg-Ca-In surface after discharge, indicating effortless breakage and

peeling of the products. Consequently, the transport overpotential dur-
ing discharge decreases, being conducive to achieve enhanced battery
voltage. The exfoliation of products is promoted by In addition possibly
because of the accumulation of redeposited In on the interface of anode
substrate and products film, which certainly reduces the adherence be-
tween the substrate and products, similar to the proposed activation
mechanism of In on Al anodes [33].

In addition, the cross-sectional morphologies after discharge are
illustrated in Fig. 5(d—f) to evaluate the possible occurrence of “chunk
effect”, which has been proved to have significant influence on the
anodic efficiency and capacity of Mg anodes during discharge. No de-
tached metallic pieces can be found from the cross sections of Mg—0.1Ca
and Mg—0.1Ca—0.2In anodes, implying that no large loss of anodic ef-
ficiency would be caused by chunk effect. On the contrary, large metallic
pieces, which are undissolved Mg matrix as confirmed by EDS (not
shown here), are detached from the substrate and exist in the discharge
products layer. The loss of these portions would certainly result in large
efficiency loss of Mg—0.2Ca—0.4In anode and, thus, reduce the energy
density of Mg-air cell. The chunk effect is related to the non-uniform
dissolution of Mg—0.2Ca—0.4In anode, which is possibly due to the
higher amount of IMPs and inhomogeneous deposition of In.

3.3. Corrosion and wasteful anode discharge rate

Importantly, Mg anodes should have low corrosion rate during non-
discharge interval (at OCP condition) to ensure relatively long battery
life. The corrosion rate of the micro-alloyed anode are evaluated via HE
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Fig. 3. (a-d) Half-cell discharge curves of as-cast Mg anodes at different current densities in 3.5 wt% NaCl solution. (e, f) Nyquist plots of EIS measured after
discharge at 1 mA cm 2 for 8 h and 20 mA cm 2 for 2 h, respectively.
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Fig. 4. (a) XPS survey spectrum and (b) High resolution In 3d region spectrum obtained on the Mg—0.2Ca—0.4In anode surface after discharge at 1 mA cm 2 for 1 h
in 3.5 wt% NaCl solution (after Ar etching for 30 min by a rate of 10 nm min ).

tests as indicated in Fig. 6a. Generally, the HE rate (V) of Mg—0.1Ca [57,58]. Before reaching the stage with steady corrosion related to the
anode is enhanced with addition of In, but the acceleration is slight at formation of a protective film, all the studied alloys show a relatively
0.2 wt% In load. The corrosion rate (Pg), which can be calculated via the fast corrosion rate at the initial stage indicated by the hydrogen evolu-
formula Py = 2.088 V [56], is 0.44 mm y~* for Mg—0.1Ca and 0.48 mm tion curves. Interestingly, Mg—0.1Ca shows slightly higher corrosion
y~! for Mg—0.1Ca—0.2In, lower than that of majority of Mg alloys in rate than Mg—0.1Ca—0.2In alloy during the first several hours, differing
NaCl solution with similar concentration as summed up in literatures from the situation in the latter period. EIS results presented in Fig. 6(c-f)
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Fig. 5. Surface morphology after discharge at 5 mA em 2 for 15 h in 3.5 wt% NaCl solution corresponds to (a) Mg—0.1Ca, (b) Mg—0.1Ca—0.2In and (c)
Mg—0.2Ca—0.4In. Cross-sectional morphology of (e) Mg—0.1Ca, (d) Mg—0.1Ca—0.2In and (f) Mg—0.2Ca—0.4In after discharge at 5 mA cm 2 for 15 h.

reveal the same variation of the corrosion rate corresponding to all the
studied Mg alloys during the whole immersion period. Rg,, which
equals to the sum of charge transfer resistance (R.) and film resistance
(Ry), is used to evaluate the corrosion resistance of Mg alloys. R; and Ry
can be obtained via fitting the EIS results according to the proposed
equivalent circuit as shown in Fig. S1 [59]. Apparently, from Fig. 6c¢,
Rgm of Mg—0.1Ca is slightly lower than that of Mg—0.1Ca—0.2In during
the initial immersion period of 8 h, indicating higher corrosion rate in
this period. With prolonging immersion time, Ry, of Mg—0.1Ca in-
creases and tends to be higher than Mg—0.1Ca—0.2In, corresponding to
the lowering corrosion rate as shown by HE tests. According to the po-
larization curves after 1-h OCP measurement (Fig. 6h), the cathodic
reaction kinetics is weakened after addition of 0.2 wt% In to Mg—0.1Ca,
whilst no significant variation is indicated regarding anodic reaction
kinetics. However, after immersion for 48 h, Mg—0.1Ca shows moder-
ated kinetics for both anodic and cathodic reactions compared to
Mg—0.1Ca—0.2In (Fig. 6i). A protective film forms on the surface of
Mg—0.1Ca after long time immersion, speculated from the anodic po-
larization curve that shows dilatorily increasing current density within
the scanning potential range. In contrast, a breakdown potential, after
which the current density increases rapidly, can be found with respect to
the Mg-Ca-In alloys. According to the EIS results presented in Fig. 6d-f,
the film resistance of Mg—0.1Ca increases from 800 Q cm? at the
beginning to 4000 Q cm? after 48 h. By contrast, the film resistance
alteration of Mg—0.1Ca—0.21In is slight, from 1200 to 2000 Q cm?. The
much higher film resistance also indicates a more protective film formed
on Mg—0.1Ca surface after long time immersion. The absence of a film
with sufficient protection, which is because of the accumulation of
redeposited In close to Mg substrate as mentioned above, is one of the
reason for the increased corrosion rate at OCP. Another reason should be
the additional galvanic corrosion caused by the contact of Mg substrate
and re-precipitated metallic In. Noticeably, Mg—0.2Ca—0.4In shows
higher corrosion rate than other two alloys during the whole immersion
period. The slightly faster corrosion at the beginning is due to the
enhanced cathodic reaction kinetics caused by more cathodic IMPs as
the result of higher alloying content. Afterwards, the much higher
corrosion rate compared with other alloys is because of more
re-deposition of In due to the higher In content, which favors a higher
concentration of In>* jon.

Service life and energy density of Mg-air batteries are tightly

dependent on the wasteful-discharge rate of anodes in time of operating,
which is the main issue hindering their application. It must be noted that
corrosion rate measured under OCP condition is unable to exactly reflect
the wasteful-discharge rate during discharge at different current den-
sities as mentioned above [29]. Therefore, the wasteful-discharge
behavior of the prepared Mg anodes were also determined via HE tests
with varied applied current density as depicted in Fig. 7(a-d). Hydrogen
evolution rate at varying current densities (Fig. 7e) are calculated ac-
cording to the steady-state HE and then the wasteful-discharge rate
(converted to current density) (Fig. 7f) are obtained accordingly using
Faraday’s law. Apparently known from the presented results, all the
studied anodes exhibit a linearly increasing wasteful-discharge rate as a
function of applied current density over the whole current density range,
which is consistent with the well-known NDE on Mg metal. The data are
linearly fitted into straight lines with different slopes, k, which reflects
the increasing rate of wasteful-discharge rate with raising applied cur-
rent density. The slope is 0.68, 0.29 and 0.39 for Mg—0.1Ca,
Mg—0.1Ca—0.2In and Mg—0.2Ca—0.4In, respectively. Hence, the
wasteful-discharge rate of Mg—0.1Ca—0.2In is similar to that of
Mg—0.1Ca at 1 mA cm~2 current density, but shows a tendency of being
much lower than Mg—0.1Ca with increasing current density. So is the
Mg—0.2Ca—0.4In anode, although the slope is larger than Mg—0.1Ca-
—0.2In. The different slopes demonstrate varied extent of NDE
happening on the three Mg anodes. In general, the addition of In sup-
presses the NDE and reduces the wasteful-discharge rate of Mg—Ca
anode, which is definitely beneficial for achieving higher anodic effi-
ciency. Additionally, the Mg-Ca-In alloys show significantly lower
wasteful-discharge rate and k than high purity Mg, AZ31 and AM50
alloys (see Fig. S2), which are widely used as anode materials. No doubt,
this issue is related with NDE. However, unfortunately, the mechanism
of NDE is still a controversial puzzle despite several models has been
proposed in last decades in attempt to explain it [12,13,60-63].
Therefore, the reason for the inhibited NDE by In addition deserves more
effort, but is not within the scope of this work.

3.4. Mg-air battery tests

Fig. 8a illustrates the cell voltage and power density of a lab-made
Mg-air battery adopting different Mg anodes. Note, it is not sensible to
compare the voltage-involved battery properties between different
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Fig. 6. (a) Hydrogen evolution of as-cast alloys during immersion. (b) Calculated average corrosion rate during immersion of 52 h based on hydrogen evolution. (c)
Sum of charge transfer resistance and film resistance varies with immersion time obtained via EIS fitting results. (d—f) Nyquist plots from EIS of as-cast alloys after
immersion for different time. (g) OCP of as-cast Mg anodes. (h, i) Polarization curves after immersion for 1 h and 48 h, respectively, without IR compensation. Note

that all the measurements are carried out in 3.5 wt% NacCl solution.

literature sources as varied cathode materials are used, which is also one
important limiting factor for battery voltage. Therefore, in this work,
AZ31 is included for comparison, as it is a commercially acceptable
anode material for aqueous Mg primary batteries. Obviously, the Mg-air
system based on Mg—0.1Ca shows much higher cell voltage than that
based on AZ31, which is consistent with the previously reported results
[30]. Besides, the cell voltage is further enhanced by replacing the
Mg—0.1Ca anode with Mg-Ca-In anodes, especially at high current
densities. For instance, at 5 mA cm ™2, the voltage is 1.31, 1.40 and 1.46
V for the battery with AZ31, Mg—0.1Ca and Mg—0.1Ca—0.2In anode,
separately, while 0.68, 0.78 and 0.92 V respectively at 40 mA cm 2. In
addition, the peak power density is enhanced as well by the adoption of
In-based anodes. The battery with Mg—0.1Ca—0.2In anode possesses a
peak power density of 39.8 mW cm ™2 at 55 mA cm ™2, while the batteries
with AZ31 and Mg—0.1Ca anode show peak power densities of 27.8 and
31.2 mW cm ™2 individually. Fig. S3 presents the results of intermittent
discharge testing to evaluate the re-operation property with regard to
the battery with different anodes. Apparently, the battery with Mg-Ca
anode shows low voltage at the very beginning of the re-operation ses-
sion after a non-discharge interval due to large overpotential caused by
surface film. By comparison, the battery with Mg-Ca-In anode is able to
be reactivated immediately during re-operation attributed to the less
compact film and In re-deposition.

The voltage profiles for battery discharge tests with the configuration
presented in Fig. 1 are depicted in Fig. 8b and c, and the relevant battery
properties obtained are listed in Table 3. Not surprisingly, the batteries
based on Mg—Ca-In anodes exhibit higher voltage than those based on
AZ31 and binary Mg—0.1Ca anode. Importantly, battery service life is
significantly enhanced via utilizing Mg-Ca-In anodes. Under 23.75 mA
constant current load, the service life is 39.2, 40.6, 49.1 and 44.4 h for
the cell with AZ31, Mg—0.1Ca, Mg—0.1Ca—0.2In and Mg—0.2Ca—0.4In
anodes, independently. The improvement of battery service life associ-
ated with In addition is mainly due to the increased anodic efficiency of
the anode material as indicated in Table 3. With 0.2 wt% In addition, the
anodic efficiency of Mg—0.1Ca anode is boosted from 66.4% to 80.2% at
23.75 mA and from 61.9% to 77.8% at 47.5 mA. The improvement on
anodic efficiency is attributed to the inhibited wasteful-discharge rate by
the addition of In and the absence of chunk effect as mentioned in above
sections. Moreover, attributing to the improved cell voltage and anodic
efficiency, the energy density of the tested Mg-air battery is enhanced
consequently. The system with Mg—0.1Ca—0.2In anode shows an en-
ergy density of 2259 Wh kg~! at 23.75 mA. For comparison, 1629 and
1835 Wh kg™ for the cell with AZ31 and Mg—0.1Ca anodes are ob-
tained, respectively. In other words, an enhancement of 39% can be
achieved via replacing AZ31 by Mg—0.1Ca—0.2In as the anode.

