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Chapter 1 Introduction
1.1 Current status of battery materials
1.1.1 Composition of the battery
The battery, which is the chemical energy using electrochemical oxidation-reduction
reaction (redox reaction) with the battery active material a device that converts
directly to the battery energy[1-3]. In the non electrochemical redox reaction, such as
corrosion and combustion, electron transfer occurs directly substance conversion
without passing through an electric circuit, exothermic only. While the battery is often
used as a term representing a battery, its basic cell scientific unit is cell (cell, unit
cells). Cell is composed of one or more unit cells, the unit cells according to the
output and capacity required are connected in series or parallel. The battery is made
up of three key components to shown schematically pictorial in Fig1.1[4-7].
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Fig. 1.1 The structure of battery
a. anode: With a reducing electrode or the fuel electrode, placed accept electrons
from the external circuit by an electrochemical reaction itself is reduced.
b. cathode: Oxidation electrode, I receive an electron, and, with an oxidation
electrode, itself is resolved by an electrochemical reaction by an outside circuit
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c. electrolytes: In an ion conductor, it becomes a cathode and the migration of ions
medium between anodes. Electrolytes usually dissolved acid, alkali or salt in
water and other solvents with a liquid and kept ion conductivity. There is the
battery using the solid electrolyte, too, and in this case a solid electrolyte operates
in the temperature indicating ion tradition characteristics.

1.1.2 The study of the material of the battery
The combination that light weight, high electromotive force, high capacity are
provided is desirable for the materials of the anode and cathode . However,
reactivity, the Polari ability with other battery components, the combination that
attaches it, and is ideal for reasons of the difficulty, the high cost of the worth by
all means may not be practically[7-10]. Hydrogen is a very attractive as the
negative electrode material or substance, those for accommodating a gas for state
is required, it must be cause an efficient electrochemical reaction in the container.
In fact H2 have been mainly captured

by

the negative electrode metal

material[11-13]. Further zinc with a substance other than a hydrogen have been
widely used for a long time because of their useful properties. Lithium is the
lightest metal, the development of a suitable electrolyte selection and cell structure
in order to control its reactivity, in recent years has become very eye-catching as
an attractive anode material. Combined with light weight to have a high
performance and low cost, the magnesium alloy is expected as the negative
electrode material of all the batteries. Cathode material, stability when in contact
simultaneously with the electrolyte and the high oxidant capability, such as a valid
operating voltage is required. Oxygen metal oxide taken from the air to direct the
cell has been utilized as a positive electrode material, and high voltage, excellent
positive electrode material show a high capacity are used in the further improved
battery system[14-17]. As the electrode material is stable with little reaction, is
that the electrolytic pledge property is almost no temperature dependence. Many
electrolyte is an aqueous solution, using a molten salt or a non-aqueous electrolyte
as the high temperature battery or electrolyte of a lithium battery as exceptions
and prevents the reaction between the negative electrode and the electrolyte.
Negative and positive electrodes to prevent internal short circuit of the battery is
2

electrically isolated, between them are satisfied electrolyte. In fact of the battery
mechanically isolates the negative electrode and a positive electrode with a
separator, the separator is maintained ionic conductivity for the electrolyte to
penetrate. Sometimes, there is a case where the electrolyte is immobilized so as
difficult to flow out. Further to reduce the internal resistance of the battery, a
method with a conductive grid electrode, or adding a conductive agent into has
been used[18-22].

1.2 Introduction of Primary batteries and secondary
batteries
1.2.1 Classification of the electrochemical cell
Electrochemical cell is divided into a primary battery by whether it is possible to
electrochemically charge (non-rechargeable) and secondary batteries (rechargeable).
Primary battery is impossible electrical recharging, is intended to be discarded once
the discharge is completed. Many primary battery moistened with electrolyte liquid
absorber and a separator (liquid electrolyte is solid), called dry batteries[23]. Primary
batteries are relatively inexpensive and lightweight compact power supply, portable
electronic devices and appliances, lighting, cameras are used in a wide range of
applications such as toys. Generally primary battery, any no need for maintenance in
normal use, there is an advantage that excellent storage stability and having a high
energy density[24]. In particular, in a storage battery (reserve battery), it is important
to keep it in a stable state not activated. In this stable state, it is possible to
substantially prevent chemical degradation and self-discharge, which enables longterm storage. At this time, the electrolytic solution is kept isolated[25-29]. Also, in a
high temperature battery, it is inactive until the solid electrolyte melts and shows
conductivity by heating. Applications are used in weapons systems such as missiles
and torpedoes, which require large amounts of energy in a short time. The secondary
battery can be electrically recharged and can be restored to the state before the
discharge by flowing a current in the opposite direction to the discharge after the
discharge. This is a device that saves electric energy and is called the storage battery.
Secondary batteries are mainly used for the following two purposes. It is used as an
3

energy storage medium, is connected to an energy source such as a motor and
charged, and discharges as necessary. It is also used for starting power supplies for
automobiles and airplanes, emergency batteries, and solid energy storage systems for
load leveling. In particular, batteries which are called mechanically rechargeable
batteries, in many cases, after discharging, replace the metal of the negative electrode
with a new one and recharge it. A metal / air battery is a typical example. Battery as
an energy conversion device is classified and it becomes like Fig. 1.2[30,31].
One-shot battery
Chemical

Secondary battery

battery
Battery

Fuel battery
Solar battery
Physical
Thermoelectric conversion battery

battery

Atomic force battery

Biological battery

Enzyme battery
Microbial world
Biological solar cell

Fig. 1.2 Batteries are categorized from the perspective of energy conversion.

1.2.2 Introduction of the Primary battery
Primary batteries are simple power sources independent of public electric power for
portable

electronic

or

electrical

equipment,

lighting,

cameras,

computers,

communication equipment, watches, calculators, memory backup and other various
equipment.[32] The maximum advantage of the primary battery is its convenience, it
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is easy to use from the viewpoint of structure, but it is not necessary for maintenance.
The size and shape can be changed according to the purpose. Other advantages
include shelf life, moderate energy density and power density, reliability and
affordable will be cost[33,34]. Primary batteries existed 100 years ago, but until 1940
only manganese dry batteries had been used . Battery research developed greatly
during World War II and after the war, not only the manganese stem battery system
but also an excellent new battery was developed. The capacity has been improved
from 50 Wh / Kg or less of the initial manganese stem battery system to 500 Wh / Kg
of the current lithium battery. During the Second World War, even if shelf life was
preserved under proper temperature, it was one year, but with convenient batteries
currently in use has a lifetime of 2 to 5 years, the latest lithium battery Have storage
life of more than 10 years even if they are stored at 70 ° C. Operability at low
temperature has also been improved from 0 ° C. to -40 °C and -55 ° C., and the
power density has also been improved several times. In the case of a low current
battery using a solid electrolyte, the shelf life is more than 20 years[35,36].
With the improvement of such characteristics, many new machines for use of
primary batteries have been developed. As a result of the improvement of energy
density, the size and weight of the battery were greatly reduced. This reduction
contributed to the advancement of electronic technology, and many new desk radio,
communication equipment, practical output equipment were made. Improvement of
the power density of the primary battery brought about the size and weight of the
battery. This reduction contributed to the advancement of electronic technology, and
many new desk radio, communication equipment and practical electronic equipment
were made. Improvement of the output density of primary batteries not only makes it
possible to desktop computers, mobile phones, transceivers, and devices that have
required high power of secondary batteries and external power sources, but also has
troublesome charging and maintenance Resolved[37]. At present, with respect to
primary batteries, the shelf life is further prolonged, while lifespan and reliability are
improved at the time of battery operation, on the other hand, it is also used for devices
for a long time, such as medical packaging and memory .
Worldwide, the market of primary batteries currently exceeds 10 billion dollars a
year, and its growth rate is over 10% a year. Among these primary batteries, the
5

majority of the primary battery is a general cylindrical or flat plate battery with a
capacity of 20 Ah or less. There are few large batteries to reach thousands of Ah, but
it is used in special cases such as signaling equipment and military functions that
require independent lower power from external power supply.
There are many combinations of a positive electrode and a negative electrode used
as a primary battery, but there are considerably few combinations that can be put into
practical use. Zinc is the most common negative electrode material due to its
electrochemical behavior, high electrochemical equivalent, adversity with electrolyte,
long shelf life, low cost and easy to use[38]. Aluminum also exhibits high
electrochemical potential and electrochemical equivalence, but since electrostatic
behavior is limited due to the formation of passive state, it has not been put into
practical use as a primary battery system. At present, a mechanical charging method
for exchanging exhausted negative is electrode material, a negative electrode
aluminum / air battery and a storage battery system[39-41]. Magnesium is also used
as a primary battery due to its characteristic electrochemical properties and low cost.
These batteries are used especially for military use because of their high energy
density, long shelf life and are commercially restricted. Magnesium is also commonly
used as the negative electrode of storage batteries. Lithium has become the subject of
interest for the last decade since lithium has the highest energy density in metals and a
very large negative standard electrode potential. A battery system using lithium as a
negative electrode , a non-aqueous electrolytic solution and a positive electrode
material in which lithium can greatly influence the improvement of the behavior
characteristics of the primary battery[42-44]. Among them, magnesium shows
excellent electrical characteristics, but because of its low storage ability in a part of
discharge cells, almost no expectation has been made regarding commercialization,
but the magnesium stem cell can be used under non- Due to its long shelf life at high
temperature and high energy density, it is widely used as an improved military
communication power supply[45]. It is known as one of the general negative
electrode materials of magnesium preservation batteries. Also, air / metal batteries are
known for their high energy density, but their use is restricted to large low output
batteries such as signals and navigation systems. With the improvement of air
batteries, rapid discharge of this system is possible, now small button type batteries
6

are widely used for hearing aids and other electronics equipments[46-48]. These
batteries have a very high energy density even without mounting a positive electrode
active material. However, there are limits to the expansion of the applications of this
battery and the development of large batteries due to their operating characteristics
(sensitive to temperature and humidity, short storage life, low power density).
Nonetheless, due to the high energy density of this battery, metal / air batteries are
considered to be used in a number of applications (desk electrical equipment, electric
cars, storage batteries, mechanically charged type).

1.2.3 Introduction of the Secondly battery
Secondary batteries, that is, chargeable / dischargeable batteries, are widely used in
many applications. The most familiar uses are used for car startup, lighting, ignition
and so on. Others are for industrial use such as forklist, backup for emergency or
power failure, etc. Demand for small secondary batteries, which is a power source for
tools such as tools, toys, lights, cameras, radios or personal computers, video, mobile
phones and other portable devices, is remarkable. Recently, secondary batteries are
attracting attention in electric vehicles or applications for leveling power. Also, as
appropriate for these applications, plans are underway to improve current battery
characteristics and develop new batteries. Applications of secondary batteries can be
roughly divided into the following two points.
1. Application for power storage. Used to meet the purpose of supplying the energy
as required when the secondary battery is supplied with power from the primary
energy source and the primary energy source becomes unusable. Examples
include automobiles, airplanes, backups during emergency power outages, storage
batteries for power leveling.
2. Application for repeated use that repeats charging and discharging. Used in the
same way as the primary battery and intended for recharging after discharge. This
secondary battery is used for purposes such as convenience, cost saving or
exceeding the capacity of primary batteries. Examples include electrical
appliances for consumer use, electric cars and furclofts.
7

A feature of the secondary battery of a normal aqueous solution is that it can be
charged with a high current density, the discharge curve is flat and shows excellent
characteristics even at low temperatures. However, the energy density of the
secondary battery is lower than that of the primary battery, and self- discharge is large.
On the contrary, since the non-aqueous electrolytic solution having a lower electric
conductivity than that of the aqueous solution is used as the output density, so
excellent characteristics can not be expected[49].
Secondary batteries have a history of over 100 years. Lead storage batteries were
invented by Plante in 1859. This battery has been used as a battery for automobiles for
many years to improve the characteristics and change the design, and is the most
widely used battery all over the world. A nickel-iron battery was invented by Edison
as a power source of an early electric vehicle in 1908. However, it is currently used
only for industrial transport vehicles, underground construction work vehicles and
trains. The reason is that although the cycle characteristics are good and the life is
long, the cost is high, maintenance is necessary, and the energy density is low.
Utilization is decreasing further[50]. Pocket-type nickel-cadmium batteries were put
to practical use in 1909 and were mainly used for industrial applications. When a
sintered nickel-cadmium battery capable of high rate discharge and high energy
density is put to practical use, it has been used for starting aircraft engines and
communication equipment since the 1950's. In addition, due to practical application
of hermetically sealed nickel-cadmium battery, it has become a world to be used for
portable equipment, and now it has reached about 20% of the sales of secondary
batteries. Similarly to primary batteries, secondary batteries have also improved
remarkable characteristics, and many new secondary batteries such as silver / zinc,
nickel / zinc, hydrogen, lithium, halogen batteries that are used for power supply of
portable devices and battery cars has been developed for use. The size of the current
secondary battery market exceeds 10 billion dollars. Currently the largest sales are
lead-acid batteries, of which automotive batteries account for the majority of the
market. However, this share has gradually declined as other uses expand. In the future,
the share of alkaline storage batteries will rise to about 25 - 30%, the fastest growing
market is the field of small batteries used for mobile devices[51]. If the electric
vehicle is successful, the market for secondary batteries will expand dramatically, but
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we will predict what sort of time, or what size of the market will be used and what
kind of batteries are currently used .

