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Abstract: Magnesium is a promising metal used as anodes for chemical power sources. This metal could theoretically provide
negative discharge potential and exhibit large capacity during the discharge process. However, when the magnesium anode is adopted
for practical applications, several issues, such as the discharge products adhered to the electrode surface, the self-discharge occurring
on the anode material, and the detachment of metallic particles, adversely affect its inherently good discharge performance. In this
work, the types of chemical power sources using magnesium as anodes were elaborated, and the approaches to enhance its anode

performance were analyzed.
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1 Introduction

It is well known that chemical power source
normally adopts active metal as anode to deliver
electrons for current generation. During the discharge
process, the anode loses electrons and dissolves into the
electrolyte in the form of metallic ions. Meanwhile, the
electrons are sent through external circuit to produce
current for energy supply. Thus, the performance of the
power source is mainly affected by the metal anode,
which plays a vital role in determining the cell voltage,
energy density and battery capacity [1,2]. Magnesium is
promising anode material due to its inherently good
discharge performance.

Firstly, magnesium has negative standard electrode
potential of —2.37 V (vs SHE) [3], which is more
negative than those of aluminum (-2.31 V (vs SHE)) and
zinc (—1.25 V (vs SHE)) [4,5]. Thus, magnesium anode
could theoretically exhibit high discharge activity and
possess strong ability to deliver electrons for power
generation.

Secondly, magnesium has high Faradic capacity of
2.205 A-h/g [3,4], which is lower than those of lithium
(3.862 A‘h/g) and aluminum (2.980 A-h/g) [4], but

significantly higher than that of zinc (0.820 A-h/g) [5].
As a consequence, magnesium anode could theoretically
offer a large number of electrons per unit mass to
produce electric current.

Thirdly, magnesium has low density of 1.74 g/cm’,
which is lower than those of aluminum (2.70 g/cm’) and
zinc (7.14 g/em®). The low density of the anode favors
mass reduction of the battery system, thus leading to an
achievement of high output energy density.

Based on the above three advantages, magnesium
has been widely employed as ideal anode materials for
many chemical power sources. The types of these power
sources are summarized below and the aim of this work
is to clarify the property of magnesium employed as
anodes and present the approaches to enhance its
discharge performance.

2 Applications of magnesium anodes in
chemical power sources

As prospective anode material used in chemical
power sources, magnesium possesses many excellent
properties such as high discharge activity, wide voltage
range, high energy density, large current capacity, and
less environmental contamination [6—8]. Accordingly,
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this metal has been successfully used as anodes for a
wide range of power sources, such as seawater activated
battery, dissolved-oxygen seawater battery, air battery,
hydrogen peroxide semi-fuel battery, primary battery,
and secondary battery [9—13]. When these batteries are
put into use, the magnesium anode is normally
discharged in neutral electrolytes containing aggressive
ions (e.g., CI and ClO4 ) [14,15], which exert
important effect on dissolving the discharge products, i.c.,
Mg(OH), film, adhered to the electrode surface. Thus,
the anode material can be quickly activated and the
lagging voltage effect for the battery system is
effectively inhibited. The types of chemical power
sources adopting magnesium as anodes are summarized
as follows.

2.1 Seawater activated battery

Seawater activated battery was first developed in
1940s to meet the requirement of military applications
[8,9]. This battery system normally includes two
indispensible parts, i.e., active metal anode (e.g.,
magnesium) and metal chloride cathode (e.g., AgCl,
CuCl, Cuyl,, and PbCl,). Since the battery is constructed
in dry and stored in the dry condition, it usually has a
long shelf life. The structure of the basic seawater
activated battery is shown in Fig. 1 [9]. In the course of
discharge, seawater acting as the electrolyte is poured
into the battery system and the magnesium anode is
activated to deliver electrons for power generation. At
the cathode, the metal chloride receives the circulating
electrons in the form of reduction reaction and the
overall cell reaction is established. Seawater activated
battery can be used in a wide range of short-term
high-power undersea devices, e.g., detection devices,
electric torpedoes, ocean buoys, air-sea rescue equipment,
and sonobuoys [8,9,15,16].

The sorts of seawater activated batteries include
Mg/AgCl battery, Mg/CuCl battery, Mg/Cu,l, battery,

Anode

End plate End plate

Collector
Collector
Tape

Separator Cathode

Electrolyte

Fig. 1 Structure of basic seawater activated battery [9]

and Mg/PbCl, battery. Among these batteries, Mg/AgCl
battery was developed by Bell Telephone Laboratories as
the power source for electric torpedoes. The design of
this battery promotes the development of other small
high-energy density batteries, which is also adaptable for
serving as the power sources for undersea devices [9].
The current-producing and principal overall reactions for
Mg/AgCl battery are as follows:

Anode: Mg—>Mg”"+2¢ (1)
Cathode: 2AgCl+2e—>2Ag+2Cl 2)
Overall: Mg+2AgCl—MgCl,+2Ag 3)

Mg/AgCl battery is able to operate at large current
density and provide high energy density of 88 W-h/kg
[17,18]. Moreover, this battery can be used in a wide
temperature range and stored in the dry condition for
more than 5 years. However, Mg/AgCl battery is costly
due to the use of AgCl.

Mg/CuCl battery was developed by the former
Soviet Union and became commercially available in
1949 [9]. In contrast with Mg/AgCl battery, this battery
is significantly less expensive because the costly cathode
material (i.e., AgCl) is replaced by the relatively cheap
CuCl cathode. However, Mg/CuCl battery exhibits lower
energy density and smaller capability in comparison with
Mg/AgCl battery. In addition, Mg/CuCl battery cannot
be stored at high humidity, and SnCl, or argon are
needed to avoid the oxidation of CuCl cathode. The
major application of Mg/CuCl battery is in airborne
meteorological equipment, in which the use of the more
expensive Mg/AgCl system is not warranted. The
current-producing and principal overall reactions for
Mg/CuCl battery are as follows:

Anode: Mg—>Mg*+2e 4)
Cathode: 2CuCl+2e—>2Cu+2Cl™ 5)
Overall: Mg+2CuCl—MgCl,+2Cu (6)

Except for the electrochemical reactions listed
above, the magnesium anode used for seawater activated
battery also suffers sever self-discharge occurring at the
electrode/electrolyte interface. This self-discharge is side
reaction, which promotes the evolution of hydrogen and
leads to heat release during the discharge process. It can
be expressed as follows:

Mg+2H,0—>Mg(OH),+H, (7)

The self-discharge reduces the anodic efficiency and
actual capacity of magnesium anode, thus the metal
cannot be completely used to generate current. However,
the evolved hydrogen caused by self-discharge stirs the
electrolyte near the electrode surface, thus accelerating
the self-peeling of the discharge products and sustaining
relatively large active electrode area. Moreover, the heat
released in the course of self-discharge plays an
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important role in activating the battery system, hence
giving the battery good low-temperature performance.