In conclusion, micro alloying with indium can improve the
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Fig. 7. (a—d) Hydrogen evolution of as-cast Mg anodes during discharge at different current densities in 3.5 wt% NaCl solution. Typical results of triplicate mea-
surements are shown. (e) Hydrogen evolution rate as a function of discharge current density. (f) Wasteful-discharge rate associated with HE as a function of discharge
current density. Linearly fitting results are presented in (e, f) with a slope k. Hydrogen evolution rate is determined based on the steady-state HE. Error bar is not

visible when the standard deviation is less than the symbol.

properties of Mg-Ca anode and, thus, boost the cell voltage and energy
density of Mg-air system. Mg—0.2Ca—0.4In anode renders similar
discharge voltage to Mg—0.1Ca—0.2In but the anodic efficiency is
slightly lower. Therefore, Mg—0.1Ca—0.2In is suggested herein as an
excellent anode material enabling superior voltage and energy density
for primary Mg-air batteries. The proposed strategy, i.e. micro alloying
with Ca/In, is feasible for improving anode properties and, thus,
achieving high performance Mg-air batteries.

4. Conclusions

Herein, we propose micro alloying Mg anode with the combination
of Ca/In as a feasible strategy to improve the battery properties of pri-
mary Mg-air system. Two micro-alloyed Mg anodes, i.e., Mg—0.1%
Ca—0.2%In and Mg—0.2%Ca—0.4%In (weight percent hereafter), are
fabricated and evaluated in terms of corrosion performance, wasteful-
discharge rate and discharge activity. The addition of trace In signifi-
cantly improves the discharge activity and suppresses the wasteful-
discharge rate of newly developed Mg—0.1%Ca anode [30]. Moreover,
the Mg—Ca-In anodes exhibit significantly lower wasteful-discharge rate
than commercially accepted Mg anodes, like high purity Mg, AZ31 and
AMS50.

The activation of Mg anodes induced by In is based on the re-
deposition of metallic In on anode surface via continuous In>* jons
generation accompanying anode dissolution. The re-deposited In pro-
motes the dissolution of anode substrate via galvanic coupling with Mg
and ruptures the film structure as well, leading to lower transport
overpotential. The suppressed wasteful-discharge after In addition is
associated with the inhibited NDE, with further mechanism remaining
unclear. Consequently, Mg-air battery tests indicate that the adoption of
Mg—0.1%Ca—0.2%In enables the cell to exhibit enhanced voltage and
power density, compared with the cell based on AZ31 and Mg—0.1%Ca.
Additionally, the battery service life is increased by using Mg-Ca-In

anodes because of the boosted anodic efficiency, such as from 40.6 to
49.1 h after replacing Mg—0.1%Ca with Mg—0.1%Ca—0.2%In at 23.75
mA current load.

Owing to the enhanced voltage and anodic efficiency, outstanding
energy density is achieved via utilizing the Mg—0.1%Ca—0.2%In anode.
Under 23.75 mA current load, the Mg—0.1%Ca—0.2%In-based Mg-air
system exhibits an energy density of 2259 Wh kg~!, which is much
higher than that of a primary Zn-air (>700 Wh kg! as reported by Li
et al. [64]). Therefore, with the results presented in this work, we
recommend micro-alloyed Mg—Ca-In alloys, like Mg—0.1%Ca—0.2%]n,
as excellent candidates for anode materials of primary aqueous Mg-air
batteries.
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Fig. 8. (a) Cell voltage and power density of a lab-made Mg-air cell at different current densities adopting diverse Mg anodes. Average of three measurements is
presented. (b, ¢) Voltage profiles of the Mg-air cell during the battery discharge tests applied with different current load. The adopted electrolyte is 3.5 wt% NaCl
solution, while the cathode is a commercial air cathode with C/MnO, catalysts.

Table 3
Battery properties of Mg-air cells assembled with varied Mg anodes obtained from the battery failure tests. Note that the capacity and energy density are only based on
the mass of Mg anode. Mean of data obtained from two independent measurements, which show a deviation below 5%, is presented.

Current drain parameters Mg—0.1Ca Mg—0.1Ca—0.2In Mg—0.2Ca—0.4In AZ31
23.75 mA Service life, h 40.6 49.1 44.4 39.2
Anodic efficiency, % 66.4 80.2 72.6 62.7
Capacity, mAh g~! 1482 1791 1621 1405
Average voltage, V 1.21 1.26 1.24 1.14
Energy density, Wh kg ! 1835 2259 2011 1629
47.5 mA Service life, h 19.2 24.0 21.3 18.6
Anodic efficiency, % 61.9 77.8 68.3 60.6
Capacity, mA h g1 1380 1736 1524 1354
Average voltage, V 0.99 1.04 1.06 0.93
Energy density, Wh kg ! 1378 1808 1612 1282
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Results

5.5 Corrosion and discharge properties of Ca/Ge micro-alloyed Mg anodes for primary

aqueous Mg batteries

Paper 5: Corrosion and discharge properties of Ca/Ge micro-alloyed Mg anodes for primary aqueous
Mg batteries (submitted to Corrosion Science)

Trace addition of germanium (Ge) has been found to be able to improve the corrosion resistance of Mg
through suppressing the kinetics of the cathodic reaction [30, 31, 49]. The focus of this paper is to reveal
the potential of Ge as an alloying element for Mg and Mg-Ca anodes. Mg-0.1%Ge and Mg-0.1%Ca-
0.1%Ge alloys (all wt.%) were fabricated via casting followed by water-cooling. The corrosion and
discharge performance were determined with comparison to recast pure Mg and Mg-0.1%Ca. The
inhibition effect of Ge and Ca on cathodic kinetics were demonstrated, contributing to the remarkably
lower corrosion rate of Mg-0.1%Ge and Mg-0.1%Ca than pure Mg and the slowest corrosion rate of
Mg-0.1%Ca-0.1%Ge alloy. Meanwhile, the inhibited cathodic reaction also resulted in the more
negative OCP of Mg-0.1%Ca-0.1%Ge alloy than Mg-0.1%Ge and Mg-0.1%Ca. However, the three
micro-alloyed anodes showed similar discharge potential at different current densities due to different
voltage drop partially induced by varied protectiveness of the surface film. Discharge tests indicated
that the voltage drop could be eliminated by Mg?* complexing agents, like salicylic acid (SAL), as
electrolyte additives owning to the capability of hindering the formation of Mg(OH).. Therefore, the
battery with Mg-0.1%Ca-0.1%Ge anode yielded much higher cell voltage than those based on Mg-
0.1%Ge and Mg-0.1%Ca in 0.1 M SAL-based electrolyte. The self-discharge rates of all prepared
anodes were also assessed. Interestingly, Mg-0.1%Ge, Mg-0.1%Ca and Mg-0.1%Ca-0.1%Ge showed
alike self-discharge rates under 1 and 10 mA c¢cm~2 current densities, which were significantly lower
than the recast pure Mg. The utilization efficiency of the three alloy anodes were consequently similar

but much higher than that of the pure Mg.
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Abstract: Ge is evaluated as a micro-alloying element for newly-developed Mg-Ca anodes. The
combination of Ca/Ge is effective for suppressing cathodic HER kinetics, resulting in highly negative
OCP and a low corrosion rate (0.2 mm y?). For air battery, Mg-0.1%Ca-0.1%Ge (Wt%) anode exhibits
similar voltage to Mg-0.1%Ca in NaCl solution, but the highly negative OCP enables it with enhanced
voltage in salicylate-containing electrolyte (1.7 V at 1 mA cm2 versus 1.63 V of Mg-0.1%Ca). Beside,
all micro-alloyed Mg-Ca, Mg-Ge and Mg-Ca-Ge anodes show similar self-discharge rates and high

utilization efficiency (~60% at 10 mA cm™2).

Keywords: A. Magnesium; B. Galvanostatic; B. Polarization; B. Weight loss; C. Anodic dissolution.
1. Introduction

Primary batteries, which are non-rechargeable and designed to be used only once, are being utilized
in numerous applications, like offshore equipment, implanted medical devices, and as standby power
sources for schools, hospitals, etc., due to their long shelf-life, high energy density and instant readiness
[1, 2]. Among all developed primary batteries, primary Mg system owns great promise attributed to the
low cost of Mg raw materials and good theoretical electrochemical properties of Mg metal, e.g. the
large volumetric capacity (3832 mA h g* versus 2061 mA h g* of Li) and highly negative electrode
potential (—2.37 V vs. SHE) [3-6]. Primary Mg batteries can be designed as several types, e.g., Mg-air
battery, Mg-seawater battery and Mg dry cell, via adopting different oxidizing agents, like oxygen from
air, AgCl and MnO; [1, 7, 8]. The electrolyte used in primary Mg system is manmade nontoxic saline
solution (often with additives) or natural ocean water [9-12]. The utilization of all nonhazardous
components renders the Mg primary system an environmentally benign power source meeting the social
demand for green energy. However, their commercialization is not widely fulfilled, especially the Mg-
air batteries, being hindered by several issues weakening the practical properties. Concern on Mg anode
derives from two main aspects. Firstly, copious hydrogen evolution takes place on Mg anode surface
under anodic polarization in aqueous solutions. The hydrogen evolution rate increases with elevating
anodic current (or anodic potential), leading to severe wasteful dissolution of Mg anode. This unusual
phenomenon, which is termed as negative difference effect (NDE), leads to a shortened shelf life and
reduced energy density of Mg-based battery system. Secondly, the battery voltage is relatively low
comparing to the theoretical value because of the high open circuit potential (OCP) of ordinary Mg
anode and large voltage drop caused by sluggish anodic reaction kinetics or dense discharge products

film on anode surface [13-17]. In this context, the performance boost of Mg-based primary batteries
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requires more effort for development of Mg anodes with higher corrosion resistance, low self-discharge
rate, low OCP (high cell voltage) and high discharge activity.

Increasing the purity grade of Mg could be an effective method to improve the properties of Mg
anode. As reported, an Mg-air cell based on a high-purity Mg (99.99%) anode showed higher discharge
voltage than the system with some commercial Mg alloy anodes, e.g. AM50 and AZ91 [18]. However,
the corrosion and electrochemical performance of high purity Mg are dominated by the amount and
composition of Fe-containing precipitates [19-22], which are uncontrollable during solidification
process. It was proposed high purity Mg with minimal Fe-rich particles should have an intrinsic
corrosion rate of ~ 0.3 mm y ! in concentrated NaCl solution [23]. In contrast, with presence of Fe-rich
precipitates, significantly higher corrosion rate and altered electrochemical properties are induced. The
poor reproducibility of pure Mg properties, which is associated with metallurgic processing, results in
its inadequacy as an anode material. Modification of pure Mg morphology also attracts some interests
regarding anode developing. Further, Mg with varied nano/mesoscale structures has been evaluated as
the anode material for Mg primary system, such as nanospheres, nanorods and porous thin film [24-28].
Enhancement on cell voltage was obtained due to increased contact with electrolyte and reduced charge
transfer polarization. However, the usage of nanostructured Mg accelerated the anode self-corrosion,
which reduced battery capacity and energy density and, therefore, lead to the request for electrolyte
additives with capability of inhibiting self-corrosion. Another popular approach for Mg anode
development is alloying by other metallic elements with consequent composition optimization. Many
Mg alloys have been proposed as anode materials for primary Mg batteries during the past decades [ 15,
17, 29-33], among which most are based on Mg-Al system as Al is the most commonly used alloying
element for Mg to improve its corrosion resistance and mechanical properties. The improved corrosion
resistance by Al alloying is believed to be associated with the formation of a protective film attributed
to Al enrichment [34, 35]. However, at the same time, the protective film certainly results in large
voltage drop during discharge and then leads to reduced battery voltage [36]. Moreover, as summarized,
Mg-Al based alloys normally possess more positive OCP [17]. Therefore, novel Al-free Mg anodes
with excellent performance are preferred. Importantly, our previous work indicates that binary Mg-Ca
alloys possess great potential as environmentally benign anode materials with superior discharge
properties [37, 38]. Mg-0.1 wt% Ca alloy showed higher discharge voltage and energy density than
high purity Mg, AM50 and AZ31 alloys measured in a custom-made Mg-air full cell. Nevertheless,
there is still space for improvement in what concerns the Mg-Ca anodes because the voltage and peak
energy density were insufficient comparing to the theoretical values. Thus, further enhancement on Mg-
Ca based anodes is desirable.