1.3 Expectation to a magnesium alloy battery
1.3.1 Comparison of characteristics of Mg and Li
In the periodic table, magnesium and Lithium has a diagonal location, so both have a
lot of similar chemistry. Magnesium-ion technology is promising for several reasons.
First, due to the natural abundance of magnesium in the earth’s crust, approximate
10000 times that of lithium, its incorporation into electrode materials is
inexpensive(Table 1). Secondly, magnesium is more atmosphere stable and has a
higher melting point than lithium, making it safer relative to lithium[52]. The divalent
nature of magnesium ions also presents a potential advantage in terms of volumetric
capacity(3833mAh/cm3 for Mg vs. 2046mAh/cm3 for Li).
Despite these positive attributes, the development of magnesium-ion technology has
not kept pace with that of lithium ion technology. One critical issue impeding
progress has been development of a suitable electrolyte which will enable reversible
release of Mg2+ ions from a magnesium metal anode. Unlike Li+ ion conducting
surface films formed by polar electrolyte solutions on Li metal electrode, surface
films on magnesium metal often block the transport of Mg2+ ions[53]. Notably, an
advancement in this area was reported in 2000 with the development of electrolyte
based on magnesium organo-haloaluminate complexes dissolved in tetrahydrofuran or
glyme based solvents[54]. These electrolytes allow for electrochemical depositiondissolution of magnesium and have a stable electrochemical window of 2.5V,thereby
allowing for the testing of practical cathode materials[55]. The comparison of
characteristics of Mg and Li as shown in Table 1.

Table 1 Comparison of characteristics of Mg and Li
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Characteristics

Mg

Li

Pauling Ionic Radius

65

60

Voltage vs. S.H.E.

-2.37

-3.04

Elemental abundance

2330

20

(ppm in earth crust)
Volumetric

3833

2046

2205

3862

Capacity(mAh/cm3)
Gravimetric capacity

1.3.2 Magnesium alloy air cell (primary)
The battery which an anode does not consume when I put magnesium and the air pole
where a battery giving negative electric potential is an active excellent material
scientifically together electrochemically, and it is provided that a battery having the
energy density with very big mass or volume in a certain case. As for the magnesium
air cell that it was thought that we had such a characteristic, an extremely big energy
density was expected, and a great effort has been made by this development. It is
primary that in the magnesium air cell, the models such as preservation characteristics,
mechanical charge characteristics are devised, and development is pushed forward.
The generation of the field film can prevent the water from the reaction of magnesium
on a magnesium electrode. It is necessary to create the new naked magnesium
surfaces to push forward a reaction. However, the pure magnesium cathode does not
show the good electrode performance. Therefore reactive high new magnesium alloy
development is performed to get a cathode meeting demand properties.
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Fig. 1.3 Schematic diagram of Mg air battery
The magnesium air cell has not been yet commercialized in earnest, and the
development of the electrode that the magnesium surface has activity as quality of
flower arrangement is pushed forward with the dissolved O2 in seawater recently, as
shown in Fig. 1.3.This battery used a magnesium alloy cathode and a film anode,
which has been activated by seawater. The best point of this system is that it can get
all reactant except the magnesium electrode than seawater, and it achieves an energy
density of about 7000WH/Kg. Now it has the results of the application of many
batteries, such as the Furukawa battery club has developed a magnesium battery
charging panel. The can be used to charge the smart phone device by the USB
interface. The electrolyte of the battery was seawater, which were environmental
protection and energy conservation. In addition magnesium batteries can also be used
in magnesium battery lights. At Kuramoto Works "Fantastic Light" uses magnesium
batteries. Illuminate with a small amount of water for over a week. It is an exhausted
light thrown away by incombustible garbage. Fuji Sasi Group's Fuji Light Metal Co.,
Ltd. began joint research on fuel (air) batteries using flame-retardant magnesium alloy.
In this collaborative research, we developed an innovative electrode material by
casting a flame-retardant magnesium alloy excellent in ignition suppression
characteristics on the electrode, and aim for mass production of the same battery.
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1.3.3 The introduction of the second battery of Mg battery
Magnesium is expected to provide one of the next generation negative battery active
materials due to its high electrochemical energy capacity and no dendrite formation of
electro-deposited of magnesium on changing, different with lithium ion batteries
which employ carbon materials for the intercalation with lithium. Some combinations
with positive active materials have been proposed for magnesium secondary batteries.

Fig. 1.4 Illustration of rechargeable magnesium battery

Fig. 1.5 Illustration of rechargeable Li ion battery
Magnesium secondary batteries and Lithium-ion battery works similarly (Figure 1.4),
is through the magnesium ions in the positive negative transfer between the battery
charge and discharge.While the Illustration of rechargeable Li ion battery is as shown
in Fig. 1.5.
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When the battery is charged, under the action of external voltage, magnesium ions
remove from the cathode material, through the dissolution of the electrolyte,
adsorption, transfer and other processes reach the anode, and the negative material
deposition; discharge, the magnesium ions are removed from the negative, through
the electrolyte back to the positive electrode. Magnesium from sub-respectively in the
battery cathode and anode reduction, oxidation reaction, the battery system can be
generated in the direction of movement Magnesium ions. Electrolyte solution as a
bridge of magnesium ion migration, provide the necessary internal migration of
magnesium ions. Due to the large charge density of magnesium, solvation serious,
magnesium secondary battery research by the following aspects of the system
Lake of Magnesium: (1) Magnesium has a high chemical activity and tends to form a
surface passivation film in most solvents. Magnesium ions are difficult to form
through this dense surface film, the reversible deposition and dissolution of
magnesium in the electrolyte become very difficult; (2) Magnesium ion charge
density, serious solvation, it is difficult to embed in the general matrix, the choice of
cathode material Subject to certain restrictions; (3) lack of mediators that mediate Mg2
+

.
However, controlling passive states is an important subject to accelerate the

development of magnesium batteries especially in organic media. Addition of
chloride ions into organic electrolytes was proposed for magnesium and aluminiummagnesium alloy secondary batteries. Chloride ions promotes the anodic electrode
reaction for Magnesium alloys, as in the same case of sea water batteries. Corrosive
chloride ions seem to be effective to accelerate the anodic reaction of magnesium
electrodes, however, deliberate and precise potential control is needed not to evolve
chlorine gas from positive electrode on charging. And high output voltages, such as
3V, are different to be obtained due to prevention of chlorine evolution. Intercalation
of magnesium is considered to be another important condition for the secondly
batteries in the same mechanism as lithium and aluminium. In electrolyte solutions
based on Magnesium organohaloaluminate salts, the behavior of essential point
magnesium ions was explained which could be intercalated reversibly and with
relatively fact kinetics.
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The study team of the Yamaguchi University graduate school science and
technology studies graduate course developed a magnesium battery with electric
capacity of approximately of the used lithium ion battery now theoretically. It is
expected that contribution to the mileage is expansion of the electric car. As for the
rechargeable battery, anode materials (positive pole) and cathode materials (negative
pole) which play a role as the fuel producing energy are comprised of three elements
of a medium of the energy between the electrode and the electrolyte . To the
rechargeable batteries such as the cell-phones which are generally used, an organic
electrolyte use the lithium ion is used for artificial black lead (charcoal), electrolyte to
a cobalt-based compound, cathode materials to anode materials mainly now. However,
because cobalt and lithium were metals, production cost rose, and the problem for the
further spread remained, too.
Because Mg2+ reacts with a cathode, the magnesium sulfur rechargeable battery is
charged and is discharged electricity by reacting with an anode. Because the energy
density can produce much energy with less quantity at approximately of the
conventional lithium ion rechargeable battery, it is compact, and the manufacture of
the lightweighted rechargeable battery is enabled. Furthermore, it is expected that
development, the spread of large size batteries to use advances to EV or the solar
panel because resources-like problem can be settled cost. Sulfur is a by-product
occurring at the time of oil refining, and there is the merit to be able to the effectively
utilize resources.

1.3.4 Effection of Vanadium Oxide inserted in Anode
Intercalation of Mg2+ into V2O5 is a slow process, possibly due to chemical
modification of the V2O5 crystal surface[56]. Further ,V2O5 electric conductivity is
low. To optimize the diffusional pathways of Mg2+during the charging

and

discharging of V2O5, reports have appeared involving the control of crystallite size
and the use of conductive additives. Decreasing crystallite size [57-60] and the use of
conductive additives. Decreasing crystallite size decreases the diffusion path length
within the V2O5 crystals, improving capacity at higher current rates. This strategy has
been utilized in work which investigates nanocrystalline V2O5 and V2O5
nanotubes[61.62], although more work needs to be completed to compare the
14

electrochemistry of the nanocrystalline materials with microcrystalline V2O5 in order
to accurately assess

the effectiveness of this approach. The use of conductive

materials has also been tested as a means of improving Mg2+ diffusion. When the
electrochemical performance of a composite carbon –V2O5 xerogel was compared to
that of an electrode prepared via a conventional mixture of V2O5, the composite
exhibited a higher capacity.

1.3.5 Introduction of Magnesium stem cell
The magnesium stem cell uses a magnesium alloy for the negative electrode and the
positive electrode uses manganese dioxide with acetylene black added to give
conductivity. To increase the corrosion resistance, chromium salts of barium and
lithium are added to the electrolytic solution, and an aqueous solution of magnesium
perchlorate is added with magnesium hydroxide (pH 8.5) as a buffer to further
improve the storage performance . This battery system has two features compared
with manganese / zinc battery. That is, the capacity is doubled, and self-discharge is
small even at high temperature. The reason why the storage performance is excellent
due to the passive film formed on the surface of the magnesium negative electrode.
Magnesium stem cell is the main application military field transceiver. BA-4386
type battery pack uses 1 LM battery developed for AN / PRC-25 type and AN / PRC77 type transceiver. Magnesium 1 LM batteries are found to be unsuitable for other
military uses. In this application, it was difficult to discharge with a large current, and
it was difficult to maintain the shape due to the expansion of the battery due to the
discharge, so that an efficient battery was obtained. Characteristics of a military BA4590 battery pack using a new battery 1601 M is compared with the case of using a 1
LM battery. Especially good characteristics which are good when flowing a large
current are compared with the case using 1 LM battery. The BA - 5590 type
magnesium stem cell can be used as a substitute for lithium / sulfur dioxide battery
field, a more expensive alternative for military training. In the magnesium stem
battery, once the discharge is stopped, the protective film of the magnesium negative
electrode does not completely restore, and the storage characteristics become worse.
Magnesium stem cells have these disadvantages, but because of their low cost, they
can be used for training or other military purposes.
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1.4 Electrochemical reaction principle
The performance of the battery has to meet various demands including not only the
output (energy, capacity) but also operation environment and the electrical condition
bottom [63]. Nowadays, the battery technology had accomplished progress a lot . The
electrochemistry reaction system to join a cathode and an anode together at the same
time is improved, and the battery based on a new principle has been developed, but an
all-around battery showing superior performance under every condition does not exist
again [64]. In order to get a battery of the higher performance, varieties of
electrochemistry systems design and batteries development being continued. The
battery of the special design is applied for military affairs or industry and is used in
environment needing a specific function [65]. An ideal battery is cheap and, with
infinite energy, can supply all output levels, and can work under the wide temperature
range, and it must be the thing which be superior to the durability, and is also safe .
However, there is really life because a chemical reaction and a physical change are
caused in the case of preservation and the storage. Besides, as for the performance of
the battery, it is acted on temperature and electric discharge speed. In addition, the use
of energy storage materials to increase energy output density and a special design
push up a price, and a problem in the physical security of the battery corresponds, in
addition to this particularly, the prophylaxis is necessary. A study to draw the best
performance is essential to choose a battery having highest performance in such a
demand, and to use the battery definitely[66].
The device which converts chemical energy into electric energy by the
electrochemic oxidation reaction and reduction reaction in the twin cathode and anode
directly is a voltaic battery (including the fuel cell). One cell is comprised of a
cathode (anode) which the anodal (cathode) reduction reaction that an oxidation
reaction happens at the time of an electric discharge happens and the electrolyte that
the electric charge transportation by the ion takes place .
The maximum of the energy to be able to take out is equivalent to Gibbs (Gibbs) free
energy change ΔG of the oxidation-reduction reaction from chemical species (the
chemical species which or was supplied to the electrode) made the internal organs to
an electric polar body. Of course it is desirable to be able to make good use of all of
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this energy at the time of an electric discharge as electric energy, but has a loss due to
various polarizations when load electric current i flows with an electrochemical
reaction. I polarize activation to let a reaction progress on the surface of the ,①
electrode for the thing included in these energy losses.②There is such concentration
polarization due to the density difference of the reactants and products produced
between the electrode surface and the bulk as a result of mass transfer. An important
factor of greater its influence one the operating characteristics of the cell, there is an
internal impedance which results in a reduction of the operating voltage, this is a
waste of part of the effective energy as heat loss.
The cell voltage E when connected to an external load R can be expressed as the
formula