2.2 Dissolved oxygen seawater battery

Dissolved oxygen seawater battery also adopts
magnesium as the anode material and seawater as the
electrolyte. An inert electrode, e.g., carbon fiber or
graphite electrode [19,20], serves as the cathode, and the
reaction taking place at this cathode is the reduction of
dissolved oxygen in seawater [21]. The cathode does not
deplete and it plays two roles during the discharge:
1) Serving as place for the cathode reaction; 2) Acting as
catalyzer to promote the reduction of oxygen. The
current-producing and principal overall reactions for the
dissolved oxygen seawater battery are as follows:

Anode: Mg—>Mg*"+2¢ 8)
Cathode: O,+2H,0+4e—40H )
Overall: 2Mg+0,+2H,0—2Mg(OH), (10)

The magnesium anode used for dissolved oxygen
seawater battery cannot be used in warm seawater
because of the severe self-discharge of magnesium [19],
even though this side reaction can be minimized by
reducing the surface area of electrode.

Dissolved oxygen seawater battery can provide cell
voltage of about 1 V [19]. However, the cathode reaction
is restricted by the low solubility of oxygen in seawater
[10,19]. Thus, the cathode current is relatively low and
the battery cannot provide high energy density to meet
the requirements of the high-power undersea devices.
Although this defect can be compensated by increasing
the velocity of seawater flowing through the battery
system, dissolved oxygen seawater battery is mainly
used in several long-duration and low-power undersea
vehicles [10,20].

HASVOLD et al [20] invented undersea vehicle
using dissolved oxygen seawater battery as the power
source. When the single cell of this battery operated at
load of 133 W, the endurance of the vehicle was 504 h
with hydrodynamic loss of 24 W and 430 h with
hydrodynamic loss of 17 W. This vehicle can travel for
2963.2 km at speed of 2 m/s when it was 600 m under
the sea level. The top view of this battery is shown in
Fig. 2 [20]. It can be seen that the magnesium rods and
carbon fiber cathodes are placed in parallel in the cell.
Seawater acting as the electrolyte enters the battery
system in one end and leaves in the other. On the way of
seawater flowing through the cell, the concentration of
oxygen decreases whereas that of discharge products
increases. Moreover, these changes in the seawater
chemistry increase with the length of the cell and
decrease with increasing flow velocity. Therefore, the
cell voltage normally increases with increasing flow, as
indeed observed. However, since the hydrodynamic work

also increases with the increase of flow, there is optimum
flow velocity at which the output power of the battery
achieves the maximum value. In addition, there also
exists minimum flow, under which the battery clogs with
the discharge products and thus the discharge
performance is weakened.

o
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Fig. 2 Top view of structure of dissolved oxygen battery [20]

2.3 Air battery

Air battery is a special fuel cell which has the
ability to provide high energy density and stable cell
voltage [11]. This battery adopts magnesium as the anode
and air diffusion electrode as the cathode. A neutral
solution containing aggressive salt (such as NaCl) is used
as the electrolyte. The structure of magnesium/air battery
is shown in Fig. 3. In the course of discharge, the
magnesium anode is used to deliver electrons for current
generation and the atmospheric oxygen is catalytically
reduced to OH  ions at the cathode. Thus, the reactant at
the cathode is inexhaustible so long as the air diffusion
electrode is well running. Since magnesium is the only
active material in the battery system, the energy density
and actual capacity are mainly determined by the anode
[11]. However, the performance of air battery is
significantly affected by the outside conditions and the
battery can only work well in a narrow range of
temperature [11,22].
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Fig. 3 Structure of air battery [11]
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The current-producing and principal overall
reactions for the air battery are as follows:
Anode: Mg—>Mg*"+2e (11)
Cathode: O,+2H,0+4e—40H (12)
Overall: 2Mg+0,+2H,0—2Mg(OH), (13)

Although magnesium/air battery could theoretically
provide voltage of 3.1 V, the actual cell voltage for this
battery is only 1.6 V [11]. This phenomenon is mainly
attributed to the Mg(OH), film formed on the surface of
magnesium, thus decreasing the reaction surface area and
positively shifting the discharge potential. A common
approach to overcome this disadvantage is using
magnesium alloys to displace pure magnesium as the
anode. Moreover, selecting suitable electrolytes is also
important to enhance the battery performance.

KHOO et al [23] invented new electrolyte based on
a phosphonium chloride ionic liquid/water mixture. They
demonstrated that this electrolyte is promising candidate
for magnesium/air battery because it promotes the
formation of amorphous gel-like film on magnesium
surface, thus resulting in a level of passivation when the
battery is at open circuit. However, during the discharge
process, this interfacial film becomes sufficiently
conductive to allow stable discharge of magnesium for
long periods. In addition, the film appears to recover its
high resistance upon resting at open circuit. This
phenomenon favors the longevity of actual magnesium/
air batteries because the high reactivity of magnesium is
suppressed when the battery is not operating.
Furthermore, KHOO et al [23] also found that water
plays an important role in the formation of protective
surface film on the surface of magnesium when the
battery is operated at high discharge current. When the
content of water reaches 8%, the battery can provide
voltage of 1.6 V at the current density of 1 mA/cm’.