Improvement is possible by introducing electrolyte additives. For instance, by using Mg?
complexing agents, like salicylate (SAL), the formation of surface Mg(OH), film was impeded and thus
the pure Mg- and Mg-Ca-based battery voltage was enhanced, particularly under low current densities

[10, 39, 40]. The working condition needs to be optimized to obtain sufficiently high utilization
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efficiency along with enhanced voltage. Besides, alloying remains a worth-trying approach for the
performance boosting of Mg-Ca anodes. However, the alloying elements should be carefully selected.
Besides, the alloying content should be controlled within a relatively low level for purpose of reducing
second phase fraction. Deng et al. [41] demonstrated that cathodic acting secondary phases with respect
to Mg matrix will be detached from anode substrate during discharge process because of the preferential
dissolution of surrounding Mg matrix. Besides, secondary phases and impurity particles may also lead
to localized and non-uniform anodic dissolution, resulting in Mg matrix undermining and then peeling
from substrate. The detachment of secondary phases and undermined matrix, which is named chunk
effect (CE), leads to large anodic efficiency loss and consequently reduces battery service life and
energy density. Therefore, low alloyed Mg anodes are required to moderate the performance loss related
to CE [42, 43]. Recently, published work demonstrated that germanium (Ge) as a trace alloying element
is able to enhance the corrosion resistance of pure Mg (99.95%, corrosion rate of 20 mm ytin 0.1 M
NaCl solution) and Mg-Zn alloy via reducing the kinetics of cathodic reaction (hydrogen evolution
reaction (HER)) [44-47]. The OCP of Mg became more negative with addition of Ge as a result of
inhibited cathodic reaction. The findings provide a possibility of developing novel corrosion resistant
Mg anode materials with satisfying operating potential by alloying with Ge and combination with other
elements.

In the present work, we evaluated the possibility of binary Mg-Ge alloy as an anode material for
primary aqueous Mg batteries. The influence of Ge addition on Mg-0.1wt% Ca anode has also been
investigated from the aspects of corrosion performance and discharge properties. It should be noted that
Ge has extremely low solubility in Mg matrix (approximately 0.003 at.% at 602 °C [48]), leading to
large fraction of secondary phase when alloying with high Ge content. Thus, only micro-alloyed Mg-
Ge and Mg-Ca-Ge alloy were investigated in this work to avoid severe micro-galvanic corrosion
induced by coupling of Mg matrix and cathodic secondary phases and to allay the negative effect of CE

on anode performance.
2. Experimental procedures

2.1 Materials manufacturing

All the micro-alloyed Mg anodes with nominal composition of Mg-0.1wt% Ca, Mg-0.1wt% Ge and
Mg-0.1wt% Ca-0.1wt% Ge were fabricated via conventional gravity casting. Firstly, pure Mg was
melted in a boron nitride coated steel crucible placed in a furnace at 760 °C with protection of Ar/SFg
(5:1) mixed gas. Alloying elements were then added into the Mg melt, holding for 30 min followed by
a manual stirring process of 5 min. Afterwards, the melt was poured into a boron nitride coated
cylindrical steel mould (60 mm diameter) preheated to 300 °C. The mould filled with melt was then
immersed into a water bath for cooling and solidification. The raw materials used were pure Mg ingot,
Ca chips and Ge bulks with purity of 99.96 wt%, 99.9 wt% and 99.99 wt% respectively. Pure Mg was

recast with the same casting procedure in this work as reference. The actual chemical composition of
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all processed materials is shown in Table 1 as analyzed by spark spectrometer (spark OES, Ametek-
Spectro) and X-ray micro fluorescence (UXRF, Bruker). The impurities Fe, Ni and Cu [19, 49-52] that
have deleterious influence on Mg corrosion resistance indicate extremely low content below 20 ppm.
The content of Si in different materials ranges from 36 to 97 ppm. Note that Si, which has not been
widely accepted as a detrimental impurity to Mg, has been demonstrated recently to have significant

effect on corrosion resistance of pure Mg even in trace amount in combination with Fe [22, 53].

Table 1 Chemical composition of recast pure Mg and Mg alloys (wt%).

Materials Ca Ge Fe Ni Cu Al Mn Si Mg
Mg 0.0019 - 0.0015  0.0002  0.0003 0.0095 0.018 0.0086 balance

Mg-0.1Ca 0.07 - 0.0018  0.0011  0.0012 <0.01 0.017 0.0036 balance

Mg-0.1Ge - 0.09 0.0019 0.0012 0.0012 <0.01 0.018 0.0048 balance

Mg-0.1Ca-0.1Ge 0.11 0.11 0.0018 0.0010 0.0010 <0.01 0.015 0.0060 balance

2.2 Microstructure characterization

All specimens after embedding in resin were carefully ground and polished to obtain high-quality
samples for microstructure observation. Grinding process was carried out on silicon carbide papers
consecutively up to 4000 grit. Afterwards, samples were polished to remove scratches using a water-
free oxide polishing suspension (OPS) containing SiO, followed by a cleaning process in ethanol by
ultrasonication. After etching with an acetic-picric acid solution, second phase morphology and
distribution were observed with a scanning electron microscope (SEM, TESCAN VEGA3) combined
with energy dispersive X-ray spectroscopy (EDS) to analyze the element composition. Besides, atomic
force microscopy (AFM, Nanowizard, JPK Instruments AG) combined with Scanning Kelvin Probe
Force Microscopy (SKPFM) was utilized to measure the Volta potential difference between secondary
phase particles and the Mg matrix. The adopted silicon probe supplied by Innovative Solutions Bulgaria
Ltd. (Bulgaria) was coated with a Cr/Pt conductive coating and possesses a resonance frequency of 75
kHz and a force constant of 3 N m™2. Electric connection was achieved using a conductive tape between
the sample and the grounded AFM stage. The lift height between the probe and sample surface was set
as 100 nm. The scanning was conducted on an area of 30 x 30 um with a resolution of 512 x 512 pixels

immediately after sample polishing via the aforementioned processes.
2.3 Immersion tests

Long-term immersion tests for 7 days were applied to evaluate the corrosion rates of all prepared
materials. Note, the electrolyte used for all measurements in this work is unbuffered 3.5 wt% NacCl
solution with pH of 5.6 £ 0.2 if other not specified. Hydrogen gas produced by corrosion of immersed

samples was collected simultaneously via a widely used set-up combining a funnel and an inverted
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burette [54]. Plug-in samples of 15 x 15x 5 mm were hung in the solution with fishing line fastened to
a plastic screw inserted into the samples. The weight loss of each sample after testing was determined
after removing corrosion products by a diluted chromic acid (200 g L™*). Corrosion rate, B,, (mmy?),
can be calculated based on weight loss via the following formula:

365%24*x10*Am
B, = (1)
p*Axt

Where Am is sample weight loss during immersion, g; p is density of Mg, g cm=3; A is sample surface
area, cm?; t is immersion time, h. Then, the formula can be simplified as following [23]:

P, =210W (2)
Where W is weight loss rate (mg cm™ d 1) determined based on immersion tests.

Afterwards, surface morphology of each material after immersion was characterized by the SEM.
Immersion test for each material was conducted for three times to ensure data reproducibility. In order
to evaluate the corrosion origination and the role of secondary phases in the corrosion behavior of the
newly designed Mg-Ca-Ge alloy, a quasi - in situ approach was applied with the same procedures as
reported previously by Jin et al.[55]. A specimen was polished and then observed under SEM to record
the morphologies of uncorroded secondary phases in specific regions with a relatively low voltage of
10 kV. After that, a short-term immersion (10 min) in 3.5 wt% NaCl solution was carried out, following
an extra polishing process for 1 min with OPS to eliminate the possible influence of SEM observation
on the corrosion behavior of this alloy. Subsequently, the morphologies of the secondary phases from
the previously recorded regions were collected. The specimen was then immersed in chromic acid for
30 s to remove corrosion products. The morphologies of the same regions without corrosion products
were also recorded then. For easy access to the regions of interest, some minor tracks were made on the

sample surface via an aluminum tweezer in advance.
2.4 Electrochemical measurements

Potentiodynamic polarization curves were obtained using a Gamry interface 1000 potentiostat in 3.5
wt% NaCl solution with a conventional three-electrode cell consisting of a Pt wire counter electrode, a
Ag/AgCl reference electrode and a Mg electrode with 1 cm? working surface area. A stabilization period
lasted for one hour before each measurement to obtain a relatively stable OCP. Afterwards, anodic
polarization curves were collected by scanning from —5 mV to + 600 mV (vs. OCP) with a scan rate of
1 mV s Besides, cathodic polarization curves following the immersion for 1 and 24 hours were
measured separately via scanning from + 5 mV vs. OCP negatively forwards to — 400 mV vs. OCP with

the same scan rate.
2.5 Discharge testing

Half-cell discharge tests were conducted in the aforementioned three-electrode set-up in 3.5 wt%
NaCl solution with all prepared Mg anodes. Two current densities, i.e. 1 and 10 mA cm™2, were applied.

Afterwards, weight loss of each sample due to discharge was determined. Accordingly, utilization
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efficiency and discharge capacity of each anode were calculated with the following equations [14, 56].

Utilization efficiency (%) = =222 x 100% @3)

IXt

Specific capacity (Ah g™) = — (4)
Where I (A) is the discharge current, t (h) is discharge time, AW (Q) is the actual mass loss of samples
during discharge process and W;p., (g) is the theoretical mass loss due to faradaic process. AW was
determined by measuring the mass of samples before discharge and after removal of discharge products.

Wneo Was calculated via the following equation:
IXt
Wiheo = W%?‘) ()
Where F represents the Faraday constant (26.8 Ah mol™?), x;, n;, m; represent the mass fraction, number
of exchanged electrons and atomic weight, respectively, of each element in the materials.

In addition, self-discharge rate during discharge at different current densities was measured via
hydrogen evolution tests with the same configuration used in previous work [41]. The measurements
were replicated for three times and indicated very good reproducibility. Electrochemical impedance
spectroscopy (EIS) testing was carried out immediately after discharge to evaluate anode activity
associated with the surface condition. The scanned frequency range was 100 kHz to 0.1 Hz, and the
sinusoidal AC voltage was 10 mV rms. Discharge testes were also performed in a fully assembled
custom-made Mg-air cell filled with 3.5 wt% NaCl solution. The cathode material, with a 2.5 cm?
working area, was a commercial air cathode based on C/MnO; catalyst, while the anode material was
the manufactured Mg alloys embedded in resin with an exposed area of approximately 2.3 cm?. A
commercially cast alloy AZ31, with impurities of 11 ppm Fe, 7 ppm Ni and 19 ppm Cu, was also tested
for comparison reason under the same experimental condition. All the anodes were also evaluated in
the electrolyte with the aforementioned Mg?* complexing agent additive, i.e. salicylate (SAL). The
electrolyte of 0.1 M SAL was prepared by dissolving sodium salicylate (Sigma-Aldrich S3007) in 3.5
wt. % NaCl as background solution. The specific concentration was selected according to the published
work of Wang et al. [40]. The initial bulk pH of the solution was adjusted to 7 + 0.2 by adding NaOH
solution, controlled by Metrohm-691 pH meter equipped with a Mettler-Toledo LabExpert Pt-1000-pH

glass electrode.
3. Results
3.1 Microstructure

The microstructure of all fabricated materials characterized via SEM is presented in Fig. 1. Further,
chemical compositions analyzed by EDS for several randomly selected precipitates from each alloy are
shown in Table 2. Obviously, precipitates with different morphologies and distributions are present in
all micro-alloyed materials. For the Mg-0.1Ca alloy, the precipitates, appearing as small particles, are

CaMgsSi as detected by EDS, even though Si content is at a low level in the alloy (36 ppm). Similarly,
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it has been reported that the existence of trace Si could promote the precipitation of CaMgSi phase in
the Mg-Zn-Ca system during solidification [55]. Regarding the binary Mg-0.1Ge alloy, the precipitates
are confidently recognized as Mg,Ge intermetallics as known from the Ge-Mg phase diagram [57] and
several published works [46, 58, 59]. The EDS results shown in Table 2 indicate much higher
concentration of Mg in the intermetallic due to the tiny size of these precipitates, which leads to the
inclusion of Mg matrix in the region assessed by EDS. For the Mg-0.1Ca-0.1Ge alloy, Mg, Ca and Ge
elements are identified in all precipitates by point EDS analysis (Table 2) and elemental mapping (see
Fig. 2), indicating the presence of a ternary intermetallic. Besides, it is distinct that the quantity of
intermetallics in the Mg-Ca-Ge system is larger than that in binary Mg-Ca and Mg-Ge system, owing
to the higher alloying load. Note that there is a lack of ternary phase diagram of Mg-Ca-Ge system and,
therefore, the stoichiometry of the intermetallic in this alloy is not well known. Thus, we simply refer
to it as MgxCayGe;. Something noteworthy is that a small quantity of Si (less than 0.5 wt%) is detected
in all the precipitates in Mg-0.1Ge and Mg-0.1Ca-0.1Ge alloys. Distinguished from the high quantity
of Si in the MgCasSi intermetallic found in Mg-0.1Ca system, the traces of Si in the Mg-0.1Ge and Mg-
0.1Ca-0.1Ge alloys is proposed to segregate around the Mg.Ge and Mg.CayGe; precipitates (possibly
as Mg,Si or CaMgSi) instead of forming new Si-containing intermetallics. As reported by Jung et al.
[60], no ternary phase is predicted in Mg-Ge-Si alloy except for a combination of Mg,Ge-Mg.Si
(Mg2Ge\Siix) without fixed ratio.