E＝E0-[(ηct)a+(ηc)a]-[(ηct)+(ηc)c]-iRi=iR

(1.1)

Here, bottom additional character a,c with it out of the parenthesis shows anodal
(cathode) cathodal (anode) each. In addition, E0 circuit voltage of the cell, ηct the
activation polarization (charge transfer overvoltage), ηc is the concentration
polarization (concentration overvoltage), i is the load current of the cell, Ri is the cell
internal resistance. As shown in equation 1.1, voltage that the cell can be effectively
generated is reduced by the amount by the minute and internal iRi drop due to
polarization. Theoretically available energy batteries is determined by what cell or a
chemical reaction occurs at the two electrodes, the influence factors are charging
transfer reaction rate, diffusion rate of the size and the size of the energy loss. Around
them, there are

important things as how to make electrodes and a design, the

transmission rate of the electrolyte and the characteristic of the separator.
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1.5 Corrosion reaction of the Battery
1.5.1 Electrochemistry corrosion
It is to include both chemical conjugation and electrical change, and the
characteristic of the electrode reaction is one of the non-homogeneous system
reactions. For an electrode reaction, there is the simple thing which only works on the
reduction of metal ions in an electrode with a formed metal atom [67] .Even if a
reaction is simple in an appearance, the mechanism of the process as a whole is
complicated, and it is from the generally plural steps. Prior to an electronic movement
process, and it is necessary for active excellent chemical species to be transported by
migration or diffusion electrochemically to the electrode surface. In addition, the
adsorption of the active kind may affect it on the electrode of the electronic movement
process. Furthermore, a chemical reaction may be included in all electrode reactions.
In the same way as a general reaction, the speed of the electrochemic process is ruled
over consecutively among the reaction processes named the ream by the speed of the
slowest step[68]. In the thermal mechanical handling of the electrochemical process,
but to define the equilibrium conditions of the system, it cannot be foreseen in relation
to non-equilibrium conditions, such as the current based on the polarization
(overvoltage) to be added in order to cause a reaction. Examining the Current overvoltage characteristics experimentally for many systems, it has been found that
there is a linear relationship between the logarithm of current density i and the
overvoltage η. Expression of this relationship which was generally described is Tafel.

η=a+blog|i|

(1.2)

Constant b is usually called Tafel coefficients. The relationship between the Tafel is
made of a wide range of overvoltage for many of the system. However, when
overvoltage is small, these relations are not managed, and the plot of η vs. logi is
aberranted the straight line. [69-72]
An expression of Tafel was applicable to many experiments system well, and, in a
thing, the kinetics about the electrode reaction process progressed. Because the
expression of Tafel is applied when overvoltage is large, as for these relations, which
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could be considered that express electric current - overvoltage relations when rather a
process progresses in one is natural without applying to it in equilibrium. It means, for
example, that a re-reduction process for reverse is a negligible condition in the
oxidation process.

i=

(

(1.3)

In a more general theory, it is necessary to consider both forward reaction and
inverse reaction about the simplified electrolysis reduction process such as Fig.
1.6[73,74]

O
Electrode
R

Fig. 1.6 The simplified figure of reduction on the surface of electrode
As shown in this action

O+ne-

R

(1.4)

Here, O is the oxidant, R represents reductant, n is the number of electrons
involved in the electrode reaction. Forward reaction can refer to the speed of the
inverse reaction using each speed fixed number kf, kb and is given in the product with
the speed fixed number and the density of reactant (appropriate using the density in
the electrode surface).[75] The density of active chemical species is not often equal to
the electrode surface in bulk solutions electrochemically. The speed of the forward
reaction is KfCo, while the reverse reaction is KbCR, these are usually transcribed in
current density if of the forward reaction, form of current density Ibof the inverse
reaction for convenience.
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If =nFAkfCo

(1.5)

Ib=nFAkbCR

(1.6)

Here A is the area of the electrode.
The type is not only the thing which expressed an original direction and the speed
of the reverse electrode reaction process simply. It can be considered that the
electronic ratio in the electrode reaction process if it can be regarded that the speed
fixed number depends on the electrode potential. This dependence is usually
expressed based on a supposition that remaining some (1-a) E contributes to restraint
of the inverse reaction again aE which is a part of the overvoltage by promotion of the
forward reaction.

kf=
kb=

(1.7)

exp

(1.8)

Here, a is the transfer coefficient.[76,77] Because the electric current of the original
taste does not flow in the equilibrium, As shown in this equation.

if=i b=i0

(1.9)

In an expression (1.9) when substituted an expression (1.5) – (1.8) ,

E e=

(1.10)

The standard value E of the formula in potential with concentration rather than the
activity of the reaction-participating material can be defined as the equation from (2.9)
to(1.11).

= ln
Ee=

(1.11)

+ ln

(1.12)

The Nernst equation (1.12) is obtained from (1.10)and(1.11).
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The standard electrode electric potential of magnesium calculated based on the
above-mentioned expression is -2.37V, and the primary cell and the rechargeable
batteries are the material which is attractive as cathode materials. In addition, from a
Nernst type and the expression of the current density, mechanism of the magnesium

corrosion became clear[78-80].

1.5.2 Application of the stress corrosion
The stress corrosion depends on tensile stress from the inside or the outside and
synergism of the corrosion. The characteristic of the stress corrosion is that dissolves
a corrosion product and may interfere with the generation of the passivity oxide film.
The generation of a wedge-shaped section by the anodal erosion, and new small
anodal appearance occurs, and a process of the stress corrosion advances auto
catalytically more, and the formation of the passivation oxide film is restrained, and
erosion caused by the corrosion progresses[81]. It seems to show the stress corrosion
in Fig. 1.7 schematically and occur when three persons of materials, environment and
the stress meet in a specific condition.
Anode：

Mg+H2O=MgO+2H++2e-

•

Mg2+ +H2O=MgO+2H+

•

Mg= Mg2+ + 2e-

Cathod：

O2 + 4e-=4H2O

(1.13)

(1.14)
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Material

Stress

Environment

Fig. 1.7 Stress corrosion and factors
When change ΔG(per g) of the free energy refers to relations of the stress in an
expression (1.15).

ΔG=

Here ,δis the applied stress,

(1.15)

Y is Young`s modulus,ρis the density of the Mg alloy.

And the change of the electric potential is accompanied with a change of the free
energy.

ΔE=－

(1.16)

Here, n is the electronic number, F of the reaction is the faraday fixed number[82].
Therefore, I show electric potential and relations of the stress in an expression (2.17)
from expression (1.16), (1.17).

ΔE=－

(1.17)

With the generation of the immovable oxide film, and using the stress corrosion
method, the surface of the magnesium alloy can propel the reaction of the surface of
the magnesium alloy and the solution. In addition, it can suppose that the voltage of
the magnesium alloy electrode towards the negative direction under the influence of
stress. It can be considered that it can improve the battery chemistry performance of
the magnesium with the method of stress corrosion.
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1.6 Design of magnesium electrode material
1.6.1 Selection of the added element of a new magnesium alloy
Usually, the magnesium electrode material the addition of trace elements, also has
been developed to changes in manufacturing methods and conditions based Nuisance
material design of the original, yet corrosion resistance and machinability and
electricity further having a microstructure in accordance with the application purpose
properties improvement and the chemical properties have been sought. Therefore, in
this study, it was first investigated the information about the trace additive element.
The conventional magnesium alloys Al, Zn, although Mn element is mainly added,
considering the characteristics of the group metal element, as shown in Table 1.1, the
characteristics of the magnesium alloy is affected by the addition of another
element[83].

Table 1.1 Influences of alloying elements on the properties of Mg alloys
Element alloy

Melting and casting

Mechanical and

Corrosion behavior

behavior

technological

I/M produced

behavior
Ag

Improves elevated

Detrimental

Temperature tensile

influence on

and creep

corrosion behavior

properties in the
presence of rare
earth
Al

Improves

Solid solution

castability,

hardener,

tendency to

precipitation
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Minor influence

microporosity

hardening at low
temperature

Be

Significantly

Improve creep

reduces oxidation

properties

of melt surface at
very low
concentrations lead
to coarse grains
Ca

Effective grain

Detrimental

refining

influence on

effect,slight

corrosion behavior

suppression of
oxidation of the
molten metal
Cu

System with easily

Detrimental

forming metallic

influence on

glasses, Improves

corrosion behavior,

castability

limitation
necessary

Fe

Magnesium hardly

Detrimental

reacts with mild

influence on

steel crucibles

corrosion behavior,
limitation
necessary

In

Improves

Improves elevated

Improve corrosion

castablitity,

temperature tensile

behavior

tendency to

and creep

microporosity

properties,
improves ductility,
most efficient
alloying element

Li

Increases

Solid solution
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Decreases

evaporation and

hardener at ambient

corrosion

burning behavior,

temperatures,

properties strongly,

melting only in

reduces density,

coating to protect

protected and

enhances ductility

from humidity is

sealed furnaces
Mn

necessary

Control of Fe

Increases creep

Improves corrosion

content by

resistivity

behavior due to

precipitating Fe-Mn

iron control effect

compound,
refinement of
precipitates
Ni

Rare earth

System with easily

Detrimental

forming metallic

influence on

glasses

corrosion behavior

Improve castability,

Solid solution and

Improve corrosion

reduce

precipitation

behavior

microporosity

hardening at
ambient and
elevated
temperatures

Sn

Suppresses

Improves elevated

Improve corrosion

microporosity

temperature tensile

behavior

and creep
properties,
improves ductility,
most efficient
alloying element
Y

Grain refining

Improves elevated

Improve corrosion

effect

temperature tensile

behavior

and creep
properties
Zn

Increase fluidity of

Precipitation
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Minor influence,

the melt, weak

hardening,

sufficient Zn

grain refiner,

improves strength

content

tendency to

at ambient

compensates for

microporosity

temperature,

the detrimental

tendency to

effect of Cu

brittleness and hot
shortness unless Zr
refined
Zr

Most effective

Improves ambient

grain refiner,

temperature tensile

incompatible with

properties slightly

Si, Al, and Mn,
removes Fe, Al, and
Si from the melt

Among general-purpose pure magnesium and magnesium alloy AZ31, AZ91, AZ91
alloy is most used as a magnesium product. The reason is that it has excellent
castability (moldability), high strength and high corrosion resistance. In addition, the
results of comparing electrochemical performances of pure magnesium AZ31 and
AZ91 alloy are that AZ91 has higher voltage and stable current. Therefore, in this
study, based on the AZ91 alloy, a new magnesium alloy was developed by adding
trace elements. The components of AZ91 alloy are shown in Table 1.2.
Table 1.2 Ingredient of AZ91 alloy

AZ91

Al

Zn

Mn

Si

Fe

Mg

9.0

0.8

0.22

0.04

0.001

balance

One of the objectives of this research is to produce new Mg alloys with high
electrochemical performance, high strength and high corrosion resistance compared
with AZ91 alloy by fully demonstrating the advantages of AZ91 alloy. Element was
selected from Table 2.1 and added the trace elements Mg - Zn - In - Sn and
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Compound MnS which can improve the performance of AZ91 alloy and designed the
manufacturing experiment of Mg - Zn - In - Sn - MnS alloy.