2.4 Hydrogen peroxide semi-fuel battery
Magnesium/hydrogen peroxide semi-fuel battery
uses carbon paper electrode doped with palladium and
iridium as the cathode and hydrogen peroxide (H,0O,) as
the cathode active material [3,4]. This battery also adopts
seawater as the anolyte whereas the catholyte consists of
NaCl, H,SO,, and H,O,. The anode and cathode in the
battery system are separated by a conductive membrane
[4]. The structure of magnesium/hydrogen peroxide
semi-fuel battery is shown in Fig. 4. During the
discharge process, magnesium or magnesium alloy
serving as the anode delivers electrons for power
generation. Meanwhile, hydrogen peroxide at the
cathode receives the electrons in the form of reduction
reaction and the overall cell reaction is established. The
cathode of hydrogen peroxide semi-fuel battery does not

consume during the discharge process, it mainly serves
as place for cathodic reaction and acts as catalyzer to
accelerate the reduction of hydrogen peroxide.

Magnesiim
anod

Cathode electrolyte pump
Anode electrolyte pump
Fig. 4 Structure of magnesium/hydrogen peroxide semi-fuel
battery [11]

Magnesium/hydrogen peroxide semi-fuel battery
could theoretically provide voltage of 3.25 V in neutral
electrolyte [3,24], which is higher than that of the
magnesium/dissolved oxygen seawater battery and
magnesium/air battery. This result is mainly attributed to
the cathode active material, i.e., H,O,, which has
stronger oxidizing activity in contrast with oxygen. The
current-producing and principal overall reactions for
magnesium/hydrogen peroxide semi-fuel battery in
neutral electrolyte are as follows:

Anode: Mg—>Mg”"+2e¢ (14)
Cathode: HO, +H,O0+2e—30H (15)
Overall: Mg+HO, +H,0—Mg(OH),+OH (16)

In addition, this battery also suffers several side
reactions in neutral electrolyte as follows.

Decomposition of hydrogen peroxide:
2H202—)2H20+02 (17)

Self-discharge of magnesium anode:

Mg+2H,0—Mg(OH),+H, (18)
Deposition reactions:

Mg*+20H —>Mg(OH), (19)

Mg?*+C0s> —MgCO; (20)

These side reactions not only promote the evolution
of hydrogen, but also accelerate the deposition of
MgCO; and Mg(OH), in the battery system, hence
decreasing the actual cell voltage and anodic efficiency.
Sulphuric acid is usually added into the catholyte to
dissolve the sediments (MgCO; and Mg(OH),), thus
enlarging the active electrode area and enhancing the cell
voltage. The theoretical voltage of this battery reaches
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4.14 V in acid electrolyte [3,24], and the electrochemical
reactions of magnesium/hydrogen peroxide semi-fuel
battery in acid electrolyte are as follows:

Anode: Mg—>Mg*+2e 1)
Cathode: H,0,+12H +2e—>2H,0 (22)
Overall: Mg+H,0,+2H'—>Mg*'+2H,0 (23)

So far, magnesium/hydrogen peroxide semi-fuel
battery is mainly used as an energetic system for low rate,
long  endurance undersea  vehicle [12,25,26].
MEDEIROS et al [25] investigated the factors that
control the performance of magnesium/hydrogen
peroxide semi-fuel battery. They found that the battery
performance was mainly determined by the flow rates of
anolyte and catholyte, the concentration of hydrogen
peroxide, the working current density, and the
temperature of battery system. In addition, MEDEIROS
et al [26] also investigated the impact of different
cathode materials on the discharge performance of
magnesium/hydrogen peroxide semi-fuel battery. The
results indicated that the battery can provide voltage of
1.3 V at 25 mA/cm® when electrocatalyst of nickel foil
catalyzed with palladium and iridium was utilized,
whereas this voltage reached 1.5 V when electrocatalyst
of planar carbon catalyzed with palladium and iridium
was tested.

2.5 Primary battery and secondary battery

Primary battery can only be used once and is unable
to return to its initial state via charging. Magnesium
primary battery uses magnesium or magnesium alloys as
the anode and manganese dioxide (MnQO,) as the cathode.
Magnesium perchlorate (Mg(ClOy),) usually serves as
the electrolyte for this battery [14]. The structure of
magnesium primary battery is shown in Fig. 5. It can be
observed that the battery has shape of column with
carbon rod locating in the central of the column. This
carbon rod is connected with the cup wall to shorten the
path of the battery. In addition, magnesium anode is
surrounded by the mixture of cathode materials, which
has good contact with magnesium anode, carbon rod, and
cup wall. Thus, the reaction surface area is enlarged.
During the discharge process, the magnesium anode is
activated in the magnesium perchlorate to deliver
electrons for power generation. At the cathode, the
manganese dioxide receives the circulating electrons via
reduction reaction and the overall cell reaction is
established. The current-producing and principal overall
reactions for magnesium/manganese dioxide primary
battery are as follows:

Anode: Mg+20H —Mg(OH),+2e (24)
Cathode: 2MnO,+H,0+2e—>Mn,0;+20H (25)
Overall: Mg+2MnO,+H,0—Mn,0;+Mg(OH),  (26)
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Fig. 5 Structure of magnesium primary battery [11]

The theoretical voltage provided by magnesium/
manganese dioxide primary battery is 2.8 V [11]. When
the battery is put into use, the surface of magnesium is
normally covered by Mg(OH), or MgO film, which
reduces the active electrode area and makes the voltage
decrease to 1.9—2.0 V. In addition, this film induces the
lagging voltage effect but protects the magnesium anode
and inhibits the self-discharge occurring in the course of
storage. However, the protective film is not stable and
will break in the course of discharge. It is hard for the
fractured film to recover itself and thus the magnesium
anode suffers severe self-discharge when it is used
intermittently, resulting in the decrease of the anodic
efficiency and the accumulation of evolved hydrogen in
the battery system. Adding corrosion inhibitor (such as
BaCrO, and Li,CrO,) into the electrolyte is effective
approach to inhibit the self-discharge and thus enhance
the intermittent performance [11]. The anodic efficiency
of the magnesium anode during the process of successive
discharge is 60%—70%, whereas that in the course of
intermittent discharge or discharge at low current density
is 40%—50%. The average voltage of the magnesium/
manganese dioxide primary battery is 1.6—1.8 V, which
is higher than that of the zinc/manganese dioxide
primary battery. Moreover, it is found that the
magnesium/manganese dioxide primary battery has good
low temperature property and is able to operate at low
temperature of —20 °C [11].