Mg-O.lCa-O.;lGe

Fig. 1 SEM (BSE) images of as-cast pure Mg and Mg alloys.
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Fig. 2 Elemental mapping for a selected region in Mg-0.1Ca-0.1Ge alloy.

Table 2 Chemical compositions of some precipitates marked in Fig. 1 as analyzed by EDS (wt%).

Precipiates A B C D E F G H
Mg 91.6 79.6 80.2 94.9 97.0 82.3 87.5 94.8
Ca 4.9 10.5 10.7 / / 5.4 4.1 1.9
Ge / / / 4.8 2.6 11.8 8.2 3.0
Si 35 9.9 9.1 0.3 0.4 0.5 0.2 0.3

3.2 Electrochemical performance

Fig. 3a presents the results of one-hour OCP measurements corresponding to all as-cast materials.
All micro-alloyed materials possess remarkably more negative OCP than that of the recast pure Mg.
The average OCP values for Mg-0.1Ca, Mg-0.1Ge and Mg-0.1Ca-0.1Ge are —1.83 + 0.02, -1.78 + 0.04
and —1.91 + 0.01 Vagagcl, respectively, comparing to —1.65 + 0.02 Vagagci Of the recast pure Mg.
Apparently, ternary Mg-0.1Ca-0.1Ge shows a more negative OCP than the two binary alloys,
demonstrating a good synergy effect of Ca and Ge micro-alloying. The highly negative OCP endows
the micro-alloyed alloys with a great possibility to offer high discharge voltage as anode materials. Fig.
3b depicts the anodic polarization curves of all materials after immersion in 3.5 wt% NaCl for one hour.
All alloyed Mg exhibits a pitting potential at around —1.60 V agiagci, indicating the formation of a pseudo-
protective film on the samples surface. All the curves associated with different alloys are generally
overlapped within the potential range more positive than the pitting potential, elucidating similar anodic
dissolution kinetics. Slight difference is only found within the potential range from the pitting potential
to OCP but is most likely induced by varied OCP values of these alloys resulting from different cathodic

HER Kinetics as demonstrated in Fig. 3(c, d). Cathodic polarization curves were separately measured
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after immersion for one hour (Fig. 3c) and 24 hours (Fig. 3d). Regarding one-hour immersion, varied
cathodic kinetics corresponding to different materials are demonstrated, specifying that micro-alloying
individually with Ca owns the ability of reducing the kinetics of cathodic reaction on pure Mg. Similar
effect is found with minor Ge addition, in accordance with the results reported by Deng et al.[37] and
Liu et al.[44, 45]. The updated finding here is that micro-alloying with Ca is better than Ge regarding
suppressing cathodic HER amid the immersion period of 7 days and the combination of Ca and Ge is
demonstrated to be more effective. The suppressed cathodic kinetics drives the cathodic polarization
curve to move towards the direction of smaller current densities and, consequently, results in the more
negative OCP. After 24-hour immersion, all the micro-alloyed materials maintain suppressed cathodic
kinetics comparing to pure Mg. Interestingly, the polarization curves of Mg-0.1Ca and Mg-0.1Ca-0.1Ge
partially overlap within the more negative potential range, elucidating that these two materials have
similar kinetics of cathodic reaction after this immersion duration. Table 3 lists the current density of
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cathodic reaction at — 2.0 V (vs. Ag/AgCI) derived from these presented cathodic polarization curves
measured after one-hour and 24-hour immersion, aiming to evaluate the variation of cathodic kinetics
of each material after different immersion time. Obviously, a large increase of the defined current
density, by a couple of orders of magnitude, is found regarding the pure Mg, which indicates a
remarkable increase of its cathodic kinetics. The concerned current densities of Mg-0.1Ge and Mg-
0.1Ca-0.1Ge both remain relatively constant, while a slight decrease is found from Mg-0.1Ca, showing
that the cathodic kinetics of Mg-0.1Ca decreases with immersion, presumably related to fast detachment
of fine CaMgSi precipitates. Generally, Mg-0.1Ca-0.1Ge possesses the lowest cathodic kinetics after

immersion for 1 and 24 hours, being conducive to achieve a low corrosion rate.

Table 3 Current density of cathodic reaction at—2.0 V (vs. Ag/AgCl) derived from cathodic polarization
curves shown in Fig. 3c and d. Results of two independent measurements are presented to demonstrate

the reproducibility.

Current density After 1 hour After 24 hours
HA cm? Test #1 Test #2 Test #1 Test #2
Mg 527 620 10180 6690
Mg-0.1Ca 76 99 49 40
Mg-0.1Ge 159 164 120 214
Mg-0.1Ca-0.1Ge 43 39 42 31

3.3 Corrosion properties

Fig 4 illustrates the calculated corrosion rates of all materials based on the weight loss within 7-day
immersion. The recast pure Mg exhibits a corrosion rate of nearly 0.6 mm y 2, which is slightly higher
than that of high-purity Mg (0.4 mm y?) reported by Shi et al. [21] and Qiao et al. [20] and intrinsic
corrosion rate of ultra-high-purity Mg (0.3 mm y) [23]. Likewise, large deviations between each
measurement are also found in this work regarding the corrosion determination of pure Mg, resulting
from the non-uniform Fe-rich precipitates. Remarkably, the corrosion rate of recast pure Mg is reduced
after micro-alloying with 0.1 wt% Ca and Ge whereby corrosion rates of approximately 0.2 mm y* and
0.3 mm y ! are achieved respectively. Further, combinative minor addition of Ca and Ge results in the
lowest corrosion rate, which is similar to that of the binary Mg-0.1Ca and is even slightly below the
intrinsic Mg corrosion rate of 0.3 mm y[23]. Note that corrosion rates may be even lower if determined
with fishing-line specimens instead of plug-in ones as demonstrated by Cao et al. [23]. Fig. 5 shows the
surface morphologies of all materials after 7-day immersion tests and removal of corrosion products.
Typical filiform-like corrosion is found on pure Mg, while generally uniform corrosion is characteristic
for all micro-alloyed Mg. Some discrete corrosion cavities appear on the surface of Mg-0.1Ca alloy,

whilst numerous but smaller pits are distinct on Mg-0.1Ge surface. Regarding Mg-0.1Ca-0.1Ge alloy,
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the corrosion pits after immersion are rather shallow and inconspicuous, at least under the same
magnification. Besides, grinding scratches are still visible from Mg-0.1Ca and Mg-0.1Ca-0.1Ge surface

after 7-day immersion, manifesting the grossly high corrosion resistance of these two alloys.
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Fig. 4 Weight loss and associated corrosion rates of all studied materials within the 7-day immersion

period in 3.5 wt% NaCl solution.

i y A b

Fig. 5 Surface morphologies of all materials after 7-day immersion tests in 3.5 wt% NaCl solution and

cleaning with chromic acid to remove corrosion products.
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3.4 Electrochemical characteristic of MgxCayGez intermetallic

The electrochemical characteristic of the newfound MgxCa,Ge; intermetallic is first investigated in
this work. The Volta potential difference of Mg.Ca,Ge; intermetallic with respect to Mg matrix is
determined via SKPFM, as depicted in Fig. 6. Intriguingly, Mg,xCa,Ge, shows a negative potential
difference to the matrix of ~ —100 mV, probably related to Ca enrichment. The results indicate that
MgxCayGe; serves as local anode and suffers preferential dissolution during corrosion initiation after
immersion, until complete degradation or detachment from alloy surface. To further unveil the anodic
essence of the ternary phase with reference to Mg matrix, quasi-in situ corrosion measurements are
applied. Relevant results are presented in Fig. 7, demonstrating the surface morphologies of same
intermetallic-included regions prior to and after short-term immersion. The results indicate that
MgxCayGe; intermetallic indeed suffers preferential corrosion prior to adjacent Mg matrix within the
initial immersion stage, in accordance with the determined negative Volta potential with respect to the
matrix. Besides, images presented in Fig. 7(a-3, b-3) exhibit the corrosion morphology with a striking
characteristic, consisting of ambient shallow valleys surrounding deeper cavities in the center. The
distinct corrosion morphology is similar to that reported upon a GW93 alloy (Mg-9.2wt%Gd-
4.03wt%Y-0.52wt%Zr) [61], which contains Mg-Gd-Y anodic second phases. The central deeper
cavities are proposed to be the result of preferential dissolution of anodic phases. Afterwards, corrosion
propagates around the previous corrosion cavities and leads to the surrounding shallow corrosion areas.
The difference between our work and the mentioned one is that corrosion is remarkably low for Mg-
0.1Ca-0.1Ge alloy. Therefore, after long time immersion, severe pitting corrosion that is found

regarding the reported GW93 alloy does not occur on the micro-alloyed Mg-Ca-Ge system in this work.

3.5 Discharge testing in half-cell

The discharge properties of all micro-alloyed Mg anodes are primarily evaluated via half-cell testing.
Fig. 8 illustrates the potential variation with time for all anodes during discharge at 1 and 10 mA cm™.
Obviously, minor addition of Ca and Ge both result in more negative discharge potential than the pure
Mg at two studied current densities. Mg-0.1Ge anode shows similar potential to Mg-0.1Ca, and the
addition of Ge to Mg-0.1Ca merely induces a slight improvement to the discharge potential. The slightly
decreased potential at 1 mA cm™2 with time is possibly due to increased surface area. The potential
difference among the three micro-alloyed anodes is around 10 mV, while comparing to pure Mg the
difference is approximately 40 — 60 mV. Fig. 9 presents the utilization efficiency and discharge capacity
of all studied anodes calculated after discharge at 1 and 10 mA cm™2. Not surprisingly, micro-alloyed
Mg-0.1Ca shows considerably enhanced utilization efficiency than the recast pure Mg as well as higher
discharge capacity at both current densities, agreeing well with the results in our previous work [37].
The main finding here is that micro-alloyed Mg-0.1Ge and Mg-0.1Ca-0.1Ge also have much higher

efficiency and capacity than pure Mg anode, although no improvement is found when compared with
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Fig. 7 (a-1, b-1) Morphologies of marked regions in Mg-0.1Ca-0.1Ge alloy before immersion. (a-2, b-
2) Morphologies of the same regions after immersion for 10 min in 3.5 wt% NaCl solution. (a-3, b-3)
Morphologies of the same regions after removing corrosion products with chromic acid.
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Mg-0.1Ca anode. All the micro-alloyed anodes show utilization efficiency of nearly 50% at 1 mA cm2
and 58% at 10 mA cm2, higher than that of most previously proposed Mg anodes, particularly under
low current densities as summarized in Table 4. Fig. 10 illustrates the surface morphologies of all micro-
alloyed anodes after discharge and removal of discharge products. A few localized cavities are visible,
either macroscopically or microscopically, from the surface after discharge at 1 mA cm for 15 h
presented in Fig. 10(a-d), being the manifestation of detachment of chunks. Chunk effect is also
apparently demonstrated by the cross-sectional morphology after discharge at 1 mA cm= presented in
Fig. 10(i, ). Exfoliation of these chunks during discharge decreases the anode efficiency to some extent.
In the case of 10 mA cm2, the surfaces of all micro-alloyed anodes after discharge are generally uniform
with absence of visible deep cavities (Fig. 10(e-h)), elucidating more homogeneous anodic dissolution

in comparison to that at low current density.
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Localized cavity

S Mg-0.1Ca0.1Ge

Fig. 10 Surface morphologies of different Mg anodes after discharge and removal of discharge products:
(a-d) 1 mA cm2for 15 h, (e-h) 10 mA cm2 for 8 h. The cross-sectional morphologies of recast pure

Mg and Mg-0.1Ca-0.1Ge after discharge at 1 mA cm2are shown in (i) and (j), respectively.