1.7 Purpose of this study
Because we had performance such as the recyclability that magnesium was an
abundant resources material, and was eco-friendly, so it has been attracted attention as
effect materials for a long time. In addition, the magnesium electrode is expected as
attractive new energy because it has a low higher cost theory capacity, high energy
density and a long-term storage life.
In this study, it has been used of superior performance of magnesium and developed
a new magnesium alloy electrode available as an eco-energy source in a generation in
sequence. In addition, I succeeded that in improving the electrochemistry
performance of the new magnesium alloy electrode by using corrosion promotion
action of the stress to find more high efficiency. Furthermore, using the new
magnesium alloy electrode, a new magnesium air cell (primary cell) and the
secondary battery would be tried to development. Furthermore, by applying stress,
ecological problems can also be improved, for example recovery of phosphorus.

1.8 Composition of this paper
This research consists of 8 chapters.
Chapter 1 The history of magnesium, the classification of batteries, the current state
of battery materials for next generation, and the primary batteries and secondary
batteries currently on the market are introduced, especially from the perspective of
new eco energy expectation for application of magnesium batteries Mentioned. The
working principle of the battery and examined the reaction principle of the
magnesium electrode based on the theory of electrochemical corrosion and stress
corrosion was studied. Furthermore, considering the addition of trace elements, a new
magnesium alloy was designed.
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Chapter 2 A new magnesium alloy was produced. By the observation of the fine
structure, the action of the additive element is described. Furthermore, from the
viewpoint of practical application, workability and corrosivity of the magnesium alloy
electrode were studied.
Chapter 3 In order to improve the electrochemical performance of the alloy electrode,
stress was applied to examine the performance of the alloy. Furthermore, by using
various electrolytic solutions, the electrochemical performance of the novel
magnesium alloy electrode was investigated by the influence of stress corrosion.
Corrosion model of magnesium alloy electrode was developed based on the basic
principle of stress corrosion method. Also, manganese ions in the solution were
simulated using discharge reaction. Furthermore, the voltage and current of the novel
magnesium alloy electrode were calculated.
Chapter 4 When stress corrosion is applied, the effect of electrochemical corrosion
becomes clear. Based on the principle of stress corrosion, primary batteries are being
developed.
Chapter 5 The effect of Magnesium alloy electrodes under tensile stress were
examined for magnesium

secondary batteries. Besides the charge and discharge

performance, the effect of tensile stresses was confirmed by cyclic voltammetric
measurements and SEM observations.
Chapter 6 A practical method was studied for phosphorous resource recovery from
wastes, such as waste water or many kinds of sludge. It was confirmed that the
magnesium alloy electrodes could remove phosphates from the sludge and dissolute
them by applying tension stress for phosphate resources recovery.

1.9

Conclusion
In this chapter, based on the working principle of batteries, we applied trial of

stress corrosion by studying chemical corrosion reaction. Furthermore, the design
of a new magnesium alloy was examined and the following conclusions were
obtained.
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(1) The battery discharges by a chemical reaction, and the voltage can be
calculated with the Nernst equation.
(2) It can be inferred that the electrochemical performance of the battery using
the principle of stress corrosion can be improved.
(3) For the magnesium alloy, we examined the advantages and disadvantages of
each element and clarified the effect of the added element to the magnesium
alloy.
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Chapter 2 Development of magnesium alloy electrode
materials and performance evaluation
2.1 Production of the Mg-Zn-In-Se-MnS alloy
2.1.1 Vacuum gas replacement furnace
Magnesium is a chemically active metal and reacts with oxygen in the atmosphere,
so ordinary metal mapping furnace can not be considered as casting magnesium alloy.
Therefore, in order to prevent oxidation of the magnesium alloy during melting,
casting experiments were carried out using a vacuum gas replacement furnace in this
study. Figure 2.1 shows a vacuum gas replacement furnace SM - 1300. First, the
interior of the furnace is evacuated with a directly connected oil rotary vacuum pump,
then argon gas is injected to prevent oxidation when the metal dissolves[1]. By
controlling with the program PID device, the maximum temperature in the furnace
reaches 1300 °C.

Fig. 2.1 Vacuum Gas Substitution Furnace SM-1300
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2.1.2 Fabrication of Mg-Zn-In-Sn-MnS alloy in vacuum gas
replacement furnace
AZ91 alloy and additive element Zn - In - Sn - MnS were placed in a crucible and
placed in a vacuum gas replacement furnace. After this, the furnace was closed and a
vacuum was applied before argon gas was added. The casting temperature is set with
the program PID control device, the maximum temperature is 680 ° C., the heat
retention time is 1 hour. Finally, the inside of the furnace was lowered to room
temperature, and a new magnesium alloy Mg - Zn - In - Sn - MnS was produced.

2.2 Production method of magnesium alloy plate
2.2.1 Twin-roll continuous casting
About 50 years have elapsed since the continuous casting and rolling process (cc)
was introduced into the aluminum industry, but various methods were developed,
various improvements were added, the productivity and product quality were
improved, Production volume of thin plates by year increased, and in 1970 it was only
10% of the general DC casting route, but it increased to 30% in 2002[2-5].
Normally, the technology lateral type twin roll continuous casting machine was
adopted in the iron-free metal alloy industry, the technology vertical type twin roll
continuous casting machine was successfully applied in the steel industry. However,
recently, some researchers have focused on technology vertical type twin roll
continuous casting machine in order to produce a metal alloy containing no iron.
Researchers such as T. HagaT developed a vertical twin roll continuous casting
machine in which a thin plate of magnesium alloy is cast at a high speed of 60 to 180
m / min, and the thickness of the alloy reached 3 mm. Also, we believe that forming a
semi-solid by rapid condensation improves the microstructure of the metal. Therefore,
when manufacturing metal thin plates, a new twin roll continuous casnew magnesium
alloy was produced in order to reduce the cost. A pilot vertical twin roll continuous
casting machine is shown in the Fig. 2.2[6].
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Fig. 2.2 Overview of pilot vertical twin roll caster

2.2.2 Manufacture of the Mg-Zn-In-Sn-MnS alloy sheet
A figure of structure of the pilot vertical twin roll continuous casting machine is
shown in the Fig. 2.3. The sheet casting process of the magnesium alloy is the
phenomenon that is very complicated other than a simple physical change. At first
AZ91 alloy and additional element Zn-In-Sn-MnS were mixed in tundish well and
the tundish project was controlled and heated up. And it is flowed into the lower oil
tank through the twin roll that the liquid which dissolved turns by the tundish. Two
shells which hardened go along the place to thicken from the smallest gap of the
roll.[7-12].

Fig. 2.3 Schematic diagram of the pilot vertical twin roll casting process
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2.3 Analysis of the magnesium alloy ingredient
2.3.1 Fluorescence X-rays analysis of the magnesium alloy ingredient
Mg-Zn-In-Sn alloy and Mg-Sn-In-Sn-MnS alloy ingredient were

measured by

fluorescence X-rays. Figure 2.4(A) and Fig. 2.4 (B)show a spectrum of the
fluorescence X-rays qualitative analysis of Mg-Zn-In-Sn alloy and the Mg-Zn-In-SnMnS alloy. Elemental peaks such as Al, Mn, Zn, Sn, and In appeared clearly to show
it in Fig. 2.4(B) and were able to confirm that an additional Mn element existed in
Mg-Zn-In-Sn-MnS alloy.

Fig. 2.4(A) Fluorescence X-rays ingredient of Mg-Sn-In-Sn-MnS alloy
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Fig. 2.4(B) Fluorescence X-rays ingredient of Mg-Sn-In-Sn-MnS alloy

2.4 Performance evaluation of Mg-Zn-In-Sn-MnS alloy
2.4.1 Observation of fine structure
The fine structure of the Mg - Zn - In - Sn alloy and the Mg - Zn - In - Sn - MnS
alloy which were casted by twin roll continuously and was observed by using OM ,the
photograph is shown in Fig. 2.5. Although Mg - Zn - In - Sn has a grain boundary size
of 20-100 μm, Mg - Zn - In - Sn - MnS has a grain boundary size of about 5-10 μm
and is found to be extremely small
b

a

100μm

100μm

Fig. 2.5 Observation of fine structure of (a) Mg - Zn - In - Sn and (b) Mg - Zn - In Sn - MnS
40

2.5 Experiment of tensile stress
A thin plate having a thickness of 0.5 mm was produced from a sheet material
having a thickness of 3 mm by casting. According to the dimensions of the specimen,
the tensile specimens prepared are shown in the Fig. 2.6. The test piece size is 70 mm
in total length, the length of the reference point part is 26 mm, and the mark part
width is 6 mm. The plate has been designed and produced. Using the tensile testing
machine the experiment can be measured.

Fig. 2.6 Specimen of Stress-strain Experimentation

2.6 Conclusion
In this chapter, a new magnesium alloy Mg - Zn - In - Sn - MnS is prepared by
adding a trace element Mn to a magnesium alloy Mg - Zn - In - Sn using a vacuum
gas replacement furnace and made it by twin roll continuous casting method.
Components of the Mg - Zn - In - Sn alloy were analyzed using fluorescent X-ray.
Furthermore, the microstructure of the prepared Mg - Zn - In - Sn - MnS alloy and the
Mg - Zn - In - Sn alloy were compared to clarify that the performance of the Mg - Zn
- In - Sn - MnS alloy was excellent.
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Chapter 3 Evaluation of electrode performance with stress
corrosion and clarification of electrochemical ·stress
corrosion mechanism
3.1 Advantages and mechanisms of manganese sulfide
A convenient hydrothermal synthetic route has been successfully developed to
prepare stable rock-salt-type structure α-MnS submicrocrystals under mild conditions.
In this synthetic system, hydrated manganese chloride (MnS) was used to supply a
highly reactive manganese source. The results revealed that the electrochemical
performance of the MnS submicrocrystals may be associated with the degree of
crystallinity and particle size of samples. The initial lithiation capacity of the MnS
submicrocrystals obtained is 1327 mAh g−1 at 1.7 V versus Mg/Mg2+, which exhibited
αMnS submicrocrystals is extremely promising anode material for magunesiumu-ion
batteries and has great potential applications in the future. MnS has a large
electrostatic capacity. But also has a storage container for batteries.

Fig. 3.1 The comparison of voltage value of a variety
of Mg alloys.
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Fig. 3.2 The comparison of voltage value of a variety
of MnS concentration in Mg-Zn-In-Sn-MnS alloys.

MnS had added into the Mg-Zn-Sn-In alloy as 0.2%,0.4%，0.6%，0.8%,1.0%.The
alloy of 0.8% showed the best excellent electrochemical effect of all, both from the
current value or stability, as shown in Fig. 3.2 .
The electrode potentials were observed for 4 samples in 3.5% of sodium chloride
aqueous solution, as shown in Fig 3.1. In aqueous solutions, dipped magnesium
alloys usually show the electrode potentials in the range from -1.5 V to -1.8V vs
Ag/AgCl electrode. This simple evaluation seemed to be effective for the screening,
since potentials shifts to the positive side suggest the corresponding oxides layer
formation, which hinder the electritrode reactions.AZ91-Zn-In-Sn-MnS showed
negative shifts in this screening tests, and were expected to keep relatively active
surface for electrode reactions.
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3.2 Electrolyte selection and stress corrosion experiment
In this section the two electrolytes and the four loading forces have been set up,
and the distance between the cathode and the anode are also distinguished. Here, we
use the best electrochemical properties alloy Mg-Zn-In-Sn-MnS which the containing
of manganese sulfide was 0.8% for testing. The two electrolytes were 1mol / L
ACONa and 1mol / L KCl solution, respectively. The forces applied were 0N, 50N
and 100N. The distance between the cathode and the counter electrode is also divided
into 10 mm and 2 mm.