Secondary battery is able to return to its initial state
via charging after discharge. Magnesium secondary
battery uses magnesium or magnesium alloys as the
anode, and uses transition-metal sulfides, oxides, or
organic compounds as the cathode. Organic aprotic polar
solvents usually serve as the electrolyte. One of the key
technologies for developing practical rechargeable
batteries is establishing reversible redox (deposition and
dissolution) process of magnesium [13]. However,
because magnesium is easily oxidized by water
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(moisture) and other protic-solvents to form passivation
film, it is generally difficult to establish reversible
process of electrochemical deposition and dissolution of
magnesium, not only in aqueous but also in organic
media. One possible option to realize reversible process
of magnesium deposition/dissolution is to use Grignard
Reagents as the electrolytes, which consists of ether
solution and organo- magnesium complex [13]. It has
been generally accepted that no compact passivating film
covers the surface of magnesium and then reversible
deposition and dissolution of magnesium occur with low
overvoltage in such electrolyte system. In addition, ionic
liquids are also good candidates for the electrolytes used
in magnesium secondary battery [13]. This electrolyte is
composed of ions without solvents and thus it provides
great range of properties.

The charge—discharge performance of magnesium
secondary battery is also controlled by the cathode
material, in which the Mg ions diffuse slowly [27,28].
Hence, it is of crucial importance to select suitable
embedded cathode material for the secondary battery.
ZHENG et al [29] prepared the MgCoSiO, cathode
material by high-temperature solid-state reaction, molten
salt method, and mixed solvothermal approach. The
mesoporous MgCoSiO, was achieved using the
non-surfactant mixed solvothermal approach. The
electrochemical data indicated that the mesoporous
MgCoSiO, had higher peak current, larger discharge
capacity, and higher flat plateau compared with the
corresponding bulk materials. This phenomenon is
mainly due to the fact that the mesoporous MgCoSiO,
possesses larger surface area in contact with the
electrolyte and thus provides more active sites for
electrochemical reactions to occur. In addition, the thin
pore walls also shorten the transportation/diffusion path
for both electrons and ions. Accordingly, using the
cathode material with mesoporous structure is new
approach to enhance its reaction activity in rechargeable
magnesium batteries.

3 Factors adversely affecting performance of
magnesium anode

It is mentioned above that magnesium possesses
negative standard electrode potential of —2.37 V (vs
SHE). Thermodynamically, this metal is able to provide
negative discharge potential when connected with load.
However, the electrode surface of magnesium is
normally covered by the discharge products (i.e.,
Mg(OH), film) in the course of discharge [3,4,30,31],
thus hindering the electrode surface from contact with
the electrolyte. As a result, the discharge potential shifts
positively with the increase of discharge time when
magnesium is put into practical applications.

The Mg(OH), film adhered to the electrode surface
is attributed to the dissolution/deposition reactions of
magnesium [32]. The magnesium anode dissolves into
the electrolyte in the form of Mg*" ions in the course of
discharge and these ions will deposit on the electrode
surface in the form of Mg(OH), when the concentration
of Mg”" ions is higher than the solubility limit [32]. This
process is depicted as follows.

Dissolution of magnesium:

Mg—Mg*'+2e 27)
Deposition of magnesium hydroxide:
Mg**+2H,0—Mg(OH),+2H" (28)

It is also elaborated previously that magnesium has
high Faradic capacity of 2.205 A-h/g. Thus, the
magnesium anode could theoretically deliver large
number of electrons per unit mass to generate current.
However, the magnesium anode is prone to suffer severe
self-discharge or side hydrogen evolution reaction in
aqueous electrolyte [3,4,33,34], especially
impurities with electrode potentials more positive than
that of magnesium exist in the anode material [35,36].
These impurities act as local cathode to promote the
evolution of hydrogen, resulting in decrease of anodic
efficiency and loss of actual capacity. Moreover, many
metallic particles are detached from the electrode surface
in the course of discharge. These detached particles
cannot be used to generate current and therefore also
result in loss of anodic efficiency.

The self-discharge of magnesium is due to its
inherently negative difference effect (NDE) [35,37,38],
which means the increase of hydrogen evolution by
increasing the applied current density. SONG et al [37]
investigated the electrochemical and corrosion behavior
of pure magnesium in 1 mol/L NaCl solution and
summarized a model that clearly revealed the NDE of

several

magnesium.

1) The surface of magnesium in 1 mol/L NaCl
solution is normally covered by partially protective film,
which cannot effectively protect magnesium in the
course of anodic polarization.

2) The dissolution of magnesium during anodic
polarization includes two steps:

Mg—>Mg +e (29)
2Mg"+2H"—2Mg*"+H, (30)

Only the first step delivers electrons for current
generation, whereas the electrons of Mg  ions are
grabbed by the hydrated proton for hydrogen evolution
in the second step.

3) In the course of magnesium dissolution, the
formation of magnesium hydride (MgH,) is observed and
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this phenomenon also results in loss of magnesium used
for current generation:

Mg+2H +2e—>MgH, €2))
Magnesium hydride is not stable and will decompose.
MgH,+2H,0—Mg*+20H +2H, (32)

4) Many metallic particles are locally detached in
the course of anodic polarization. These detached
particles promote the evolution of hydrogen via chemical
dissolution and thus cannot be used to generate current.

4 Approaches to enhance discharge
performance of magnesium anode

The magnesium anode possessing good discharge
performance is required to exhibit several characters
summarized below.

1) Negative discharge potential, which means that
the magnesium anode retains strong ability to deliver
electrons for energy supply.

2) Short activation time, which signifies that the
discharge potential can quickly come into the steady state
in the course of discharge.