Table 4 Utilization efficiency (UE) of diverse Mg anodes in 3.5 wt% NaCl solution under low current

densities.

Mg anode Alloying load Condition UE  Current density Reference

Mg-0.1Ca 0.1 wt% as-cast 49% 1 mA cm? this work

Mg-0.1Ge 0.1 wt% 50%

Mg-0.1Ca-0.1Ge 0.2 wt% 48%

AZ91 10.1 wt% extruded 25% 2.5 mA cm= [62]

AZ91-Ca 11.5 wt% 32%

AZ91-La 10.4 wt% 24%

AZ91-Sm 10.5 wt% 18%

AZ91-Ca-Sm-La 12.2 wt% 25%

Mg-Zn-Y 7.1 wt% as-cast 39% 2.5 mA cm [63]
11 wt% 36%

Mg-Zn-Zr 6.7 wt% 33%

AZ80 9.1 wt% as-cast 22% 1.5 mA cm [64]
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ultrasonic treated 32%

electromagnetic field 23%

treated
AZ61 7.1 wt% as-cast 41% 2.5 mA cm= [65]
rolled 45%
AZ61-LA 7.6 wt% as-cast 44%
rolled 47%
Mg 99.8 wt% Mg plate 38% 1 mAcm3 [66]
EV31A 5.1 wt% 42%
ZE10A 2 Wt% 34%
Mg-Al 9 wt% as-cast and then 30% 2.5 mA cm= [67]
Mg-Al-In 10 wt% annealed 32%
AZ91 10 wt% 30%
Mg-Al 3 wt% as-cast and then 38% 2.5 mAcm> [68]
Mg-Al-Sn 4 wWt% annealed 52%
Mg-Al-Ga 4 wt% 53%
Mg-Al-In 4 wt% 42%
AZ31 4 wt% 40%

3.6 Mg-air battery tests

To evaluate the discharge properties of prepared Mg-0.1Ca, Mg-0.1Ge and Mg-0.1Ca-0.1Ge alloy as
anode materials for primary Mg batteries, discharge testes are also performed in a custom-made Mg-air
full cell. A commercially cast AZ31 alloy, which has been widely accepted as anode material for
aqueous Mg batteries, is included for comparison. Fig. 11 presents the cell voltage profile of the Mg-
air cell adopted with different anodes. Note that the adopted AZ31 anode in this work provides voltage
of 1.16 V at 10 mA c¢cm %, comparable to the existing value (1.2 V) for AZ31 from the work of Ma et
al. [69]. Mg-0.1Ge and Mg-0.1Ca-0.1Ge both provide the Mg-air cell with significantly improved cell
voltage comparing to the AZ31 anode, e.g. 1.26 V at 10 mA cm . Besides, the utilization efficiency
of AZ31 anode, around 36% at 1 mA c¢cm2 as reported in our previous work [41], is also inferior in
comparison with M-0.1Ge and Mg-0.1Ca-0.1Ge, 50% as mentioned above. In addition, the two micro-
alloyed alloys also exhibit similar discharge properties to the Mg-0.1Ca anode, which is a newly
developed high quality anode material [37]. Thus, as good candidates, they provide additional options
for anode materials concerning developing high performance primary Mg system. Interestingly, the
minor addition of Ge to Mg-0.1Ca anode do not induce large enhancement regarding discharge potential

or voltage measured in half-cell or Mg-air full cell.
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Fig. 11 Discharge curves of a custom-made Mg-air full cell adopting different anodes operated at two
current densities. The electrolyte is 3.5 wt% NaCl solution (unbuffered, pH 5.6). The catalyst utilized

in the commercially air cathode is C/MnO, mixture.
4. Discussion
4.1 Effect of Ca/Ge micro-alloying on corrosion performance

The present study indicates that low corrosion rates are achieved by Ca/Ge micro-alloying. The
reduced corrosion rates are attributed to the inhibited cathodic kinetics and a pseudo-protective surface
film. The lower cathodic reaction rates of Mg-0.1Ca and Mg-0.1Ca-0.1Ge result in slower corrosion
rates than that of Mg-0.1Ge. Cathodic reaction kinetics of Mg-0.1Ca-0.1Ge is weaker than that of Mg-
0.1Ca merely at the initial immersion stage and then tends to be similar, thus leading to the alike
corrosion rate. Contemporarily, restricting kinetics of HER has been considered as a more logical
approach for developing highly corrosion resistant Mg alloys with the inspiration of alloying element
As [70, 71] and other Group 14 and Group 15 elements, like Ge [44-46]. The mechanism for kinetics
restriction by these alloying elements remains unclear, but is most possibly related to restriction of
impurity action and re-deposition. Cathodic poisons, such as As, is supposed to deposit and cover the
surface of impurities-rich particles, which serve as primarily cathodic sites for HER, thus reducing the
HER rate. Besides, the composition of surface oxide/hydroxide film is possibly altered by these
elements and then leads to the suppressed cathodic kinetics, notwithstanding the possible influence has
not been amply investigated. The results presented in this work (Fig. 3c and d) show that in the case of
the recast pure Mg the HER increases with immersion time. This increment upon pure Mg is presumably
related to impurity enrichment and build-up of a hydroxide film on Mg surface. The enrichment of
noble impurities, like Fe at Mg surface as a result of re-deposition process [50], increases the cathodic
HER kinetics to a certain extent, although some works have demonstrated the Fe enrichment efficiency
is low [72, 73]. Besides, as reported, an ultra-high-purity Mg (0.1 ppm Fe) showed accelerated cathodic
HER kinetics after anodic polarization comparing to the non-polarized state, elucidating possible

influence of hydroxide film on cathodic reaction [52]. By contrast, there is no such an increase in other
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systems with Ca and Ge. It seems the effect of noble impurities and hydroxide film on HER is restricted
by the alloying elements, speculatively attributed to altered film composition and reduced impurities
enrichment. Additionally, kinetics restriction is also accessible through alloying elements with
capability of sequestering impurities via either reducing the impurities contents during solidification or
alleviating the cathodic activity of impurity-rich particles by altering the particles chemistry.
Regrettably, few elements with this function are found, with Mn [49, 74] and Y [75] as representatives.
Herein, it is not fully clear which factors contribute to the restricted cathodic kinetics of Mg-0.1Ca, Mg-
0.1Ge and Mg-0.1Ca-0.1Ge alloys. Nevertheless, it is apparent that addition of 0.1% Ca as well as the
combination of minor Ca and Ge is more effective than Ge regarding kinetic control, as shown in Fig.
3.

The effect of induced intermetallics in fabricated lean alloys should also be considered, as the
intermetallic normally possesses different electrochemical potential with respect to Mg matrix, being
drivers for severe galvanic corrosion. Mg.Ge phase exhibits a positive potential difference of ~ 400 mV
with respect to the matrix of Mg-0.3 wt% Ge alloy as reported by Liu et al.[44], whilst merely ~50 mV
in Mg-0.5Zn-0.2Ge system reported by Jiang et al.[46] Nevertheless, only superficial corrosion occurs
around this cathodic phase as indicated by the mentioned work and Fig. 5 in this study. Therefore, it is
reasonable to conclude that the low corrosion rate of micro-alloyed Mg-Ge alloy is attributed at least
partially to the absence of severe galvanic corrosion related to Mg,Ge phase. Alike, CaMgSi
intermetallic in Mg-0.1Ca alloy also possesses higher electrochemical potential than the matrix, ~ 400
mV as determined by Ben-Hamu et al.[76] and ~200 mV by Mohedano et al.[77]. However, this kind
of cathodic intermetallic also does not induce severe localized corrosion as proved by the surface
morphology in Fig. 5. Only some shallow corrosion cavities are seen even after immersion for 7 days
in the highly corrosive 3.5 wt% NaCl solution, possibly due to small size and low quantity of CaMgSi
particles. Regarding Mg-0.1Ca-0.1Ge alloy, Mg,CayGe; ternary phase acts as micro-anode with respect
to Mg matrix, leading to its preferential dissolution and protection to matrix. Subsequently, this anodic
phase is completely degraded or loss contact with the solution due to accumulation of corrosion products.
In this case, corrosion starts upon the matrix, particularly around the dissolved secondary phases. Due
to inhibited cathodic HER kinetics and absence of severe galvanic corrosion in this stage, the Mg-0.1Ca-
0.1Ge matrix merely suffers superficial corrosion as shown in Fig. 5. Summarizing, the inhibited
cathodic kinetics of HER and low amount of secondary phase particles contribute to the low corrosion

rates of these alloys micro-alloyed with Ca/Ge, which are comparable to intrinsic Mg corrosion rate.
4.2 Effect of Ca/Ge micro-alloying on discharge properties

It is noteworthy that the difference of discharge potential for all studied anodes is much smaller
comparing to the difference of OCP measured either before (up to 260 mV, Fig. 3a) or after discharge
(up to 280 mV, Fig. 12a). In principle, apart from OCP, the discharge potential of Mg anodes is tightly

dependent on the over potential under applied anodic current, which is determined by anodic dissolution
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kinetics and surface film conditions. EIS measured immediately after discharge is performed to evaluate
the electrode activity of all anodes as presented in Fig. 12b. The lowest scan frequency was set as 0.1
Hz, due to the non-stationarity of the active surface caused by discharge. Consequently, regarding all
the alloys only one capacitive loop is distinct within the whole frequency range. By contrast, for the
recast pure Mg, some scattered data points appear in the low frequency range. Although the
interpretation for EIS of Mg is still controversial, the impedance of each anode can be roughly estimated
and compared with each other to provide information concerning different electrode activity.
Apparently, the recast pure Mg exhibits the highest activity, as forecasted by the lowest impedance
value, indicating its fastest activity during discharge, which contributes to the mild difference between
the discharge potential of Mg and other alloys. Mg-0.1Ge and Mg-0.1Ca are much alike in OCP as well
as overall impedance value after discharge (at 10 mA c¢cm2 for 0.5 hour), implying similar activity and
being the reason for the similar discharge potential. In comparison, Mg-0.1Ca-0.1Ge anode still
maintains more negative OCP even after discharge, approximately —1.90 Vag/agci, cOMparing to — 1.75
Vagiagel for binary Mg-0.1Ca and Mg-0.1Ge. However, this ternary alloy anode shows a remarkably
higher impedance value measured after discharge, indicating more sluggish electrode activity in
comparison to that of the two binary alloy anodes. Thus, its discharge potential has not been further
improved even in the case of significantly negative OCP. The sluggish activity of Mg-0.1Ca-0.1Ge
anode is possibly partially related to a more protective surface film of discharge products. In this case,
electrolyte additives, like the aforementioned Mg?* complexing agents, is favorable for achieving better

discharge potential, with the benefit of highly negative OCP of micro-alloyed Mg-Ca-Ge anodes.

-1.45

—=—Mg @ | o0l = Mg ’ (b)

-1.50 F —e— Mg-0.1Ca -+ -Mg-0.1Ca 6
= A8 Mg-0.1Ge Mg-0.1Ge R
(%) Mg-0.1Ca-0.1Ge 800 k- Mg-0.1Ca-0.1Ge . .
<°’ 1.60 |- 2 f [
- ._.,_._..I—I—I—I—H—I—I—.—'—H—.—l—l—l—l—.—.—.—l—.—l—l—l—. o / ]
=)
< 65f E 600 L 0 y .
g a70k ‘-’- 15 20 25
= 5 2
= 75} N 400
8 |
S 80}
"6’ L
o 185} 200 Y

grebeses,
.90 - ““"
[1n ol
1.95 1 1 1 1 1 1 0|..'|.£| r r .
0 10 20 30 40 50 60 0 400 800 1200
Time, s Z,,Qcm?

Fig. 12 (a) OCP- time curves and (b) EIS Nyquist plots of all materials measured after discharge at 10

mA cm for 0.5 hour.