3.2.1 CV curve of KCl from 0 Mpa to 10 MPa at a distance of 10 mm
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Fig. 3.3 CV curve of KCl for 0 MPa at 10mm
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Fig. 3.4 CV curve of KCl for 3.3Pa at 10mm
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Fig. 3.5 CV curve of KCl for 10MPa at 10mm
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3.2.2 CV curve of KCl from 0 MPa to 10MPa at a distance of 2 mm
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Fig. 3.6 CV curve of KCl for 0MPa at 2mm
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Fig. 3.7 CV curve of KCl for 3.3MPa at 2mm
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Fig. 3.8 CV curve of KCl for 10MPa at 2mm

3.2.3 CV curve of AcONa from 0 MPa to 10 MPa at a distance of 10
mm
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Fig. 3.9 CV curve of AcONa for 0MPa at 10mm
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Fig. 3.10 CV curve of AcONa for 3.3 MPa at 10mm
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Fig. 3.11 CV curve of AcONa for 10 MPa at 10mm

3.2.4 CV curve of AcONa from 0 MPa to 10MPa at a distance of 2
mm
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Fig. 3.12 CV curve of AcONa for 10 MPa at 2mm
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Fig. 3.13 CV curve of AcONa for 3.3 MPa at 2mm
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Fig. 3.14 CV curve of AcONa for 10 MPa at 2mm

When the distance of the cathode and anode of 10 mm, electrochemical properties
were confirmed to be high in top current value is large for KCl. When the distance of
the cathode and anode was 2 mm, was found to have high electrochemical
characteristics large, top current value of AcONa. In the same type of electrolytic
solution, 2mm of the distance of the cathode and anode was higher than 10 mm. All
together with the raise of the whole stress, top current value has been confirmed with
the increase much more. Electrochemical performance became higher.
As the distance between the cathode and the anode increases, From 10mm to 2mm,
the resistance of the solution became small. The magnesium alloy in the
electrochemical corrosion, the surface will form a layer of oxide film, with the tensile
stress increases, these films gradually broken, making the magnesium alloy once
again exposed to the electrolyte, so the electrochemical performance of the electrode
with the Tensile stress increases. This can be confirmed by SEM images and
impedance analysis.
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3.3 The theory of electro-chemical chemistry and the application
of the theory of the value of the study
3.3.1 Introduction
In recent years, magnesium alloy is expected to be applied to many batteries as a
negative electrode material. Among the magnesium alloys, AZ91 is one of the alloys
with excellent machinability and electrochemical performance[1]. According to
previous studies, we have added the compound MnS with Mg-Zn-In-Sn alloy and
developed a novel electrode material Mg-Zn-In-Sn-MnS alloy. It was confirmed by
the additive element that the Mg - Zn - In - Sn - MnS alloy electrode exhibited a
negative voltage and a higher current than the Mg - Zn - In - Sn alloy[2]. In addition,
it was possible to further enhance the electrochemical performance of the Mg - Zn - In
- Sn - MnS alloy electrode by using the stress corrosion method. Therefore, it was
found that the interaction between stress corrosion and electrochemical corrosion
improves the electric performance of the magnesium alloy.
However, theoretical electrochemical calculations on stress corrosion of alloy
electrodes are generally difficult.
In this study, we measured the concentration of magnesium ions in the corrosion
solution using ICP equipment and calculated the voltage and current of the Mg - Zn In - Sn alloy electrode by FACSIMILE software. FACSIMILE software is a program
that models complex chemical reactions and can simulate efficiently[3,4]. Specifically,
the reaction rate of magnesium and water was measured by an ICP apparatus and the
effect of stress corrosion was investigated. In addition, the change in magnesium ion
(Mg +) concentration were simulated for 1 hour by the reaction rate during stress
corrosion. Then, the voltage and current of the alloy electrode were calculated and the
mechanism of stress corrosion was analyzed.

3.3.2 Experimental material
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Using the twin-roll continuous casting method, trace elements Zn, In, Sn, MnS were
added to the AZ alloy to prepare an Mg - Zn - In - Sn - MnS alloy. The alloy plate
was rolled to 0.5 mm and subjected to a heat treatment at 400 °C. for 1 hour.
The magnesium alloy negative electrode was cut as 10 cm long, 1 cm wide, and 1
The effective electrode area was limited to 1 cm2 by covering the

mm thick.

electrodes using PVC spacers with a tetragonal hollow structure.

3.3.3 Measurement of Mg concentration
After conducting the stress corrosion experiment, the Mg2+ concentration was
measured with an ICP apparatus. Calibration curves were prepared using magnesium
ion and manganese ion standard solutions of 10,20 and 30 ppm. ICP spectra of each
concentration were measured using standard equations, and the results are shown in
Fig3.15.
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y=0.564x ＋0.0001

(3.1)
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Fig. 3.15 Standard curve of Mg and Mn concentration
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Based on the calibration curve, stress corrosion experiment was conducted, and
Mg2+ concentration was measured. Then, the change of Mg2+ concentration during 1
hour was simulated by FACSIMILE by the reaction rate.

3.3.4 Proposal of hybrid model
We also proposed a hybrid model of electrochemical calculation using the reaction
of magnesium and water. The corrosion reaction of the magnesium alloy follows the
overall reaction formula 3.2.

Mg(s)+2H2O(l)

Mg(OH)2(s)+H2(g)

(3.2)

Calculated by the Mg concentration measured by the reaction rate ICP. Changes in
Mg concentration during 1 hour were simulated by FACSIMILE software. The
voltage and current model of the alloy electrode were prepared based on the change in
the reaction rate and Mg concentration.

3.3.5 Mg2+ concentration changes
The Mg2+ concentration after 1 hour stress corrosion experiment is shown in Table
3.1. The Mg2+ concentration in the corrosive solution decreased with increasing stress.
It was confirmed that the corrosion reaction of the Mg - Zn - In - Sn - X alloy
electrode was promoted by the influence of the tension stress.
Table 3.1 Mg2+ concentration values after stress corrosion

Tension

0

5

10

50

100

0.00312

0.00194

Stress(MPa)
Mg2+
concentration(mol/L) 0.0361

0.00592

0.00441

When no stress was applied, the corrosion reaction rate was low, so it was confirmed
that the Mg concentration in the corrosive solution was high. It was also revealed that
as the stress was increased, the corrosion reaction was promoted, more oxidized
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corrosion products were generated, and the Mg concentration in the corrosive liquid
was slightly higher.

3.3.6 OCP calculation
The applied stress energy improved the electrochemical potentials of alloy anode,
and persisted together with stresses, because the stress did not exceed the elastic limit.
The change in free energyΔG(per g)is given by Equation(3.3)[5]

ΔG＝

(3.3)

Where δis the applied stress, Y is Young’s modulus, and ρis the density of the MgZn-In-Sn-X alloy. The free energy of Mg-Zn-In-Sn alloy anode increased with the
applied stresses increased. The negative removal of voltage ΔE was calculated in
energy using Equation (3.4)[6,7].

ΔE=－

(3.4)

Where n is the number of moles of electrons transferred and F is the Faraday constant.
As the energy increased, the OCPs of the alloy anodes were negatively removed. The
stresses are investigated to determine the OCP values of Mg-Zn-In-Sn-X alloy anode.
However, the concrete values of OCP are not easy to calculated by variations of free
energy[8]. Therefore, the simulated Mg2+ concentrations values are used to calculated
the OCP values of Mg-Zn-In-Sn-X alloy anode by the Nernst equation.
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Fig. 3.16 Comparison of OCP curves for Mg-Zn-In-Sn-MnS alloy anode under stress corrosion
0MPa; 5MPa; 10MPa; 50MPa; 100Mpa

The OCPs were calculated by the following Equations(3.5)

E=E0+ ln

(3.5)

Where E0 is the equilibrium potential for this reaction, F is Faraday constant, R is gas
constant,[Ox]is the concentration of oxidant, and [Red] is the concentration of
reductant. The calculation values of OCP are consistent with experimental results as
shown in Fig. 3.16. However, the calculated value is different from the measured
value. This finding can be attributed to the interference of environmental factors, such
as the forming of corrosion product film and pH value of solution [9].

3.3.7 LC calculation
The LCs were calculated by

introducting correction factor A to modify the

expression of corrosion current density .Therefore, the LC density was expressed
using Equations(3.4) and(3.5): Ai0
︱ ︱

︱ ︱

I=

(3.6)
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and
︱ ︱

x=

(3.7)

︱ ︱

Where i (0) is the experimental current density, ba and bc are the anode and
cathode Tafel constants, and E0 is the equilibrium potential of the reaction calculated
from the Nernst equation. This is calculated by Equation (3.8). The expression of the
corrosion current density is modified by introducing the correction factor A to
calculate the LC.
︱ ︱

︱ ︱

I=

is the experimental current density,

Tafel constants, and

︱ ︱

(3.8)

︱ ︱

︱ ︱

Where

–

and

are the anodic and cathodic

is the equilibrium potential for this reaction as computed from

the Nernst equation, respectively.
Using equation (3.8), the current densities are calculated density under different
stress corrosion conditions of 0,5,10,50 and 100MPa,respectively. And the LCs are
calculated by the equation(3.9)

I=S×i

(3.9)

Where I is the calculation current, S is the surface area of alloy anode.
Equations(3.8) and (3.9) were developed empirically and provide a reasonable
representation of experimental results. By adjusting the Tafel factors, the calculated
results were mainly consistent with the experimental results. Comparisons of the
current curves between experimental and calculated values are shown in Fig. 3.17.
Therefore, as shown in Table3, the stress have effects on the changes in the anode
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Tafel factors increased. The modified model of the LC verifies the reliability of

Current/mA

experimental results[10-12].
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Fig. 3.17 Comparison of LC curves for Mg-Zn-In-Sn-X alloy anode under stress corrosion
0MPa; 5MPa; 10MPa; 50MPa; 100Mpa

3.4 Conclusion
In this chapter, it was found that Mg - Zn - In - Sn - MnS alloy has the most negative
rest potential by measuring various alloys in the same electrolyte. Furthermore, using
the constant stress corrosion method, the CV curve of the new magnesium alloy was
measured in various solutions. When the distance between the cathode and the
counter electrode was 2 mm, it was confirmed that the output performance of the
novel magnesium alloy was the highest under 1 MPa stress in 1 Mol AcONa solution.
A corrosion model was developed and the electrochemical properties of the Mg - Zn
- In - Sn alloy electrode were calculated. The mechanism of stress corrosion was
investigated and the following conclusions were obtained.
1) It was found that the concentration of Mg decreases as the stress increases.
2) Since the calculated value of the alloy electrode voltage and the experimental
value almost agreed, the mechanism of corrosion and the influence of stress were
theoretically explained.
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3) By adjusting the Tafel coefficient, the calculation value of the alloy electrode
current almost agrees with the experiment value. The relationship between stress
and Tafel coefficient was clarified.
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Chapter 4 Application of stress corrosion - Development of
primary battery
4.1 Introduction
Magnesium is expected to be a candidate of negative battery-active materials with
high energy density due to its highly negative redox potential and small specific
gravity. There are mainly two types of batteries, commercially available and under
developing; the former is a magnesium-air battery using aqueous solutions of
inorganic salts, such as sea water, and the latter is a secondary battery with organic
electrolytes as well as lithium ion batteries. Magnesium–air batteries are originally
classified in primary batteries, exemplified by sea water batteries. However, it could
be recharged by exchanging magnesium anodes [1]―[4].
Some of batteries have been proposed already as the mechanical recharging type,
available to the electric vehicle application. It would be very important for these
magnesium batteries to keep the activity of the anodic surface preventing from the
passive state. Much attention has been paid to the selection of components of
magnesium alloys for the negative active materials, and some electrochemical
characteristics, such as electrode potentials and anodic current densities, would be
important factors on screening alloys for the anode material.

In the process of

discharging for the magnesium anodes, mechanical stress could expected to prevent
the formation of inactive surface layer in the region between electrolytes and alloys,
which would be important characteristics for metal alloy-air batteries to keep the
anodic activity by applying such stresses. At the result of studies for screening to date,
the series of AZ91 is one of the most possible candidates for the anode materials. The
novel alloy for magnesium-air batteries, presented in this study, shows suitable
electrochemical characteristics in electrode potentials and anodic current densities on
applying the tensile stresses to the magnesium sheet anode. And the quick response
time on stressing could make the batteries possible for wide range of applications,
such as electric vehicles and energy storage systems for load levelling and peak
shaving in the utility networks [5]―[9].
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4.2 Experimental

4.2.1 The electrochemical reaction process of corrosion simulation
diagram
The experiment is based on the continuous casting process in adding MnS to MgIn-Sn-Zn alloy. As shown in Fig. 4.1, it can be determined by electrochemical
measurement system made CV curves and rest voltage curves, as well as constant
voltage curve which measured by current.

Fig. 4.1 The electrochemical system for single cell tests

4.2.2 Measurements of single electrode characteristics
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Electrochemical behavior was observed by the tension test equipment, EZ (tokuto
Denko Electrochem Measurement System HZAP-3003A HZ-7000), Shimazu
(Modulab XM electrochemical system solartron Analytical, AMETEK Advanced
Measurement Technology, lnc.) was evaluated by the results of potential sweep
methods and impedance analyses.

Fig. 4.2 A small single cell for the tension test

4.2.3 Morphologies of the magnesium alloy electrodes after tensile
stress tests
Magnesium alloy were observed by SEM, XPS and micro-raman spectroscopy,
before and after tensile stress tests.