3) High anodic efficiency, which implies that the
per unit mass of magnesium is able to offer more
electrons to generate current.

Until recently, several approaches have been
adopted to enhance the discharge performance of
magnesium as follows.

1) Adding alloying elements, such as Ce, Zn, Mn,
Pb, TL, Sn, Hg, and Ga [1,3,4,8,16,39—41], into
magnesium. This approach, usually known as alloying,
accelerates the self-peeling of the discharge products and
inhibits the side hydrogen evolution reaction.

2) Using heat treatment, e.g., homogenization
annealing, solid solution and aging, to modify the
distributions of alloying elements and secondary phases
in the magnesium matrix [42,43], thus improving the
electrochemical and corrosion performances of
magnesium.

3) Adopting plastic deformation (such as rolling and
extrusion) to modify the microstructure of magnesium
[1,15,39,44], thus leading to an enhancement of the
discharge performance.

Moreover, the discharge performance of magnesium
is also affected by the electrolyte [14,44,45]. Accordingly,
adding a small quantity of additives into the electrolyte
favors the self-peeling of the discharge products and
suppresses the side reactions if the battery possesses
closed system [45,46].

The approaches mentioned above are elaborated
below.

4. 1 Alloying

Alloying is an effective approach to enhance the
discharge performance of magnesium [47]. The alloying
elements added into magnesium, on one hand, accelerate
the self-peeling of the discharge products, on the other
hand, minimize the self-discharge. Several alloying
elements even possess both the two functions. According
to the alloying elements, the magnesium anodes can be
classified into different categories.

4.1.1 Mg—Al—Zn series alloys

These alloys include AZ31 (Mg—3%Al-1%Zn),
AZ61 (Mg—6%Al-1%Zn), AZ63 (Mg—6%Al—3%Zn),
and AZ91 (Mg—9%AI1-1%Zn) (hereafter in mass fraction,
except for special illustration). The common feature of
these magnesium alloys is low discharge activity but
good corrosion resistance. They are mainly used as
anodes in chemical power sources to supply energy for
long-term  low-power undersea applications. In
Mg—Al—Zn series alloys, aluminum plays important role
in inhibiting the self-discharge, whereas zinc decreases
the lagging effect of voltage induced by aluminum and
favors uniform dissolution of magnesium.

The effect of aluminum on the corrosion behavior
of magnesium has been well investigated. In Mg—Al-Zn
series alloys, aluminum mainly exists in two forms:
1) solid solution in magnesium matrix; 2) f-Mg;;Al,
phase within the grains and along the grain boundaries
[32,48]. SONG et al [49] investigated the corrosion
behavior of as-cast AZ91D magnesium alloy in 1 mol/L
NaCl solution. They found that the f-Mg;Alj, phase
plays double role in determining the corrosion behavior
of AZ91D magnesium alloy. When the fraction of this
phase is high and the phase distributes continuously
along the grain boundaries, the f-Mg;;Al, phase mainly
serves as corrosion barrier to hinder the corrosion. In
contrast, accelerated corrosion is expected when the
fraction of the f-Mg;;Alj, phase is low and this phase
distributes discontinuously along the grain boundaries.
PARDO et al [48] studied the corrosion behavior of
AZ31, AZ80, and AZ91D magnesium alloys in 3.5%
NaCl solution. The results indicated that the corrosion
degrees of these magnesium alloys were determined by
the content of aluminum and the microstructures of
magnesium alloys. The increase in the content of
aluminum was valuable to enhance the corrosion
resistance of magnesium alloy.

The discharge behavior of Mg—Al-Zn series alloys
used as anodes has been reported in several references.
BALASUBRAMANIAN et al [45] investigated the
discharge performance of Mg/AgCl battery using AZ31
as anode in de-ionized water and 3.3% NaCl solution,
and clarified the effects of electrolyte concentration,
temperature and current density on the battery
performance. The results indicated that the activation
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time for the battery to reach voltage of 2 V under 2 Q
load was 1500 and 400 ms in de-ionized water and 3.3%
NaCl solution, respectively. The discharge potential of
AZ31 alloy exhibited negative shift with the increase of
NaCl concentration at each current density. In addition,
the discharge potential displayed positive shift with the
increase of current density, and this phenomenon was
inhibited in NaCl solution with high concentration (0.5
mol/L) because the electrolyte conductivity increased
with the increase of the electrolyte concentration.
Furthermore, the electrolyte temperature also affected the
cell performance. The cell voltage increased as the
electrolyte temperature increased. When the temperature
reached 30 °C, the cell voltage was close to 1.5 V at 400
mA.

HIROI [17] investigated the effect of pressure on
the discharge behavior of Mg/AgCl seawater activated
battery using AZ31 and AZ61 magnesium alloys as the
anodes. The results indicated that the cell voltages of the
two batteries at high pressure were 20—30 mV higher
than those at low pressure. The voltage of the battery
using AZ61 as the anode was higher and more stable
than that adopting AZ31 as the anode, attributed to the
nature of the discharge products covered on the anode
surfaces. The observations of the cells after discharge
showed clogging between the plates in the case of AZ31.
The sludge was rather dense and adhesive. Grayish-white
product also formed on the surface of AZ61, but it was
granular, rapidly settling sludge, and not so adherent to
the plate. Thus, AZ61 is more suitable to serve as the
anode for seawater activated battery in comparison with
AZ31.

4.1.2 Mg—Li series alloys

Mg-Li series alloys with higher discharge activity
than Mg—Al—Zn series alloys are employed as the anodes
for metal/hydrogen peroxide semi-fuel batteries, which
mainly serve as the power sources for undersea vehicles
[3,4,24,50]. The addition of lithium into magnesium
exerts important effect on enhancing the discharge
activity and theoretical capacity of magnesium due to the
high activity and large Faradic capacity of lithium. In
addition, the S phase with body centered cubic structure
forms in the Mg—Li series alloys when the addition of
lithium exceeds 5.7%, which improves the plastic
deformability and is valuable to obtain the magnesium
electrode with different shapes.