As mentioned in the Introduction section, utilization efficiency and capacity of Mg anodes are
associated with chunk effect (CE) and real-time self-discharge rate with applied anodic current, rather
than corrosion rate at OCP [41]. Hence, the self-discharge rate of all prepared anodes was determined

by real-time hydrogen evolution and is presented in Fig. 13. Notably, al the micro-alloyed anodes
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exhibit suppressed real-time hydrogen evolution rate, implying lower self-discharge rate, comparing to
recast pure Mg anode during discharge at different current densities. However, no obvious difference
is seen regarding the hydrogen evolution of the three micro-alloyed anodes, even though they show
different corrosion rates measured at OCP condition as shown in Fig. 4. Interestingly, all the three alloy
anodes show stable hydrogen evolution behavior after a short stabilization at initial stage. The rate of
hydrogen generation is approximately 0.3 ml cm2h™at 1 mA cm2and 3.0 mlcm2h™*at 10 mA cm™
Accordingly, the self-discharge current densities calculated via Faraday’s law are 0.67 and 6.66 mA
cm2at 1 and 10 mA cm?, respectively. Thereafter, the utilization efficiency without consideration of
efficiency loss by CE () can be estimated roughly via the following formula:

_ iapplied (6)
iapplied + iself—discharge

Where igp,piieq 1 the applied current density, and ise;r—gischarge 1S the calculated self-discharge current
density associated with hydrogen evolution. The estimated # is 60.0% when discharge at both 1 and 10
mA cm?, respectively. It is noticeable that the actual utilization efficiency at 10 mA cm2, around 58%,
is similar to the estimated value (60.0%), indicating negligible efficiency loss caused by CE, which is
attributed to the uniform anodic dissolution as shown in Fig. 10 (e-h). By contrast, the actual utilization
efficiency at 1 mA cm2, nearly 50%, is lower than the estimated value (59.9%), implying an apparent
efficiency loss of approximately 10% by CE (related to the localized cavities shown in Fig. 10 (b-d)).
Nevertheless, this 10% efficiency loss by CE is much lower comparing to that of high purity Mg and
some commercially alloy anodes, 20% - 45% at the same current density as reported in our previous
work [41]. To conclude, micro-alloying of Ca and Ge enables Mg anodes to achieve higher utilization
efficiency (50% and 60% at 1 and 10 mA cm? respectively) via reduced self-discharge rate and

suppressed occurrence of chunk effect.
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Fig. 13 Real-time hydrogen evolution determined during discharge at different current densities in 3.5

wt% NacCl solution. Representative results of triplicated measurements are presented.
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4.3 Anode performance in additive-containing electrolyte

As mentioned above, the highly negative OCP of Mg-0.1Ca-0.1Ge alloy provides a possibility to
achieve further enhanced battery voltage with adoption of electrolyte additives, like Mg?* complexing
agents. To prove this hypothesis, cell voltage of the custom-made Mg-air battery adopting varied anode
materials was measured in 3.5 wt% NaCl with 0.1 M salicylate (SAL) and is shown in Fig. 14. The
voltage profile measured in blank 3.5 wt% NaCl extracted from Fig. 11 is included for the sake of
comparison. Predictably, the battery with the same anode material exhibits higher cell voltage when 0.1
M SAL is added into the electrolyte, since SAL is Mg?* complexing agent with the capability of
hindering the formation of Mg(OH): film . The boosted voltage is attributed to the decreased voltage
drop associated with absence of thick hydroxide film. Something noteworthy is that the battery with
Mg-0.1Ca-0.1Ge anode shows remarkably improved voltage than that based on Mg-0.1Ca anode in
SAL-containing electrolyte, in spite of the similar voltage in the electrolyte without SAL. The difference
might be due to the varied protection ability of surface film formed in blank 3.5 wt% NaCl as indicated
by EIS presented in Fig. 12b. Regarding Mg-0.1Ca-0.1Ge, more overvoltage related to surface film is
released after adding SAL via impeding the formation of Mg(OH)., leading to the higher operating
voltage. The results indicate that the micro-alloyed Mg-0.1Ca-0.1Ge alloy is capable of providing better
battery properties than Mg-0.1Ca, particularly in additive-containing electrolytes. In such a case, more

work is desirable for optimizing the electrolyte additives and elucidating their effect on the novel Mg-

Ca-Ge anode.
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Fig. 14 Voltage profile of the custom-made Mg-air full cell adopting different anodes at 1 mA cm™2 in

the electrolyte with an additive, i.e. 0.1 M salicylate (SAL, initial pH adjusted to 7). Data in blank NaCl
solution extracted from Fig. 11 are included for comparison. Optical images of anode surface after

discharge is also presented.
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5. Conclusions

Herein, the corrosion and discharge properties of micro-alloyed Mg-0.1%Ge (hereafter weight
percent) as an anode material for primary Mg battery are evaluated in comparison to newly developed
high performance Mg-0.1%Ca anode. Besides, the synergetic effect of micro-alloying of Ge and Ca to
Mg anode is investigated in terms of microstructure, corrosion behavior and discharge properties. The
following conclusion can be drawn:

1) Restriction of cathodic HER kinetics via minor Ge alloying is inferior compared to that of Ca,
leading to the faster corrosion rate of Mg-0.1%Ge alloy than Mg-0.1%Ca. Nevertheless, the self-
discharge rate of Mg-0.1%Ge anode is similar to that of Mg-0.1%Ca, contributing to their alike high
utilization efficiency (~60% at 10 mA cm2) and superior discharge capacity.

2) The addition of 0.1% Ge decreases the cathodic kinetics of Mg-0.1%Ca alloy, albeit only at initial
immersion stage, implying a positive synergetic effect of Ge and Ca on cathodic HER kinetics
restriction. Consequently, Mg-0.1%Ca-0.1%Ge alloy exhibits a low corrosion rate (0.2 mmy=in 3.5
wt% NaCl solution) within 7-day exposure in the solution.

3) Mg-0.1%Ca-0.1%Ge possesses highly negative OCP owing to the intensively restricted cathodic
reaction, showing a great promise to offer higher voltage for Mg batteries. However, it exhibits similar
voltage to micro-alloyed Mg-Ca and Mg-Ge anodes in 3.5% NaCl electrolyte, due to large voltage drop
caused by a more protective film on the surface.

4) In electrolyte containing 0.1 M salicylate, Mg-0.1%Ca-0.1%Ge anode provides higher voltage
(1.70 V at 1 mA cm) in comparison to Mg-0.1%Ca anode (1.63 V) due to the absence of thick
Mg(OH): film.

5) Both Mg-0.1%Ge and Mg-0.1%Ca-0.1%Ge anodes show good discharge properties, which are
better than those of AZ31 and comparable to Mg-0.1%Ca anode. Therefore, they are also good
candidates for anode materials of primary batteries and, meanwhile, provide more options for the
development of high performance Mg batteries considering the necessity of optimizing anode geometry

and electrolyte composition.
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Results

5.6 Key outcomes

The aforementioned papers present main results of this study. Some high-performance anode materials
are proposed. The decisive factors affecting the utilization efficiency of Mg anodes are clarified. Key

outcomes of these papers are highlighted as following:

1) 0.1 wt.% Ca is the optimal composition for binary Mg-Ca alloy anodes due to inhibited cathodic
HER reaction and a low secondary phases fraction.

2) Semi-continuous Mg.Ca phase along grain boundaries results in lower corrosion rate and lower

anode efficiency loss caused by chunk effect in comparison to dispersed fine Mg.Ca particles.

3) Mg-air battery with binary Mg-Ca alloy anode owns the capability of supplying stable voltage during
long-term intermittent discharge process, 1.5 V at 2 mA cm2 for more than 60 h.

4) Concerning Mg anodes, the corrosion rate measured under OCP condition is not an indicator for the

self-discharge rate under various applied current densities.

5) Chunk effect may cause a large anode efficiency loss (up to 50%), especially for the materials with

high fractions of secondary phases and those suffering from non-uniform dissolution.
6) Indium micro-alloying effectively activates Mg-Ca anode via In re-deposition on anode surface.

7) Micro-alloying with 0.1 wt.% Ca and 0.2 wt.% In remarkably reduces the self-discharge rate of Mg
anode, leading to high anode efficiency and enhanced battery energy density (80% and 2259 Wh kg™

at 23.75 mA constant current).

8) Ca/Ge micro-alloying efficiently suppresses cathodic HER reaction of Mg, leading to a low corrosion
rate (0.2 mm y 1) and highly negative OCP (~1.91 Vagagci) in 3.5 wt.% NaCl solution.

9) Mg-0.1wt.%Ca-0.1wt.%Ge anode supplies increased voltage than Mg-0.1wt.%Ca anode in 0.1 M

salicylate-containing electrolyte, 1.7 V versus 1.63 V.
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6 Discussion (Anode alloying elements selection guide)

6.1 Highly negative discharge potential of Mg-Ca based anodes

6.1.1 Binary Mg-Ca alloy anodes

In principle, the voltage E of one cell under an operating current i can be expressed as follow [1, 2]:

E=Ey— et +nc)a = (e +nc)c — IR (6-1)
Where E equals to the electromotive force, namely the open circuit voltage (OCV) of the cell. (17.¢)q
and (n.), represent the activation overvoltage due to charge transfer polarization and diffusion (or
transportation) overvoltage caused by concentration polarization, respectively, related to the anode.
Meanwhile, (n.:). and (n.). are the overvoltage resulted from charge transfer and concentration
polarization, separately, with relevance to the cathode. iR is the ohmic drop caused by internal
resistance R of the cell, which is tightly affected by the electrolyte conductivity. Obviously, to obtain
high battery voltage, the activation and diffusion overvoltage need to be controlled as low and the OCV
is required approaching the theoretical value. Meanwhile, low cell internal resistance should be fulfilled
via battery design for example with appreciate separator and highly conductive electrolytes. Specifically,
from anode side, the activation and diffusion overvoltage are possible to be tailored via composition
optimization as well as the OCV. Generally, an Mg anode material with a highly negative OCP in half-
cell measurement is conducive to yield higher voltage for primary Mg batteries. Besides, low activation
and diffusion overvoltage are favorable, which drive the anticipation for anode materials with fast
dissolution kinetics and a non-protective surface oxide/hydroxide layer.

The development of high performance Mg-Ca alloy anodes follows the above-mentioned design
principle. Results of half-cell discharge measurements presented in subsection 5.1 (paper 1) and Fig. 6-
1 demonstrate that Mg-0.1Ca and Mg-0.5Ca alloys show more negative discharge potential than the
recast Mg at varied current densities. The reason should be the more negative OCP of these two Mg-Ca
alloys than the recast Mg both before and after discharge as indicated in Fig. 6-2(a, b). However,
interestingly, Mg-0.1Ca alloy has much more negative OCP than other studied materials but only
slightly more negative discharge potential. Specifically, the OCP difference between Mg-0.1Ca and
others is 80-160 mV, whilst the difference between discharge potential at various current densities is
just 4-40 mV. The results indicate that Mg-Ca alloys with higher Ca content suffers from smaller voltage
drop related to the anodic activation and film resistance than the micro-alloyed Mg-Ca. Given the time
needed for film recovery, EIS measurements performed immediately after discharge is possibly able to
evaluate the film resistance of Mg anodes. Fig. 6-3 shows the EIS results of air-cooled Mg-0.1Ca and
Mg-2Ca measured after discharge at 1 mA cm for 2 h. Mg-0.1Ca shows significantly larger impedance
in a wide frequency range than Mg-2Ca, indicating a more sluggish discharge activity and larger voltage

drop, which is consistent with the former conclusion obtained from the OCP and discharge results. The
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morphologies of surface films presented in Fig. 6-3 illustrate that the products film of Mg-2Ca is more

porous with cracks, while the surface film of Mg-0.1Ca is much denser. The difference between the

surface film morphologies partly contributes to the different discharge activity and voltage drop with

respect to varied Mg-Ca anodes. Besides, another reason should be the different microstructure related

to varying Ca contents. Anode dissolution is absolutely accelerated by a large amount of Mg.Ca phase,

which is more electrochemically active with respect to the Mg Matrix [64], in the heavy-alloyed Mg-

Ca anodes.

-1.60

=
2}
ol

P
a1
o

N
B
ol

-1.40

Potential, V vs. Ag/AgCl

=
N
o

S &
» G

& &
S O <
ST S

&
S

Yoy

Discharge potential at 10 mA cm™

4
g

Fig. 6-1 Summary of the half-cell discharge potential of all prepared Mg anodes in this study at 10 mA

cm2in 3.5 wt.% NaCl solution. Cast materials * via air-cooling, ** via water-cooling.