SEM (Scanning Electron Microscope JSM-

5500LV) was used in this experiment to observe the fracture surface and the surface
of the Mg sheet which had been corroded.
XPS

(PHYSICAL

ELECTRONICS

QUANTUM

2000

SCANING

ESCA

MICROPROBE) : X-ray Source is monochromatic Al Kα (1486.6eV). X-ray Beam
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Diameter is 100μm, 25W, 15kV. Raman spectroscopy is a spectroscopic technique
used to observe vibrational, rotational, and other low-frequency modes in a system.
Raman spectroscopy is commonly used in chemistry to provide a fingerprint by which
molecules can be identified. The SEM was used in this experiment to observe the
fracture surface and the surface of the Mg sheet which had been corroded.

4.3 Result and discussion

4.3.1.Measurements of single electrode characteristics
The anodic reactivity of magnesium alloys was examined by the current-potential
curves under a certain tensile stress in a electrolytic solution. Fig.4.4 shows a result
of current curves in the potential range of -0.95 to -1.10VvsAg/AgCl under 10MPa of
tensile stress in a sodium acetate - acetic acid (Total acetate concentration:2M, pH8.5)
aqueous solution. Pump circulation of the electrolyte made the anodic current stable
and maintained hi-rate anodic currents, such as 500mA cm-2 for the alloy sheets.
Larger anodic currents could be obtained in the coexistence of chloride ions, however,
electrolytes, such as acetates or carbonates, are much suitable to control the anodic
dissolution on applying the tensile stress, compared with solutions containing chloride
ions, especially in the point of response time on removing the tensile stress from the
alloy sheet.
At least, more than 2MPa of tensile stress was necessary for the alloy sheet to
perform hi-rate discharge currents in the sodium acetate - acetic acid solution, as
shown in Fig. 4.3.
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Fig. 4.3 Anodes current change for cydic potential sweep between -0.95Vto
-1.10V vsAg/AgCl under 2-10MPa stretching

Figure 4.3 shows the effect of tensile stress on the Mg alloy, and it was found that
the anodes current could be controlled by loading at least 2MPa tensile stress

Fig. 4.4 An anodic current change responding to tensile stress under cyclic voltage range from 0.95V to -1.10V
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Fig. 4.5 Relationship of the current density and output power

Figure 4.4 shows an example of anodes current controlling in sodium acetate
solution. For sodium acetate – acetic acid media (pH7), output power of magnesium
anode was measured by assuming standard electrode potentials as output voltages;
and the result was obtained as Fig. 4.5.
A magnesium-air fuel cell was assembled and demonstrated. Granular type electroconductive activated carbon was employed as oxygen cathode. In this demonstration,
the rate determining reaction was oxygen reduction in the cathode.

4.3.2.Estimation of power densities for the magnesium alloy batteries
The power densities were estimated by assuming the cathode potential was the same
as that of Ag/AgCl reference electrode, approximate +0.2V vs normal hydrogen
electrode. 0.6W cm-2 of the power peak was expected to obtain for magnesium alloy
batteries under tensile stress in in a sodium acetate - acetic acid solution at pH7, as
shown in Fig. 4.5.
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4.3.3.Morphologies of the stressed magnesium electrodes

(a)

(b)

(d)

(c)

Fig. 4.6 SEM images of the magnesium alloy sheets: (a) surface of the corrosion layer after the application
of 10 MPa tensile stress; (b) surface of the corrosion layer after no tensile stress; (c) cross-section after the
application of 10 MPa tensile stress; (d) cross-section after the no-load test;

Fig. 4.7.1 XPS analysis of Mg2P
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Fig. 4.7.2 XPS analysis of O1S

Fig. 4.8.1 The figure of the Mg alloy which had been
measured by Raman spectroscopy(10MPa)
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Fig. 4.8.2 The data of the Mg alloy Which
had been measured
by Roman
Spectroscopy(10MPa)

Fig. 4.9.1 The Impedance analysis of the Mg
Mg Alloy without stress

Fig. 4.9.2 The Impedance analysis of the
alloy with the loading of 10MPa

SEM images, Figure 4.6(a) and Figure 4.6(b) show the deference in corrosion layer
thickness between the loaded and non-loaded magnesium alloy sheets. The surface of
the alloy was covered with fine particles for the sheets of non-loading tensile stress,
on the other hand, the surface of the alloy sheets could be observed clearly on loading
10Mpa of tensile stress. The SEM images of cross section, Figure 4.6(c) and Figure
4.6(d) show the deference of corrosion layer thickness between them, too[11][12].The corrosion layer was confirmed by XPS analyses, and its main component
was basic salts, such as hydroxides, of magnesium. Figure 4.7.1and Figure 4.7.2
show the Mg 2P and O1S spectra of XPS for the alloy sheets loaded tensile stress.
The same result was obtained by the measurements of micro-Raman spectroscopy
for the cross sections of tensile stress loaded alloys. Figure 4.8 shows Raman spectra
of a corrosion layer and a layer of metallographic structure, and clear discrimination
could be possible by micro-Raman analysis(10MPa for Fig. 4.8.1 and 4.8.2 )
The fine particles of magnesium basic salts was not observed for the alloys loaded
tensile stress, since dissolution rate of magnesium seemed to be higher than the case
of non-loaded tensile stress. The concentrations of magnesium in the electrolytes,
sodium acetate - acetic acid solution, were determined by turbidimetry with 400nm
wave length, using magnesium hydroxide as the standard suspended solid. The
turbidity of the electrolyte was being concentrated clearly according to the progress of
discharging, and 0.015g magnesium dm-3 was determined in contrast with 0.018g
magnesium, calculated from anodic current and its discharging time.
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Specific surface areas of the alloy electrode were considered to expand extremely to
the level of a millicoulomb per cm2 from the result of impedance analyses, whereas
only dozens of coulombs for fresh magnesium alloys. In the magnesium alloy sheets,
the increase of surface area was considered to linked to the increase of electrostatic
capacity, which would make it possible to discharge with large current densities.
Examples of impedance spectra were shown in Fig. 4.9.

4.3.4 Magnesium air battery
A small single cell performance was shown in Fig. 4.10, on assembling a
magnesium-air battery. After slow increase of the apparent current density for about
one hour half, stable 0.1W cm-2 of output power was obtained, which apparent current
density was approximate 100mA cm-2. And the current decreased to approximate half
value on releasing the anode sheet of magnesium alloy from 10MPa of tensile stress.
By assembling the tensile stress structure of magnesium anode, a battery with higher
power density could be composed compared with conventional magnesium-air
batteries, such as sea water batteries, their apparent current densities were levels of
several or 10mAcm-2.

Fig. 4.10 A small single cell performance of magnesium-air battery
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4.4 Conclusion
The anodes dissolution was controlled by loading 2 to 10MPa of tensile strain on the
modified AZ91 alloy for a magnesium – air fuel cell. 0.6Acm-2 of the current density
and 0.5Wcm-2 of output power were obtained under the condition of -1.0V vs
Ag/AgCl of the negative electrode and sodium acetate - acetic acid solution.
Screening of electrolytes was very important due to controlling of the corrosion layer
thickness. A small single cell was assembled and demonstrated by combining oxygen
cathode of electro-conductive activated carbons with the magnesium alloy anode.
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Chapter 5 Mechanical control of magnesium alloy electrodes
under the tensile stress for applications in non-aqueous
battery electrolyte solution

5.1 Introduction
The vast majority of current electrochemical studies are directed toward the
promising lead-acid, nickel-cadmium and lithium-ion systems. But magnesium alloy
possess a number of characteristics which make it be an attractive material with the
properties of relatively low equivalent weight, high melting point, low cost, relative
abundance, high safety and ease of handing which was allowed for urban waste
disposal. It has been considered a suitable anode material for high energy density
batteries. Similar to stress corrosion, the electrochemical characteristics of metal
surfaces change under tensile stress. Such surfaces are expected to be applicable in
electrode activation to synthesize batteries, electrolytes, and chemical detectors.
However, because of its favourable mechanical strength such as the yield stress and
Young’s modulus[1], magnesium alloy still can be used as a good electrode material
when tensile stress was loaded in the plate.
In a lot of research works, magnesium alloys are applied to various types of batteries
as the negative-electrode materials of batteries[2,3].Magnesium negative electrodes
are used in seawater batteries and button batteries; excellent and stable
electrochemical results were obtained and confirmed by Facsimile simulation [4-6].
For the aqueous-solution-type battery, since it can only be discharged and cannot be
charged, it can only be called a primary battery. The secondary battery, which can be
both charged and discharged, can only occur in an organic solvent in case of
magnesium batteries. Thus, it is believed that these electrodes can have practical
applications as secondary batteries with high energy density because of their negative
redox potential and small specific gravity[7,8].
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However, the output voltage of

magnesium negative electrodes has limited values: e.g., -1.8 V vs. Ag/AgCl [9,10] in
the case of aqueous electrolytes. These electrodes can only be recharged by the socalled mechanical charging method for aqueous electrolyte batteries.
However, although no dendrites form during the electro-deposition of magnesium
ions, the surface of magnesium negative electrodes forms passivation film during
electro-dissolution.

The electrochemical behaviours of magnesium alloys change

depending on the alloying elements [9]. AZ91 with additional elements such as
components of Zn, In, and Sn shows relatively high negative open circuit potential
and anodic reactivity in aqueous electrolytes under 3–10 MPa tensile stress [6]. The
elements increase the over-potential of the hydrogen evolution reaction with Hg, Pb,
Sn, etc. Low-melting-point elements such as Ga and Sn can decrease the negative
electrode potential because of the increasing electrochemical reaction active site. The
Sn addition can also increase the tensile effect for the electrochemical properties of
magnesium alloys [11]. The elements that contain components of Al, Zn, and Mn can
improve the corrosion resistance of magnesium alloys [12]. Rare earth elements such
as In and Ti can refine grains. Many batteries are usually improved by the hydrogen
over potential and can obtain stable discharge voltage by adding Hg and Pb. However,
in this study, non-toxic elements in the components of Zn, Sn and In were added to
the developed magnesium alloy electrodes to produce stable currents and high
electrode potentials for environmental protection [9,13,14] .
As a continuation of a previous study, we develop a new type of magnesium alloy
with Zn, In, Sn, and MnS components based on the AZ91 alloy as a negative
electrode material of a secondary battery in this paper. However, a problem with the
use of the negative electrode of magnesium alloy in battery applications is the
formation of a passivation film on its surface, Since this film is insulating and difficult
to be dissolved in the organic electrolyte, it isolates the metal from contacting the
external electrolyte so that the reaction can not be proceeded. So the magnesium alloy
battery charge and discharge performance are both affected, especially the charge is
difficult to continue. To solve the problem of passive-film formation on the surface of
the negative electrode, the stress control method was used to verify the effect of stress
on the charging and discharging process when the electrode material and organic
electrolyte are applied to the secondary battery. The surface and cross-section of the
magnesium alloy electrode after the reaction were observed by SEM, and EDS
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analyses were performed on the corrosion area. A small cell was assembled with
V2O5-supported carbon felt positive counter electrodes to evaluate the possibility of
their practical development. The study showed that the secondary battery using the
present cell configuration can obtain greater potential power density than 100 W/kg.
The performance evaluation under stress control shows that this method can
effectively improve the performance of magnesium batteries. Furthermore, two types
of battery structures with a single cell and two cells were designed by substituting the
organic solvent for the aqueous electrolyte solution and using the magnesium alloy as
the negative electrode and the V2O5-supported carbon fibre felt as the counter
electrode to form the current loop. By measuring the current-voltage curves, Nyquist
plots and other electrochemical properties, we verified the characteristics of the
proposed secondary battery. The charge and discharge performance of the battery
was evaluated. Finally, as a practical application, a two-single-cell stack battery with
a bending stress of 3.3 MPa was used to verify the effect of stress control. The main
innovation of this paper is to add compounds MnS into the Mg-Zn-In-Sn alloy, and
the new material is used as a cathode of a secondary battery with organic solvents.
The effect of the additional tensile stress on the cathode is also verified.

5.2 Experimental
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Fig. 5.1 Tensile test system for the measurement of magnesium alloy electrodes

In this research work, A small single-cell system was assembled to confirm the
effect of tensile stress application, as shown in Fig. 5.1. The cell consisted of the
following components: a magnesium alloy sheet (negative electrode), a carbon felt
sheet, spacers, and a counter electrode (positive electrode). The magnesium alloy
negative electrode was 10 cm long, 1 cm wide, and 0.5 mm thick. The effective
electrode area was limited to 1 cm2 by covering the electrodes using PVC spacers
with a tetragonal hollow structure. Both ends of the magnesium alloy sheet were
fixed using a stretch-forming machine (EZ-TEST CE, SHIMADZU Corp.), and a
tensile stress of 50–150 N (3–10 MPa) was applied to the magnesium alloy electrode.
First, the static voltage of the magnesium alloy of various components was measured
to select the alloy with the best electrochemical performance. The Mg alloy sheets
with the best electrochemical performance were produced using the twin-roll
continuous casting method. AZ91 alloy and additional element Zn-In-Sn-MnS were
mixed in tundish well and the tundish project was controlled and heated up. Then, the
melted liquid from the tundish is passed through the rotating twin roll and poured into
the lower oil tank. And it is flowed into the lower oil tank through the twin roll that
the liquid which dissolved turns by the tundish. Two shells which hardened go along
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the place to thicken from the smallest gap of the roll. Since the rolled alloy plate is
relatively thick and not smooth enough, the alloy is pressed to a thickness of 0.5 mm
by the method of calendering. Magnesium - manganese equilibrium diagram shown in
Fig. 5.2.