CAO et al [4] investigated the electrochemical
behavior of Mg-Li, Mg-Li—Al, and Mg-Li—Al-Ce
alloys in 0.7 mol/L NaCl solution. The results indicated
that the discharge products of these alloys were loosely
adhered to the alloy surfaces and thus were partially
responsible for the high discharge activity. The discharge
activities and anodic efficiencies increased in the order:
Mg-Li < Mg-Li—Al < Mg-Li—Al-Ce, whereas the

polarization resistances decreased in the order: Mg—Li >
Mg-Li—Al > Mg—Li—Al-Ce. The Mg—Li—Al—Ce alloy
exhibited the best performance in term of discharge
activity, anodic efficiency and activation time. Thus, the
alloying elements, i.e., aluminum and germanium, played
vital role in enhancing the discharge performance of
Mg—Li series alloys.

CAO et al [3] also prepared the Mg—Li—Al-Ce—Zn
and Mg—Li—Al-Ce—Zn—Mn alloys using an induction
melting and studied their electrochemical behavior in 0.7
mol/L NaCl solution. The results showed that the
Mg-Li—Al-Ce—Zn—Mn alloy gave better performance
than Mg—Li—Al-Ce—Zn alloy. The discharge products of
Mg-Li—Al-Ce—Zn—Mn alloy exhibited as less dense and
less homogeneous surface layer and thus was partially
responsible for the high discharge activity. The anodic
efficiency of the Mg—Li—Al-Ce—Zn—Mn alloy was more
than 80% at typical discharge potentials. The
magnesium/hydrogen peroxide semi-fuel cell using
Mg-Li—Al-Ce—Zn—Mn as the anode displayed
maximum power density of 91 mW/cm® at room
temperature.

LU et al [24] investigated the electrochemical
performances of  magnesium/hydrogen  peroxide
semi-fuel cells with Mg, Mg-Li—Al-Ce and
Mg-Li—Al-Ce—Y as anodes. They found that pure Mg
and Mg-Li—Al-Ce—Y were more anti-corrosive than
Mg-Li—Al-Ce when immersed in 0.7 mol/L NaCl
solution. However, Mg—Li—Al-Ce—Y showed higher
discharge activity than pure Mg and Mg—Li—Al—Ce in
the course of potentiostatic discharge. The discharge
current density of Mg—Li—Al-Ce—Y at —1.0 V in 0.7
mol/L NaCl solution was about 43 mA/cm?. Moreover,
the maximum peak power density of magnesium/
hydrogen peroxide semi-fuel cells using Mg,
Mg—Li—Al—Ce and Mg—-Li—Al-Ce—Y as anodes reached
83.4,91.3 and 110.0 mW/cm?, respectively.

4.1.3 Mg—Hg and Mg—Hg—Ga series alloys

The Mg—Hg and Mg—Hg—Ga series alloys were
developed by the former Soviet Union and have been
utilized by the Russian army until recently. In these alloy,
the mercury possesses high over-potential for hydrogen
evolution reaction and thus plays important role in
enhancing the anodic efficiency [51]. Because mercury is
not environment friendly, gallium which also has high
over-potential for the evolution of hydrogen is adopted to
partially displace mercury. The Mg—Hg and Mg—Ga—Hg
series alloys exhibit higher discharge activities and
shorter activation time than other magnesium alloys, and
mainly serve as anodes for Mg/CuCl seawater activated
batteries which are used as power sources for electrical
torpedoes [9].

FENG et al [6,16,40] investigated the
electrochemical and corrosion behavior of Mg—Hg—Ga
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series alloys in 3.5% NaCl solution. The results indicated
that three secondary phases, i.e., Mg;Hg, MgsGa, and
Mg, GasHg;, existed in these alloys. The Mg;Hg phase
with large volume greatly enhanced the discharge
activity of magnesium but decreased the corrosion
resistance. The alloy containing Mg;Hg phase provided
discharge potential of —1.989 V (vs SCE) at 100 mA/cm®.
The Mg, GasHg; phase presented as small particles and
was able to enhance the corrosion resistance of
magnesium. The alloy containing Mg,;GasHg; phase had
a corrosion current density of 1.19 mA/cm?. In addition,
the corrosion resistance of Mg—Hg—Ga series alloy
dramatically decreased when the secondary phases
distributed along the grain boundaries in the form of
eutectic, whereas the corrosion resistance and the
comprehensive discharge performance were improved
when the secondary phases had small sizes and
distributed homogeneously in the magnesium matrix.
Furthermore, FENG et al [6] analyzed the activation
mechanism of Mg—Hg—Ga series alloy and clarified that
the activation mechanism was dissolution-deposition.
The addition of gallium accelerated the self-peeling of
corrosion film and favored the formation of magnesium
amalgams, thus promoting the discharge activity.
4.1.4 Mg—AI-TI series alloys

Mg—AIl-TI series alloys were developed by British
Magnesium Electronics Company. These alloys possess
high discharge activity and have the ability to provide
high cell voltage for seawater activated batteries [9]. In
Mg—AIl-Tl series alloys, thallium exhibits high
over-potential for hydrogen evolution and thus plays an
important role in enhancing the anodic efficiency. In
addition, the dissolved TI’" ions during the discharge
process are reduced by magnesium and deposit on the
electrode surface in the form of thallium, which exerts
effect on promoting the self-peeling of the discharge
products and activating the anode material. Until recently,
the Mg—AI-Tl series alloys which have been
successfully used include AT61 (Mg—6%AIl-1%Tl) and
AT75 (Mg—T7%Al-5%Tl) [9]. AT61 with shorter
activation time than AZ61 is mainly used as anode for
short-term and high-power seawater activated battery.
The discharge products of AT75 presents in fine black
flaky form that washes out of the battery system with
flowing electrolyte. In static battery, thicker but porous
brown black film may accumulate. This does not affect
the anode performance but may require special design
consideration. The seawater activated battery with AT75
anode and AgCl cathode provides stable voltage higher
than 1.75 V at 12.5 mA/cm®. This voltage decreases with
the increase of discharge time at 310 mA/cm?, and it is
close to 1.3 V after discharge for 4 min. Thus, Mg—AI-TI
series alloys exhibit good discharge performance in
contrast with Mg—Al-Zn series

alloys. However,

thallium is poisonous and there exists the possibility of
accumulation of thallium in the body by skin absorption
from continuous unprotected handing. All handing
should therefore be carried out using non-absorbent type
gloves.