-1.45 -1.40
(a) —=—1 recast Mg 4 Mg-1Ca (b) —=—1 recast Mg 4 Mg-1Ca
.50 F —e—2Mg-0.1Ca —+— 5 Mg-2Ca .45 —s—2Mg-0.1Ca —+— 5 Mg-2Ca
—+—3 Mg-0.5Ca —<+— 6 Mg-4Ca 1.50 —4—3 Mg-0.5Ca —<«— 6 Mg-4Ca
g -1.55 | —
o O 155
< <
g -1.60 |- 6 35 -1.60
- i<
@ 165} 1| & 165
= !
o .70 F o [edebd),
8 S 1.75
(o] -1,
.75 ©
. 2 -1.80
80 .85
-1.85 L L L 1 L L -1.90 1 1 1 1 1 1
0 600 1200 1800 2400 3000 3600 0 10 20 30 40 50 60

time, s

time, s
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discharge at 1 mA cm2 for 2 h in 3.5 wt.% NaCl solution.
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Fig. 6-3 EIS results and surface morphologies of Mg-Ca cast with air-cooling after discharge in 3.5
wt.% NacCl solution at 1 mA cm2 for 2 h.

6.1.2 Micro-alloyed Mg-Ca-X (In, Ge) alloy anodes

In order to further boost the discharge properties of the binary micro-alloyed Mg-0.1Ca anode, two
alloying elements, i.e. In and Ge, have been evaluated in this work. Low alloying contents are adopted
in order to maintain a low secondary phase fraction to minimize possible utilization efficiency
decrement caused by anode mass loss due to chunk effect.

Minor addition of In is found to be able to improve the discharge potential of Mg-Ca anode in 3.5
wt.% NaCl solution (Fig. 6-1), being consistent with the first glance that Mg-0.1Ca-0.2In possesses
more negative OCP (—1.9 Vagagc1) than Mg-0.1Ca both prior to and after discharge (see Fig. 6-4(a, b)).
The improved discharge potential of Mg-Ca-In anodes is also attributed to re-deposition of metallic In
on anode surface, accelerating Mg dissolution through galvanic coupling between In and Mg as revealed
in subsection 5.4 (paper 4). Besides, In alloying contributes to the formation of a porous products layer
(Fig. 6-5(b, ¢)) that can readily breakdown, reducing the voltage drop associated with film resistance.
The high discharge activity with regard to micro-alloyed Mg-Ca-In anodes can be deduced from the
EIS results presented in Fig. 6-5a. Two Mg-Ca-In alloy anodes both show much lower impedance than
other materials.

Mg-0.1Ge alloy shows similar OCP after discharge and alike discharge activity to Mg-0.1Ca. Hence,
the two binary alloys exhibit slight difference between their discharge potential at varied current
densities. By contrast, Mg-0.1Ca-0.1Ge alloy exhibits more sluggish discharge activity than the binary
Mg-0.1Ca (as indicated by the larger impedance from EIS results in Fig. 6-5a), leading to the similar
discharge potential in spite of the more negative OCP. The relatively noble activity of Mg-0.1Ca-0.1Ge
is supposed to be partly related to higher film resistance indicated by the EIS results. This is also
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demonstrated by the discharge tests conducted in an additive-based electrolyte that includes 0.1 M
salicylate, which is a Mg?* complexing agent with the ability of preventing the formation of Mg(OH).
film [65]. Mg-0.1Ca-0.1Ge anode yields higher voltage to Mg-air battery in the additive-containing
electrolyte than Mg-0.1Ca and Mg-0.1Ge anodes in the case that no visible thick Mg(OH), film is
formed on the anode surface (as shown in Fig. 14 in subsection 5.5 (paper 5)). Clearly, the advantage

of Mg-Ca-Ge anode in OCP is showed up in the additive-containing electrolyte.
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Fig. 6-4 OCP (a) before and (b) after discharge in 3.5 wt.% NaCl solution at 1 mA cm= for 2 h

corresponding to recast pure Mg and micro-alloyed Mg alloys via casting with water-cooling.
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Fig. 6-5 (a) EIS results of water-cooled Mg anodes measured after discharge at 1 mA cm= for 2 h. The
scanned frequency ranges from 10 kHz to 0.1 Hz. (b, c) Surface morphologies of Mg-Ca anodes cast
via water-cooling after discharge in 3.5 wt.% NaCl solution at 5 mA cm for 15 h.

6.2 Distinction between corrosion rate at OCP and during discharge

In subsection 5.3 (paper 3), the hydrogen evolution rates of a HP Mg and some commercially Mg alloys
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were measured at OCP condition and during discharge at different current densities. The results are
reorganized and presented in Fig. 6-6, apparently revealing that the corrosion rates of all the studied
materials (by hydrogen evolution in 3.5 wt.% NaCl solution at OCP) vary as the following ranking:
E21<HP Mg<WE43<AZ31<AM50<ZE41. Interestingly, the situation is altered regarding the self-
corrosion rates measured with applied current densities. For instance, E21 shows higher HE rate than
HP Mg when discharge at 1 mA cm?, differing from its lower corrosion rate at OCP as mentioned
above. By contrast, the self-corrosion rate of WE43 is similar to that of HP Mg as determined at 1 mA
cm2in spite of its significantly higher corrosion rate at OCP. Similarly, AM50 alloy possesses secondly
highest corrosion rate measured at OCP and with applied 1 and 5 mA cm2 current densities. However,
it shows the slowest real-time HE rate when the applied current density reaches 10 mA cm, indicating
slower self-corrosion that other Mg materials. The same distinction between corrosion rate at OCP and
self-corrosion rate during discharge is also found upon the micro-alloyed Mg-Ca based anodes. As
indicated in subsection 5.5 (paper 5), all the prepared Mg-0.1Ca, Mg-0.1Ge and Mg-0.1Ca-0.1Ge alloy
exhibit diverse corrosion rates as measured at OCP condition in 3.5 wt.% NaCl solution. However, they
show similar real-time HE rates at both current densities of 1 and 10 mA cm=2 (shown in Fig. 6-7),
which reflects alike self-corrosion rates and, thus, contributes to the same utilization efficiency. The
results presented in subsection 5.4 (paper 4) reveal that both Mg-0.1Ca-0.2In and Mg-0.2Ca-0.4In have
faster corrosion rates than binary Mg-0.1Ca under OCP condition as determined by HE tests and EIS.
Nevertheless, the applied current densities induce great impact and lead to opposite results. Both micro-
alloyed Mg-Ca-In anodes show slower self-corrosion rates than the binary Mg-0.1Ca, especially under
relatively high current densities owning to smaller increasing rates with rising current densities (Fig. 6-
7). The lower real-time self-corrosion of Mg-Ca-In anodes contributes to their higher anodic utilization
efficiency and, consequently, enhances the specific energy density and service life of the battery system.
The k value in Fig. 6-5 represents how steep the self-corrosion increases with increment of applied
current densities. It is dependent on alloy purity, composition and microstructure. Mg anodes with low
k value are desired.

All the results remind us there is a significant distinction between the corrosion behavior at OCP
condition and self-corrosion (or self-discharge) during discharge process with varied current densities.
Therefore, it is not accurate to evaluate and judge the self-discharge rate of different Mg anodes with
the corrosion-concerned results obtained at OCP condition, as done unfortunately in most published
papers regarding Mg anodes development. The reason for the different corrosion behavior of Mg at
OCP and under polarization is still unclear, but it is surely related to the NDE. However, the mechanism
of NDE is still a controversial issue albeit it has been subjected of intense research in last decades and
some models were proposed in attempt to explain it [34, 36, 66-69]. No doubt, the material chemistry
and microstructure have significant influence on the corrosion properties of Mg and Mg alloys at OCP
condition and, definitely, as well as the self-corrosion performance under polarization. However, not

much information regarding the effect of different alloying elements and microstructure on self-
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corrosion can be gained from literatures, since the real-time self-corrosion properties have always been
omitted. Thus, much effort is highly required concerning searching for alloying elements that can inhibit
the real-time self-corrosion rates of Mg anodes as well as other approaches with respect to impurity

control and microstructure adjustment.
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Fig. 6-6 Hydrogen evolution rates of as-cast HP Mg and commercially Mg alloys at OCP condition and
during discharge at different current densities in 3.5 wt.% NaCl solution.
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Fig. 6-7 (a) Real-time hydrogen evolution rates at varied current densities and (b) self-discharge rates
converted from hydrogen evolution with respect to water-cooled pure Mg and micro-alloyed Mg anodes.
Commercially AZ31 and HP Mg are included for comparison. Linear fitting results are also presented

appearing as straight lines with slope k.
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6.3 Enhanced utilization efficiency of micro-alloyed Mg-Ca based anodes

Utilization efficiency during discharge process is one of the most vital properties of Mg anode materials
as it plays the critical role for the specific energy density, capacity and service life of Mg-based batteries.
Searching for Mg anodes with high utilization efficiency is always the emphasis of research work
concerning anode development of primary Mg batteries. The conclusions drawn from subsection 5.3
(paper 3) indicate that both self-corrosion of anode substrate and chunk effect have significant effect
on the utilization efficiency of Mg anodes. Obviously, a large fraction of secondary phases caused by
heavy alloying results in a large efficiency loss due to anode mass loss by detachment of undissolved
chunks, such as Mg-4 wt.% Ca and ZE41 alloys (shown in Fig. 6-8). At low current density, i.e. 1 mA
cm?, the efficiency loss caused by CE reaches up to 23% for HP Mg and 45% for WE43 alloy. Based
on this conclusion, micro-alloying is adopted as a new strategy for developing high performance Mg-
Ca based anodes. In and Ge with minor contents have been evaluated as additional alloying elements
for the binary Mg-0.1Ca anode. Mg-0.1Ca, Mg-0.1Ge and Mg-0.1Ca-0.1Ge all show uniform
dissolution during discharge, particularly at high current density, leading to approximately only 10%
efficiency loss by CE at 1 mA cm and negligible CE-associated loss at 10 mA cm=2. Consequently, as
shown in Fig. 6-9, Mg-0.1Ca anode exhibits utilization efficiency of 56% at 10 mA cm2, higher than
other Mg-Ca anodes with high Ca contents and commercial anodes like AZ31 (55.4%) and AM50
(43.2%). Similarly high utilization efficiency is found upon Mg-0.1Ge (58%) and Mg-0.1Ca-0.1Ge
(59%) alloy anodes. The high utilization efficiency of binary Mg-0.1Ca anodes is further improved by
micro-alloying with In. The anode efficiency of Mg-0.1Ca-0.2In determined in full cell tests with a
constant load of 47.5 mA is 78% comparing to 62% of the binary Mg-0.1Ca. The service life of the lab-
made Mg-air battery increases from 19.2 h to 24 h after replacing the Mg-0.1Ca anode material with
Mg-0.1Ca-0.2In. The great enhancement is attributed to the inhibited real-time self-discharge rate (as
shown in Fig. 6-7) and a limited efficiency loss by CE due to low secondary phase fraction and uniform
dissolution (as indicated in Fig. 6-8). Table 6-1 lists the utilization efficiency of micro-alloyed Mg-Ca-
based anodes and other proposed Mg anodes (Pb and Hg free) from literatures. The comparison of data
from different publications is rational because the experimental conditions are similar. Measured
utilization efficiency is only dependent on anode mass loss during discharge measurements. Note that
most alloy anodes from literatures included herein were treated after casting by heat treatment or
mechanical processing. Enhancement to some extent was possibly achieved comparing to the as-cast
materials. Nevertheless, obviously, the as-cast micro-alloyed Mg-Ca-based anodes in this study,
especially Mg-Ca-In, show higher utilization efficiency than most other alloy anodes, exhibiting a good

promise as candidates for anodes of aqueous Mg batteries.
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Fig. 6-8 Cross-sectional morphologies of Mg anodes after discharge in 3.5 wt.% NaCl solution. Mg-
4Ca after 10 mA cm for 8 h, reproduced with permission from Elsevier; commercially ZE41 alloy
after 10 mA cm for 1.5 h; Mg-0.1Ca after 5 mA cm2 for 15 h; Mg-0.1Ca-0.2In after 5 mA cm~2 for
15 h.
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Fig. 6-9 Summary of the utilization efficiency of prepared Mg anodes in this study at 10 mA cm2 in
3.5 wt.% NaCl solution in comparison to other commercially available Mg alloys. Cast materials * via

air-cooling, ** via water-cooling.
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Table 6-1 Utilization efficiency (UE) of micro-alloyed Mg-Ca-based anodes in comparison to other
proposed Pb/Hg-free Mg anodes from literatures (in 3.5 wt.% NaCl solution at current density of 10
mA cm2). *Measured at a constant current of 47.5 mA cm that corresponds to an initial current density

of 10 mA cm~2 for a sample with 4.75 cm? surface area. **Tested in 5 wt.% NaCl solution.