Fig. 5.2 The equilibrium phase diagram between Mg and Mn.

Fig. 5.3 Tensile-stress-applied cell using bending moments
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The electrolytes were prepared by dissolving tetramethylammonium perchlorate
(TMAP, 0.1 M) and saturated magnesium perchlorate (pure grade, Wako Pure
Chemical Industries, Ltd.) in dimethyl sulfoxide (DMSO, special grade, Wako Pure
Chemical Industries, Ltd.) or propylene carbonate (PC, battery grade, Highchem Co.,
Ltd.). TMAP was added to the electrolytes to improve their ionic conductivities.
The current-potential curves were measured using an electrochemical measurement
system (HZ7000, HOKUTO DENKO Co., Ltd.) and a potentio/galvanostat (HA151,
HOKUTO DENKO Co., Ltd.) for small single cells.
In order to explain the electrochemical behaviour of the battery in principle,
resistance testing is very important. So An impedance analyser (ModuLab-XM,
Solortron) was used to estimate the internal resistance distribution in the small single
cells of the non-aqueous media.

In order to observe the microstructure of the

electrode after the corrosion reaction under the conditions of the tensile test, we
placed the sample in SEM-EDX for observation and analysis. The surface and crosssection of the magnesium alloy sheets were both observed by SEM-EDX (JSM5500LV, JEOL Ltd.,)
The practical use of the battery for magnesium alloy battery research is a crucial role.
In order to allow stress corrosion can be applied in the actual battery, a two-cell stack
was assembled for use under 3.3 MPa bending stress to consider its practical
application, as shown in Fig 5.3. The cell stack has the following elements: a
magnesium alloy sheet, spacers, V2O5-supported carbon fibre felt, a carbon plastic
sheet, a magnesium alloy sheet (bipolar plate), spacers, V2O5-supported carbon fibre
felt, and a carbon plastic sheet [15]. Magnesium per-chlorate in PC was used as the
electrolyte. The effect of the bending stress was examined by comparing the results of
the charge and discharge tests under bending stress and no-load conditions at a
constant current of 2 mA/cm2.
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5.3 Results and Discussion

Fig. 5.4 Cyclic current voltage curves for the magnesium alloy sheet electrodes under three different
conditions. at 293 K

Fig. 5.4 shows the cyclic current voltage curves for the magnesium alloy sheet
electrodes under four different conditions. Above 2mA cm-2 of apparent anodic
current densities were obtained in the potential range from -2V to -1V for 10MPa
application; whereas unstable 0.2 ~ 0.5mAcm-2 of the currents were obtained in case
of no tensile stress application. The difference of current level for the scanning rates,
such as 2mV and 10mV a second, seemed to be caused by the anodic reaction rates of
the electrodes especially for 10MPa of tensile stress application; in contrast to cases
of no tensile stress application. Anodic currents, insufficient to reproducibility, were
observed for no tensile stress and the difference of current caused by the scanning
rates seemed to have no significant difference.
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Fig. 5.5 Nyquist plots of the magnesium alloy sheet in TMAP and MgClO4/DMSO electrolytes of
the small single cell at 293 K; (a) 10 MPa tensile stress application and (b) no-load condition

The impedance analysis results in these cells under 10 MPa tensile stress and the noload condition are shown in Fig. 5.5(a) and 5.5(b), respectively. The mass transfer
condition in the electrochemical process of the magnesium alloy electrode improved
under tensile stress, and the capacitance values, which were estimated from the
Nyquist plots, increased to 3 mF/cm2 from 50 μF/cm2 because of the tensile stress.
The area resistivity, which was estimated from the inclinations of the voltage-current
curves in Figs. 5.5 (curve (a): under 10 MPa stress; curve (b): without loading), was
approximately 130 Ωcm2 for curve (a) and 60 Ωcm2 for curve (b). These values
correspond to the impedance analysis results of the cell, which can be divided into the
values of the charge transfer and mass transfer processes. There is a great difference
in the mass transfer process under different tensile stress conditions. It is considered
that the mass transfer ability increases because of the tensile stress application.
The mobility of magnesium ions appeared to be easier under 3.3 MPa tensile stress
than the result without tensile stress, as shown by the clear difference in Warburg
impedance in Figs. 5.6(a) and (b). When the cathode was loaded by tensile stress, the
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corrosion layer of the alloy tended to become thinner, so the mass-transfer
characteristics improved between the electrode surface and the electrolytes, which
should accelerate charge-discharge reactions. Thus, the organic solvent resistance
would be reduced and the entire battery impedance reduced. However, regardless of
whether the stress is loaded, the Mg-Zn-In-Sn- MnS alloy sheet has a lower resistance
in the organic solvent than the other magnesium alloy in the aqueous solution(16).
XPS was used to determine the composition of the electrochemical corrosion before
and after reaction under the condition of tensile stress as shown in Fig. 5.7. When the
magnesium alloy was electrochemically corroded with an organic solvent of DMSO
and TEMP, the amount of carbon and oxygen greatly increased. It was confirmed that
the chemical composition of the organic substance in the corrosion layer increased.
Also, the amount of magnesium was slightly lowered, it turned out that the cause was
that magnesium had become an oxide.
Table 5.1 Anodic current densities under various tensile stresses at 1.4 V vs. Ag/AgCl in cyclic
voltammograms from -1.2 V to -1.7 V at 298 K
Electrolytes

Solvents

Current densities (mAcm2) / potentials at 0 mA (V vs Ag/AgCl)
0.0 MPa

3.3 MPa

6.7 MPa

10 MPa

13 MPa

0.1 M tetraethyl ammonium perchlorat
e

DMSO

9 / -1.8

12 / -1.8

13 /-2.0

15 /-2.0

15 / -2.0

PC

2 /-1.8

5 / -1.8

5.5/-1.8

6/-

8/-

0.1 M Magnesium perchlor
ate

DMSO

-3 /-1.8

5/ -1.8

6/-1.8

1.8
7 /-1.8

2.0
8/-1.8

Saturated potassium chlori
de

DMSO

6 / -1.8

8 /-1.8

12 /-1.8

12 / -1.8

12 / -1.8

PC

6 / -1.8

6 / -1.8

7/-1.8

8/-1.8

8/-1.8

Table 5.1 shows the comparative results of anodic current densities from -1.8V to 2.0V vs. Ag/AgCl under various tensile stresses in cyclic voltammograms at 298 K.
The combinations of DMSO and TMAP were measured over 2 V, which could not be
obtained in aqueous media, but other combinations were less than -1.7 V, which is
identical to the case of aqueous solutions. As a high-current-density battery (10
mA/cm2), the reduction of cell resistance is notably important, which depends on the
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conductivity of the electrolytic solution. The anodic currents increased with the
reinforcement of the tensile stress, and the shift in voltages at the current of 0 mA
showed the same tendency as the current densities for all combinations of supporting
electrolytes and organic solvents.
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Fig. 5.6 SEM images and EDX analyses of the magnesium alloy sheets: (a) surface of the
corrosion layer after the application of 3.3 MPa tensile stress; (b) surface of the corrosion layer
after no tensile stress; (c) cross-section after the application of 3.3 MPa tensile stress; (d) crosssection after the no-load test; (e) EDX analysis result of the corrosion layer under 3.3 MPa tensile
stress; (f) EDX analysis result of the corrosion layer after no tensile stress

Figures 5.6 (a) and (b) show the SEM images of the magnesium electrode surface
after the charge and discharge tests under 3.3 MPa tensile stress (a) and the no-load
condition (b). When no tensile stress was applied, bulky massive solids were observed
at the electrode surface; in contrast, small aggregates of solids were observed under
3.3 MPa tensile stress. This result was similar to the observation of the corrosion tests
in the aqueous solution. Figure 5.6 shows the cross-sections of the magnesium alloy
electrodes after use (c: 3.3 MPa tensile stress; d: no load). A relatively thick corrosion
layer was observed under no tensile stress, whereas a thinner corrosion layer was
observed under 3.3 MPa tensile stress. The magnesium-to-oxygen ratio (Mg/O) after
charging was different in the presence and absence of tensile stress according to the
EDX analyses of the border between the alloy and the corrosion layer, as shown in
Fig. 5.6 (e: 3.3 MPa; f: no load). The Mg/O ratios were 2.3 for no tensile stress and
5.3 under 3.3 MPa tensile stress. Magnesium was considered to be deposited at the
border between the alloy and the corrosion layer. In order to compare the chemical
composition before and after electrochemical corrosion reaction, XPS was used to
determine.
Examples of the current-voltage curves of magnesium alloy electrodes are shown in
Fig. 5.7, which presumes the charge-discharge performances of the Mg alloy sheet
batteries. Fig. 5.7(a) was obtained for 10 mA/cm2 of current density under 3.3 MPa
tensile stress in the TMAP/DMSO electrolyte, and Fig. 5.7(b) was obtained for 2
mA/cm2 under the same conditions as in Fig. 5.7(b). A stable voltage curve was
obtained for the current density of 2 mA/cm2.
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Fig. 5.7 Examples of current-voltage curves of magnesium alloy sheet electrodes using the test
system in Fig. 1 under 3.3 MPa tensile stress in the TMAP/DMSO electrolyte at 298 K and a
current density of (a) 10 mA/cm2 or (b) 2 mA/cm2
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Fig. 5.8 A voltage curve presuming the charge-discharge performance for a two-single-cell stack
of a magnesium alloy negative electrode and a V2O5-supported carbon fibre positive electrode

According to the charge-discharge performances of the two-single-cell stack in Fig.
5.8, the present cell configuration is expected to have at least 100 W/kg of power
density under approximately 100 N of bending stress. The voltage for the cathodic
polarization of the alloy electrode rapidly increased to above 12 V when the bending
stress of 100 N was released but remained below 9 V under 100 N of bending stress.
Similarly, the voltage for anodic polarization of the electrode decreased to almost 2 V
despite the two-single-cell stack. Thus, the tension stress determines whether the
battery can properly work. There was a positive correlation between the magnitude of
the bending stress and the change in voltage. The anode and cathode chemical
reactions within the battery are as follows：

Anode:

V2O5+Mg2++2e-=MgV2O5

Cathode:

Mg=Mg2++2e-

(5.1)
(5.2)

Full reaction: Mg+V2O5=MgV2O5

(5.3)
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The charge and discharge life performances were shown in Fig. 5.9 (a) no tensile
stress and (b) 3.3MPa of tensile stress. The setting charge periods were 40 minutes
and the discharge end voltage were 1.0V with the condition of 0.8mA/cm2 constant
current densities for charge and discharge, and the open circuit voltage, OCV, were
observed for 2 minutes every time between charge and discharge periods.
According to the differences of OCV between the case of charge and discharge, 0
and 3.3MPa of tensile stress application, the differences under tensile stress
application were smaller than the case of no tensile stress, which seemed to increase
the capacity of the cell. Approximate 100mV of OCV difference was estimated for
this single cell corresponding the change in depth of charge, DOC, from 50% to 90%,
in consideration of Nernst equations. The tensile stress application was expected to
increase the rate of utilization of battery active materials remarkably, which was
supposed by the results of impedance analyses. The components of Warburg
impedance were extremely decreased on applying tensile stress to the cells.
The coulombic efficiencies were above 98% for both and voltaic efficiencies were
60 % for no tensile stress and 70 % for 3.3MPa of tensile stress respectively. The area
resistivity of the single cell reduced by half under 3.3MPa of tensile stress.
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Fig. 5.9 The Charge-Discharge performance of the cell for 8 cycle(a) in case of no tensile stress
application and (b) in case of 3.3MPa tensile stress application.

5.4 Conclusion
The effects of a new type of magnesium alloy ele ctrode, which was selected from
various components under tensile stress, were examined for magnesium secondary
batteries in this paper. In addition to the charge and discharge performance, the effect
under tensile stresses was also confirmed using cyclic voltammetric measurements,
SEM observations and impedance analyses.