4.1.5 Mg—AIl-Pb series alloys

Mg—AIl-Pb series alloys which were also developed
by British Magnesium Electronics Company possess
lower discharge activity in comparison with Mg—Al-TI
series alloys [9]. However, these alloys still exhibit
higher discharge activity than Mg—Al-Zn series alloys.
One of Mg—Al-Pb series alloys is AP65 (Mg—6%Al-
5%Pb), which has been used as the anode for high-power
seawater activated battery. In AP65 magnesium alloy,
lead has high over-potential for hydrogen evolution and
thus is valuable to enhance the anodic efficiency.

UDHAYAN and BHATT [14] investigated the
electrochemical behavior of pure magnesium, AZ31,
AZ61, and AP65 magnesium alloys in aqueous
magnesium perchlorate solution. The results indicated
that the electrode/electrolyte interfacial mechanism was
activation-controlled. In addition, the dissolution rate is
the greatest in the case of AP65 alloy and hence its
charge-transfer resistance is lower than that for either
AZ31 or AZ61 alloy. Furthermore, the exchange current
and double-layer capacitance follow the following
sequence: pure magnesium>AP65>AZ61>AZ31.

WANG et al [8] investigated the activation
mechanism of AP65 in 3.5% NaCl solution and found
that aluminum and lead cannot significantly enhance the
discharge activity of magnesium when only one of the
alloying elements existed. However, the magnesium
electrode can be dramatically activated when both of the
alloying elements were added. The activation mechanism
for aluminum and lead to magnesium was
dissolution-deposition, and there was synergistic effect
between aluminum and lead: the dissolved Pb*" ions
during the discharge process can easily precipitate on
magnesium surface in the form of lead oxides, and this
process facilitated the deposition of the dissolved A’
ions in the form of AI(OH);, which detached the
precipitated Mg(OH), film via 2Mg(OH),-Al(OH); and
promoted the self-peeling of the discharge products, thus
enhancing the discharge activity of magnesium.

4. 2 Heat treatment

Heat treatment modifies the number and distribution
of secondary phases in magnesium alloys, and favors the
compositional homogeneity of magnesium matrix, thus
leading to the improvement of discharge performance.
The secondary phase in magnesium alloy normally has
more positive electrode potential than magnesium matrix
and hence serves as local cathode to accelerate the
corrosion of magnesium. Heat treatment promotes the
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dissolution of secondary phase or makes the secondary
phase distribute homogeneously in the magnesium
matrix, therefore controlling the electrochemical
behavior of magnesium. The sorts of heat treatment used
for magnesium alloys include homogenization annealing,
solid solution treatment, aging and subsequent annealing
after plastic deformation.

ANDREI et al [36] investigated the homogenization
annealing  on  microstructure  evolution  and
electrochemical behavior of AZ63 magnesium alloy.
They found that equiaxed arrangement with eutectic
precipitation of  p-Mg;Al, phase located
homogeneously along the grain boundaries and inside the
grains of the as-cast AZ63 alloy. After homogenization
annealing at 385 °C for 10 h, the f phase almost
dissolved, only some particles with small sizes remained
in the magnesium matrix. However, the homogenization
annealing did not improve the electrochemical
performance of the as-cast AZ63 alloy. The homogenized
alloy exhibited lower anodic efficiency and actual
capacity compared with the as-cast one. The results
demonstrated that the § phase played an important role in
protecting the as-cast AZ63 alloy.

FENG et al [43] reported the effect of precipitate
morphology evolution on the electrochemical and
corrosion properties of aged Mg—4.8%Hg—8%Ga alloys.
The results indicated that dispersed Mg, GasHg; phase
with tetragonal structure precipitated at 423 K. Slab and
massive MgsGa, phases with orthogonal structure
precipitated at 439 K and dissolved in magnesium matrix
at 506 K. The number densities of the dispersed
Mg, GasHg; and slab and massive MgsGa, precipitates
increased when the aging time increased to 96 h and
decreased when the aging time increased to 160 h in the
alloys aged at 473 K. The size and number density of the
dispersed Mg,;GasHg; increased when the aging
temperature increased from 423 to 523 K in the alloys
aged for 8 h. The larger number densities of the
precipitates phases promoted the activation dissolution of
magnesium matrix according to the dissolving-deposition
mechanism. The most negative stable potential of —1.935
V (vs SCE) occurred in the alloy aged at 473 K for 96 h.
Bad electrochemical properties occurred in the alloy
aged at 473 K for 160 h due to gathering and growing-up
of Mg, GasHg; and MgsGa, precipitates. Larger sizes
and number densities of the dispersed Mg,;GasHg; and
slab and massive MgsGa, precipitates in the alloys led to
larger galvanic corrosion driving-force and worse
corrosion resistance. The best produced alloy for
application in seawater battery was Mg—4.8%Hg—8%Ga
alloys aged at 473 K for 8 h.

4. 3 Plastic deformation

Plastic deformation distinctly —modifies the

microstructure of magnesium alloy and thus plays vital
role in determining its discharge performance.
Magnesium alloys normally exhibit poor deformability
owing to its hexagonal close packed (HCP) structure.
Accordingly, these alloys are usually subjected to hot
working (such as hot rolling and hot extrusion) to obtain
electrodes with different shapes.