Mg anode Alloying load Condition UE Reference
Mg-Ca 0.1 wt.% as-cast 56% this work
Mg-Ca-Ge 0.2 wt.% 59%
Mg-Ca-In 0.3 wt.% 77.8%*
0.6 wt.% 68.3%*
Mg-Sn-Zn-Ag 4 wt.% extruded 51.8% [70]
6 wt.% 45.3%
10 wt.% 32.3%
Mg-Bi 1wt.% extruded 40.1% [71]
Mg-Bi-Ca 1.5 wt.% 52.1%
Mg-Zn-Zr 6.7 wt.% as-cast 41% [72]
Mg-Zn-Y 7.1 wt.% 50%
11 wt.% 44%
Mg-Al-Zn 7 wt.% as-cast 56% [11]
rolled 59.3%
Mg-Al-Zn-La 7.5 wt.% as-cast 58.8%
rolled 61.9%
Mg-Zn-RE 2 wt.% plate 38.2% [73]
5.1 wt.% 47.5%
Mg-Al-Zn 10 wt.% extruded 50% [12]
Mg-Al-Zn-Ca 11.5 wt.% 52%
Mg-Al-Zn-Sm 10.5 wt.% 51%
Mg-Al-Zn-La 10.5 wt.% 49%
Mg-Al-Zn-(Ca, Sm, La) 12.3wt.% 51%
Mg-Al-Sn 7 wt.% as-cast 32.2% [7]
Homogenized 33.2%
Extruded 45.2%
post-annealed 48.3%
Mg-Al 9 wt.% as-cast then 53.6% [26]
Mg-Al-Zn 10 wt.% annealed 52.6%
Mg-Al-In 10 wt.% 54.8%
Mg-Al-Zn 8.4 wt.% as-cast 67.4% [16]
Mg-Al-Zn-In 8.6 wt.% as-cast 67.1%
homogenized 70.8%
Mg-Al 3 wt.% as-cast then 46.8% [27]
Mg-Al-Sn 4 wt.% annealed 60.4%
Mg-Al-Ga 4 wt.% 61.6%
Mg-Al-In 4 wt.% 61.9%
Mg-Al-Zn 4 wWt.% 61%
Mg-Li-Al-Ce-Y 13 wt.% as-cast 36.1% [8]
Mg-Li-Al-Ce-Y-Zn 14 wt.% 60.6%
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Mg-Al-Mn 6.1 wt.% rolled 49.8% [23]
Mg-Al-Mn-Ca 7.8 wt.% 60.4%
Mg-Li-Al-Ce 15.1 wt.% - 66.8% [74]
Mg-Al-Zn 4 wWt.% 44%
Mg-Al-Zn 4.6 wt.% extruded 44.2% [75]
Mg-Al-Zn-Ca 6.2 wt.% 52.5%
Mg-Al-Zn-Sm 5.4 wt.% 49.8%
Mg-Al-Zn-La 4.8 wt.% 49.3%
Mg-Al-Zn-(Ca, Sm, La) 7.2 wt.% 52%
Mg-Al 9 wt.% extruded 35.2% [76]
Mg-Al-In 9.5 wt.% 49.2%
10 wt.% 40.1%
Mg-Al-Zn 4 wt.% as-cast 32% [77]
7 wt.% 41%
10 wt.% 36%
Mg-Al-Zn** 9.5 wt.% rolled and then [41]
solution treated  54.6%
10-h aging 56.4%
16-h aging 55.2%
19-h aging 52.9%
24-h aging 55.7%
Mg-Li-Al-Zn-Y 12.3 wt.% rolled 55% [9]
15.2 wt.% 58%
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7 Conclusions and outlook

The launch of this work is due to the unsatisfactory practical performance of commercially used Mg
anodes for primary aqueous Mg batteries. Ca alloying has been evaluated as a potential method to
develop high-performance anode materials. The composition of Mg-Ca is optimized in terms of high
corrosion resistance and enhanced discharge properties. Afterwards, the effect of microstructure,
particularly secondary phase morphology, on the corrosion and discharge performance of optimized
binary Mg-Ca anode is investigated. Meanwhile, the decisive factors for utilization efficiency of Mg
anode materials during discharge process are clarified. Thereafter, indium and germanium with minor
contents are assessed as additional alloying elements for improving the concerned properties of binary
Mg-Ca system. Accordingly, some high-performance anode materials are proposed and the following

conclusions are drawn:

1) The addition of minor amount of Ca into Mg reduces the grain size and suppresses the kinetics of
cathodic reaction, leading to enhanced corrosion resistance and highly negative OCP (—1.83 Vagiagci).
Thus, Mg-0.1%Ca (weight percent hereafter) exhibits improved discharge potential and higher
utilization efficiency than pure Mg recast with the same procedure. The efficiency is 56% regarding

Mg-0.1%Ca at 10 mA cm2, comparing to 50% of pure Mg.

2) Full cell tests indicate that the battery with Mg-0.1%Ca anode shows higher cell voltage and specific
energy density than those based on as-cast HP Mg, AZ31 and AM50 alloy anodes. For instance, the
peak energy density is 1800 Wh kg regarding Mg-0.1Ca anode in comparison to 1400 Wh kg* of
AZ31 anode. Therefore, micro-alloyed binary Mg-Ca is a good candidate for the anode material of

primary aqueous Mg-based batteries.

3) Binary Mg-Ca anode owns the capability of providing stable voltage for Mg-air battery amid long-

term intermittent operation.

4) Secondary phase morphology has significant influence on the corrosion and discharge performance
of binary Mg-0.5% Ca anodes. Large amount of disperse Mg.Ca phase and impurity rich particles in
air-cooled Mg-0.5% Ca alloy result in non-uniform corrosion and discharge behavior, leading to a
higher efficiency loss caused by detachment of undissolved chunks in comparison to the water-cooled

one with relatively continuous Mg.Ca phase along grain boundaries.

5) The addition of minor amount of In is able to simultaneously improve the discharge potential and
utilization efficiency of micro-alloyed Mg-Ca anode. The boosted discharge potential is attributed to
accelerated anodic activation and film breakage caused by In re-deposition on anode surface. The real-

time self-discharge rate of Mg-0.1%Ca anode is reduced by 0.2%In addition and, thus, leads to higher
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anodic utilization efficiency (80% at 5 mA cm2 initial current density) and elevated energy density of
Mg battery (e.g. 2259 Wh kg?).

6) The addition of minor Ge suppresses the cathodic kinetics of micro-alloyed Mg-Ca. Mg-0.1%Ca-
0.1%Ge shows much more negative OCP (—1.91 Vagagci) and slightly lower corrosion rate that binary
Mg-0.1%Ca. Mg-0.1%Ge and Mg-0.1%Ca-0.1%Ge both exhibit low self-discharge rates and, thus,
high utilization efficiency (around 60% at 10 mA cm™2).

7) The Mg-air battery with Mg-0.1%Ca-0.1%Ge anode yields similar cell voltage to that based on Mg-
0.1%Ca (1.55 V at 1 mA cm2), which is remarkably higher than AZ31-based system (1.45 V). However,
in electrolyte containing additive (0.1 M salicylate), Mg-0.1%Ca-0.1%Ge anode provides higher
voltage (1.70 V at 1 mA cm) in comparison to Mg-0.1%Ca anode (1.63 V).

8) There is a significant distinction between corrosion performance at OCP and under polarization.
Corrosion rate determined at OCP cannot be utilized to estimate the utilization efficiency of Mg anodes
during discharge. The real-time self-corrosion depends on the applied discharge current density. The
alloy composition and microstructure pre-determines how steeply the rate of self-corrosion increases

with increase of applied discharge current density

9) The detachment of undissolved secondary phases and matrix, namely “chunk effect”, can also cause
a large efficiency loss to Mg anodes, up to 50% as shown in this work. In some cases, anodic efficiency
loss due to “chunk effect” exceeds that caused by self-corrosion of anode substrate, especially at low

current density, being the decisive factor for the efficiency of Mg anodes.

The results obtained in this work indicate that In and Ge are suitable alloying elements for Mg-Ca
anodes regarding boosting discharge performance. The proposal of micro-alloyed Mg-Ca-Ge anode
provides a possibility to develop primary Mg batteries with more desirable properties in cooperation
with additive-containing electrolytes. The additive category needs to be tailored in terms of overall
battery performance, including discharge voltage, utilization efficiency and specific energy density.
Additionally, the composition of Mg-Ca-In and Mg-Ca-Ge anodes have not yet been optimized. The
effect of element contents and varied microstructure induced by different alloying loads on discharge
properties need to be investigated. Meanwhile, it must be noted that the composition optimization
should base on the principle of micro-alloying to avoid large fraction of secondary phases, which will
cause a significant efficiency loss as clarified in this work. Searching for other effective alloying
elements is also desirable, such as some elements that can act as inhibitor of cathodic kinetics, like Sn,
Bi and Sb as reported [30, 78]. Mechanical and heat treatment are capable of modifying the
microstructure of Mg and sequentially affecting the corrosion and discharge properties [6, 13, 16, 41,
79-81]. However, the treatment parameters should be cautiously selected regarding micro-alloyed Mg.
It has been reported that heat treatment at relatively high temperature deteriorated the corrosion property
of pure Mg [82] and some Mg alloys, like Mg-0.3wt.%Ca and Mg-0.3wt.%Si [55]. The effect of pre-
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heat treatment prior to mechanical treatment on the anode properties achieved after post processes needs
to be revealed. Considering the necessity of geometry adjustment and performance boost for anode
materials by mechanical processing, the information given in the present work is helpful as it indicates
several optional Mg alloy anodes with superior performance. Generally, much effort is still required for
developing high performance and satisfactory Mg anodes that can be utilized in practical Mg batteries.
Notably, the recommended Mg-Ca-based anodes in this study yield discharge potential close to or even
higher than the theoretical limit of Mg anode in aqueous electrolytes as proposed by Chen and co-
workers (—1.4 V vs SHE) [83]. To further go beyond this limit, electrolyte modification is feasible, such
as using ionic liquid electrolytes or adoption of electrolyte additives (big successes were achieved by
our group via using Mg complexing agents [65, 84, 85]).
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1. Glossary
AFM
AGI
BSE
CE
CFF
CMA
CNF
CPEa
CPE:
CP Mg
EC
EDS
EIS

F

GDL
HE
HER
HP Mg
|

IMP
LMPE
lseir

M

m;
MWCNT
NDE

NUWC
OCP
ocv
oM
OPS
ORR
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atomic force microscope

average grain intercept
backscattered-electron

chunk effect

carbon fiber felts

carbon microfiber array

carbon nanofibers

electric double layer capacitance
film capacitance

commercial purity magnesium
equivalent circuit
energy-dispersive X-ray spectroscopy
electrochemical impedance spectra
Faraday constant

gas diffusion layer

hydrogen evolution

hydrogen evolution reaction

high purity magnesium

constant current

intermetallic particle

low melting point element
self-discharge of Mg anodes

molar mass of Mg metal

atomic weight of each element
multi- walled carbon nanotube
negative difference effect
number of exchanged electrons of each element
Naval Undersea Warfare Center
open circuit potential

open circuit voltage

optical microscopy

oxide polishing suspension

oxygen reduction reaction
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PANI
PDP
Py
PPcFe
PTFE
Pw

Ret

Rs

Rs

Rsum
SCE
SE
SEM
SHE
SKPFM
SiC

Se

Ss

S12

uuv

UXRF

polyaniline

Potentiodynamic polarization

corrosion rate related to hydrogen evolution
planar iron—polyphthalocyanine
polytetrafluoroethylene

corrosion rate related to mass loss
charge transfer resistance

film resistance

solution resistance

sum of film resistance and charge transfer resistance
saturated calomel electrode
secondary electron

scanning electron microscope

standard hydrogen electrode
scanning Kelvin probe force microscope
silicon carbide

cyclohexasulphur

cyclooctasulphur
cyclododecasulphur

time

unmanned undersea vehicles

volume of produced H; gas

real-time hydrogen evolution rate

mass loss of Mg

theoretical mass loss

mass fraction of each element

X-ray photoelectron spectroscopy
X-ray diffraction

number of electrons transferred per ion
practical mass loss

X-ray micro fluorescence
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