Significant differences in SEM

observation and impedance analysis between the cases with and without tensile
stresses were obtained. The charge and discharge curve for the current density of 2
mA/cm2 in the TMAP/DMSO electrolyte was better than that for 10 mA/cm2. When
the internal resistance was reduced based on the electrolyte and positive electrode, the
practical power density exceeded 100 W/kg for the secondary battery in the present
cell configuration. We are conducting further studies to design practical battery
systems. A two-single-cell stack battery, which can use the bending stress method,
has been proposed for a practical application. In this battery structure, the role of
stress control is obvious and can be expected as a new battery system. Since the
calculation value of the alloy electrode voltage and the current almost agreed with the
experimental value, the mechanism of corrosion and the influence of stress were
explained theoretically.
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Chapter 6 Phosphorous Recovery by the Magnesium Alloy
Electrode under Tensile Stress

6.1Introduction
Phosphorous in waste water or sewage sludge are expected to be removed at so
called tertiary treatments in waste water treatment facilities from the point of view in
environmental protection[1,2,3]. Recently, phosphorous has been considered to be
recovered due to one of starved natural resources in the world[4,5].

Electro-

deposition of phosphorous ions on metal electrodes is a well-known method for
phosphorous removal from waste water. However, it is difficult for conventional
metal electrodes, such as cast iron and aluminum, to recover phosphorous practically
in the form of phosphate ions, since the separation of phosphorous from such metal
electrodes is difficult due to their high affinity with phosphorous. On the other hand,
stainless steels are also difficult to be phosphate adsorption electrode for phosphate
recovery due to the formation of insulating phosphate layer on the surface of the
steel[6,7].
Magnesium alloys, such as AZ91, have been found to be a suitable electrode
material for phosphate ion recovery by being deposited from the sludge and being
dissolved into concentrated solutions under tensile stress, in this study, which could
control the activity of the magnesium alloy surface by means of tensile stress
application. Magnesium alloys, which is effectively affected by the tensile stress for
their high Young’s modulus[8], were expected to be a practical electrode materials for
phosphorous recovery from various solutions or slurries including phosphorous ions
by the anodic deposition and succeeding cathodic dissolution on the surface of alloys.
The chemical reaction equation for phosphorus recovery is as shown in Fig. 6.1:

88

Fig. 6.1 The chemical reaction equation for phosphorus recovery

6.2Experimental

An experimental system for phosphorous recovery from the concentrated sewage
sludge are shown in Fig. 6.2(A), the system flow, and (B), the photo. A sheet of
magnesium alloy electrode [9,10], 10 cm in length, 1 cm in width and 1 mm in
thickness, was equipped in a small single cell with 1 cm2 of effective electrode area;
and was stretched by tension tester (EZ-TEST CE, Shimadzu Corp.) of tensile stress
condition from 1 to 10 MPa.

Electrochemical measurements system (HZ-7000,

Hokuto Denko Co., Ltd.) and potentiostat / galvanostst (HA-151, Hokuto Denko Co.,
Ltd.) were connected to the small single cell for voltage - current curves and cyclic
voltammograrms measurements. 20 mL of the sewage sludge was circulating in the
cell by tubing pump at 2-5 ml/min for phosphorous deposition. Table 6.1 shows main
components and properties of the concentrated sewage sludge.

Dipotassium

phosphate (special grade, Wako Pure Chemical Industries, Ltd.) was added into the
sludge to adjust the approximate 340 mg/l as phosphorous ion, PO43-, concentration.
After deposition procedure of 10 mA/cm2 constant current for 10 minutes, 10 mL of
approximate 0.1M (M=mol dm-3) sodium acetate / acetic acid solution, pH6, was
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circulated in the cell by tubing pump at 2-5 ml/min for 10 minutes.

Electrode

potential, -1.8V vs Ag/AgCl for the dissolution, was controlled by reference electrode
of Ag/AgCl.

Phosphorous ion concentrations in the solution and sludge were

determined by colorimetry and deposited phosphorous on the electrodes was observed
by SEM-EDX (JSM-5500LV, JEOL Ltd.,).

Table 6.1 Main components and properties of the concentrated sewage sludge.

Items

Results

Methods

pH

6.7

Glass electrode

TS

1.4 wt%

105℃ drying

VS

0.72 wt%

600℃ ignition

MLSS

13,600 mg/l

Filtration

MLVSS

6,940 mg/l

Filtration-ignition

BOD

2,950 mg/l

5 days method

COD

4,850 mg/l

Chromate titration

Pb

10.2 mg/l

Atomic Absorption

Phosphate *

340 P-mg/l

Atomic Absorption

*: Addition of KH2PO4
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(A)

(B)

Fig. 6.2 An experimental system for phosphorous recovery from the concentrated sewage sludge.
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6.3Results and discussion

Fig. 6.3

Cyclic voltage-current curves of the magnesium alloy electrodes in 0.1M NaHCO3

(curve (a)) and 260 mg/L–K2HPO4 in 0.1M NaHCO3 (curve (b)).

Figure 6.3 shows cyclic voltage-current curves of the magnesium alloy electrodes
in 0.1M NaHCO3 (curve (a)) and 260 mg/L–K2HPO4 in 0.1M NaHCO3 (curve (b)).
The point of current 0 mA was shifted to the anodic direction by addition of
dipotassium phosphate under 10 MPa tensile stress condition, considerable that the
formation of basic phosphate compounds, such as magnesium phosphate tribasic salts.
Magnesium hydroxides, estimated to be formed on the surface of the alloy in this
study, could adsorb phosphates effectively for water quality improvement of
eutrophic lakes[11]. The composition of phosphate adsorbed magnesium compounds
were investigated by XRD, XPS and micro Raman spectroscopy.
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Fig. 6.4 SEM images and EDS spectra after 10 mA electro-deposition for 10 minutes under 10
MPa tensile stress(A), 10 mA electro-deposition for 10 minutes without tensile stress(B) and 1.8V vs Ag/AgCl and 10 minutes electro-dissolution under 10 MPa stress(C).

Figure 6.4 shows the SEM images and EDX spectra of the electrodes after 10
mA/cm2 electro-deposition for 10 minutes under 10 MPa tensile stress condition (A),
10 mA/cm2 electro-deposition for 10 minutes. without tensile stress (B) and -1.8V vs
Ag/AgCl 10 minutes constant potential application for electro-dissolution of
phosphate, succeeding to the electro-deposition under 10 MPa tensile stress (C).
In the EDX spectra, the radios of numbers of elements for Mg and P, Mg/P, were 1.5
for EDX spectrum (A), 3.9 for (B) and 4.6 for (C). After the anodic adsorption of 10
MPa tensile stress condition, the abundance ratio of P was larger than other situations,
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(B) and (C). A magnesium alloy may form anticorrosive composite films composed
of amorphous or crystalline magnesium phosphate compounds and magnesium
hydroxide on its surface[12].
Table 6.2 Concentrations of phosphorous ion in the sludge and solution after electrodeposition or dissolution.

Concentration

0MPa tensile stress,

After electro-deposition

After electro- dissolution

340 mg dm-3

No implementation

deposition
10MPa

tensile 90 mg dm-3

680 mg dm-3

stress,
depositiondissolution
After deposition at 10 mA for After dissolution at -1.8V for
Remarks

10 minutes

10 minutes succeeding the
electro-deposition

Table 6.2 shows an example of phosphorous recovery from the excess sludge
concentrated in gravitational precipitation tank of a sewage treatment facility. The
phosphorous ion concentration in the sludge was not removed at all in case of notensile stress condition; therefore, no dissolution test was conducted in this case. On
the other hand, the phosphorous ion concentration was reduced from 340 mg dm-3 to
90 mg dm-3 and concentrated to 680 mg dm-3 after the dissolution procedure.
The application of tensile stress was considered to be important for activation of
alloys similar phenomena to stress corrosion. The activation of magnesium alloys
could be realized by tensile stress application especially in magnesium batteries. 8,10
The results of impedance analyses showed the ratios of charge transfer process
depended on the extent of tensile stress application. The larger tensile stress, the
smaller ratio of charge transfer process in the real part of resistance. It seems that
mechanical control, such as tensile stress application, is effective for magnesium
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alloys to restrict their passivation. Other metals, such as aluminum and iron, have a
problem of plastic deformation under effective tensile stress conditions. On the other
hand, stainless steels with high young’s modulus need stronger tensile stress, such as
20 MPa or more, which seems to be difficult to design the practical equipment for
phosphorous recovery. Magnesium alloys was expected to be one of the most suitable
electrode materials for phosphate recovery from sludge and solutions. A system for
phosphate recovery was being designed targeting the treatment of the rock phosphate
residue.

6.4 Conclusion
A practical method was studied for phosphorous resource recovery from wastes,
such as waste water or many kinds of sludge. It was confirmed that the magnesium
alloy electrodes could remove phosphates from the sludge and dissolute them by
applying reverse polarization for phosphate resources recovery. Other materials, such
as stainless steels, aluminum and casting iron, were hard to be employed for the
practical phosphate recovery equipment due to their mechanical characteristics.
Electrolytic cells for phosphorous recovery and their processes are being designed for
a sewage treatment facility and a phosphorous ore mine.
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Chapter 7 Conclusion

In this research, we have developed a novel magnesium alloy electrode that can be
used as a source of next-generation eco energy by taking advantage of the excellent
performance of magnesium. Compared with the commercially available magnesium
alloy, it was found that it has excellent electrochemical performance. Moreover, in
order to achieve higher performance, the electrochemical performance of the novel
magnesium alloy electrode was improved by combining stress and corrosion.
The main innovation of this paper is to add compounds MnS into the Mg-Zn-In-Sn
alloy and the new material is used as a cathode for the aqueous solution battery and
secondary battery that used the organic solvents. On the other hand , the effect and
influence of the additional tensile stress on the cathode is also verified.

Then,

according to the principle of tensile stress, material recovery, such as phosphoric acid
recovery has also been the significant results.
The following conclusions conclusions are drawn from the series of
experimental and theoretical studies
(1)A new magnesium alloy Mg - Zn - In - Sn - MnS was prodused by adding a trace
element Mn to a magnesium alloy Mg - Zn - In - Sn using a vacuum gas replacement
furnace and made it by twin roll continuous casting method. Its tissue composition is
also identified, and through micro-observation, the structure is better than Mg-Zn-InSn-MnS alloy.
(2)It was found that Mg - Zn - In - Sn - MnS alloy has the most negative rest potential
by measuring various alloys in the same electrolyte. Furthermore, using the constant
stress corrosion method, the CV curve of the new magnesium alloy was measured in
various solutions. When the distance between the cathode and the counter electrode
was 2 mm, it was confirmed that the output performance of the novel magnesium
alloy was the highest under 1 MPa stress in 1 Mol AcONa solution.
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(3)A corrosion model was developed and the electrochemical properties of the Mg Zn - In - Sn alloy electrode were calculated. It was found that the concentration of Mg
decreases as the stress increases. Since the calculated value of the alloy electrode
voltage and current almost agreed with the experimental value, the mechanism of
corrosion and the influence of stress were theoretically explained.

(4)The anodes dissolution was controlled by loading 3 to 10MPa of tensile strain on
the modified AZ91 alloy for a magnesium – air fuel cell. 0.6Acm-2 of the current
density and 0.5Wcm-2 of output power were obtained under the condition of -1.0V vs
Ag/AgCl of the negative electrode and sodium acetate - acetic acid solution. A small
single cell was assembled and demonstrated by combining oxygen cathode of electroconductive activated carbons with the magnesium alloy anode.
(5)The effects of a new type of magnesium alloy electrodes which had been selected
from various components under tensile stress were examined for magnesium
secondary batteries in this paper . The charge and discharge curve which had been
obtained for 2 mA/cm2 of current density at TMAP/DMSO electrolyte was better than
10 mA/cm2 of current density. By reducing the internal resistance based on the
electrolyte and positive electrode, the practical power density of that exceed 100
W/kg will be obtained for the secondary battery in the present cell configuration.
(6)It was confirmed that the magnesium alloy electrodes could remove phosphates
from the sludge and dissolute them by applying reverse polarization for phosphate
resources recovery. Electrolytic cells for phosphorous recovery and their processes
are being designed for a sewage treatment facility and a phosphorous ore mine.
In this paper, a novel magnesium alloy was developed by the twin roll continuous
casting method. In addition, by using stress corrosion, the electrochemical
performance of the alloy electrode can be improved.
Furthermore, I have studied magnesium primary batteries and secondary batteries as
new magnesium alloy applications, but as we advance research on magnesium
batteries that can be used in various fields in the future, I think it is necessary to apply
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them to the field of 3C products such as electric cars and mobile phones for further
study.
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