Until recently, the research about magnesium anode
mainly focused on the roles of alloying elements and
heat treatment, whereas the effect of plastic deformation
on the anode performance is yet to be properly
understood. ZHAO et al [44] prepared the AZ31B
magnesium alloy strip with thickness of 1.5 mm using
hot extrusion. This strip was then homogenized at 400 °C
for 24 h followed by multi-pass hot rolling to obtain the
magnesium plates with different thicknesses. The results
indicated that the hot extrusion refined the grains of
AZ31B magnesium alloy and changed the distribution of
f-Mg;Al, phase. The multi-pass hot rolling further
refined the grains and made the f-Mgi;Al;; phase
distributed homogeneously in the matrix. The
electrochemical data implied that the fine grains and
uniform grain boundaries were valuable to improve the
discharge current of AZ31B magnesium alloy. The hot
rolled alloy after subsequent annealing for 1 h exhibited
higher discharge current density but shorter life span,
attributed to the change of the grain size and the
distribution of f-Mg,;Alj, phase. The f-Mg;;Al;, phase
dissolved into the magnesium matrix as the annealing
time increases, thus weakening the discharge
performance.

ZHAO et al [1] reported the discharge behavior of
Mg—4%Ga—2%Hg alloy and found that this alloy
displayed different discharge behavior in as-cast,
homogenized, hot rolled, and annealed states. The as-cast
alloy possessed dendritic structure morphology with
many coarse intermetallic compounds distributed both on
the grain boundary and in the After
homogenization annealing at 698 K for 16 h, only the
large Mg;Hg phase with block shape and the dispersed
Mg, GasHg; phase with point shape existed in the alloy.
A hot rolling at 673 K fractured the Mg;Hg phase and
made it distribute along the rolling direction. The
subsequent annealing at 533 K for 2 h favored
homogeneous distribution of the secondary phases. The
electrochemical data indicated that hot rolling and
annealing shifted the corrosion potential to more
negative value and increased the corrosion current
density of Mg—4%Ga—2%Hg alloy. The annealed alloy
exhibited shorter activation time and more negative
discharge potential than the other alloys at each current
density. The seawater activated battery using the
annealed alloy as anode provided voltage of 1.451 V and
mass energy density of 147 W-h/kg.

matrix.
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WANG et al [15] investigated the effect of hot
rolling and subsequent annealing on discharge behavior
of AP65 magnesium alloy in 3.5% NaCl solution. The
results indicated that the microstructure of AP65 alloy
played wvital role in determining the discharge
performance. The f-Mg;;Al;, phase in the as-cast alloy
hindered the discharge process but enhanced the anodic
efficiency. The homogenized alloy possessed higher
discharge activity than the as-cast one, attributed to the
disappearance of f-Mg;;Al;, phase and the existence of
Al—Mn particles. These Al-Mn particles served as strong
local cathodes to promote the discharge process. The hot
rolling refined the grains of AP65 alloy and favored the
compositional homogeneity of the magnesium matrix,
thus leading to an enhancement of the utilization
efficiency. The subsequent annealing at 150 °C for 4 h
reduced the high density of dislocations caused by hot
rolling without increasing the grain size, and thus the
annealed alloy at 150 °C exhibited higher discharge
activity and anodic efficiency than other alloys. This
result revealed that hot rolling and subsequent annealing
at proper temperature is effective approach to boosted the
discharge performance of AP65 alloy. The subsequent
annealing at 350 °C for 4 h enlarged the fine grains
produced by hot rolling and thus debased the anode
performance.

4. 4 Electrolyte modification

The electrode process of magnesium usually
includes the following steps: 1) diffusion of hydrated
protons and corrosive ions (such as CI') to magnesium
surface; 2) dissolution of magnesium which leads to the
formation of Mg(OH), and promotes the side hydrogen
evolution reaction; 3) detachment of Mg(OH), from
magnesium surface. Generally, the second step is the
rate-determining step and therefore the electrode process
of magnesium is mainly activation-controlled. This
means that the discharge behavior of magnesium is
greatly determined by the property of electrolyte. Thus,
modifying the electrolyte is an effective approach to
enhance the anode performance.

UDHAYAN et al [14] investigated the
electrochemical behavior of pure magnesium, AZ31,
AZ61, and AP65 magnesium alloys in magnesium
perchlorate with different concentrations. They found
that the exchange current densities were greatly affected
by the concentration of magnesium perchlorate. All these
exchange current densities increased with the increase of
electrolyte concentration when the concentration was
lower than 2.0 mol/L, whereas the exchange current
densities tend to be constant when the concentration is
higher than 2.0 mol/L. Hence, the magnesium
perchlorate with concentration of 2.0 mol/L was suitable
to serve as the electrolyte for magnesium battery.

ZHAO et al [44] studied the electrochemical
behavior of the hot rolled AZ31B magnesium alloy in
sodium chloride solutions with different concentrations.
The results indicated that the discharge current increased
with the increase of electrolyte concentration during the
process of potentiostatic discharge. However, the
increase in electrolyte concentration decreased the life
span and actual capacity. Thus, selecting the sodium
chloride solution with proper concentration is an
effective approach to improve the discharge performance
of magnesium.

CAO et al [4] investigated the electrochemical
behavior of Mg—Li, Mg—Li—Al, and Mg-Li—Al-Ce
alloys in 0.7 mol/L NaCl solution with and without the
addition of 5x107° mol/L Ga,Os. They found that the
addition of Ga,O; promoted the discharge activities and
enhanced the anodic efficiencies of all these magnesium
alloys. The anodic efficiency of Mg—Li—Al-Ce alloy in
0.7 mol/L NaCl solution was 81.8%, whereas that in the
solution added with Ga,O; reached 87.6%. Therefore,
adding additives into the electrolyte is valuable to
enhance the discharge performance when the battery
system is closed.

5 Conclusions

1) Magnesium has been widely used as the anodes
for different kinds of chemical power sources. The
magnesium  anode  possessing good  discharge
performance is specially required to exhibit high anodic
efficiency and provide negative discharge potential with
short activation time for the potential to reach the steady
value.

2) The approaches to achieve this performance
include alloying, heat treatment, plastic deformation and
electrolyte modification. These approaches not only
accelerate the self-peeling of the discharge products but
also inhibit the evolution of hydrogen in the course of
discharge, thus leading to an enhancement of the
discharge performance.

3) Because of the abundant reserve and good
discharge performance, it is believed that magnesium
anode possesses good application prospect in the future
and has the potential to displace lithium as the anodes for
chemical power sources.
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