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oxide semi-fuel cells have been studied by methods of potentiodynamic, potentiostatic and
electrochemical impedence measurements. The surface morphologies of magnesium and its
alloys have been examined by scanning electron microscopy (SEM). It has been found that
magnesium-lithium-aluminum-cerium and magnesium-lithium-aluminum-cerium-yttrium

fgg::g:m electrodes are less corrosion resistant than that of magnesium electrode in 0.7molL-! NacCl
Magnesium-lithium-aluminum-cerium solution and the corrosion current density decreases with the following order: magne-
Magnesium-lithium—-aluminum-cerium-yttrium sium < magnesium-lithium-aluminum-cerium-yttrium < magnesium-lithium-aluminum-cerium.

Anode The magnesium-lithium-aluminum-cerium-yttrium anode is more active than
Magnesium-hydrogen peroxide semi-fuel magnesium-lithium-aluminum-cerium and magnesium. The magnesium-hydrogen peroxide semi-fuel
cells cell with magnesium-lithium-aluminum-cerium-yttrium anode shows better performance than that

with Mg-Li-Al-Ce and Mg.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction

. + -
Metal-hydrogen peroxide semi-fuel cells exhibit many poten- Cathode : H0 +2H" +2e
tial advantages, such as low cost, environmentally benign, stable — 2H,0, E°=1.77V vs. SHE (2)
discharge voltage, high power density and high specific energy.
They have been studied as the power sources for long endurance
unmanned underwater vehicles [1-10]. This electrochemical sys- Cell : Mg+Hy0, + 2H" — Mg?* + 2Hy0, Eq =4.14V (3)
tem consists of a metal anode, a conductive membrane and
a cathode catalyst. Mg as an attractive anode material has However, in practical system, the following reactions (Egs.
received the recent attention because it has high Faradic capacity ~ (4)-(7)) would lead to the decrease in the performance of the Mg
(2.2Ahg™ 1), high specific energy (6.8 kWhkg~!) and more nega- anode and then Mg-H,0; semi-fuel cell.

tive standard reduction potential (—2.37V vs. standard hydrogen The decomposition reaction:

electrer (SHE)) [11]. In addlthn, ngHzoz semi-fuel cell has a 2H,0, — 2H,0 + 0, 4 (4)
theoretical voltage of 4.14V, which is higher than that of Al-H,0,

semi-fuel cell [12,13] and Al-AgO battery. Thus, Mg-H,0, semi- The deposition reactions:

fuel cell is a promising power source with the high energy density
for undersea water applications. The theoretical anode, cathode and
cell reactions as well as the potentials for Mg-H;0; semi-fuel cell Mg?* + CO%‘ — MgCO5(s) (6)
[14-17] are as follows (Egs. (1)-(3)):

Mg?* + 20H™ — Mg(OH),(s) (5)

The direct reaction:
Anode: Mg — Mg?* +2e~, E®=2.37V vs. SHE (1) Mg+ Hy0, +2H" - Mg?* + 2H,0 (7)

It was reported [12,18,19] that two approaches could solve the

above problems. One is using the Mg alloys as the anode mate-
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Fig. 1. The Tafel plot of the Mg electrode in 0.7 mol L-! NaCl solution after soaking
in 0.7 mol L~ NaCl solution for different soaking times.

in the electrolyte to activate the anode or to inhibit the forma-
tion of the oxide film on the anode. Sivashanmugam et al. [20]
investigated the possibility of Mg-Li alloy (with 13 wt.% Li) as the
anode in magnesium primary reserve batteries. The Mg-Li alloy
anode exhibits an anodic efficiency of 81% at the current density
of 8.6 mA cm~2. Especially, the Mg-Li/MgCl,/CuO battery can offer
the higher operating voltage and capacity than that of the battery
with the Mg-Al alloy anode. Lin et al. [21] investigated the elec-
trochemical behavior and corrosion performance of Mg-Li-Al-Zn
anodes with high Al composition. They found that the Mg-Li-Al-Zn
alloy with ~9 wt.% Al has the high discharge voltage in MgCl, elec-
trolyte. Cao et al.[22-24] investigated the electrochemical behavior
of Mg-Li, Mg-Li-Al, Mg-Li-Al-Ce, Mg-Li-Al-Sn, Mg-Li-Al-Ce-Sn,
Mg-Li-Al-Ce-Zn, and Mg-Li-Al-Ce-Zn-Mn in 0.7 molL-! NaCl
solution. They found that the alloying elements of Al, Ce, Sn, Zn,
and Mn have significant effects on the discharging current densities
and the utilization efficiencies of the alloys. Ce can enhance both
the discharge activity and utilization efficiency. Sn mainly improves
the discharge current.

In this article, in order to understand the effect of the
alloy element of Y on the electrochemical performance of the
Mg-Li-Al-Ce alloy, the electrochemical behaviors of Mg-Li-Al-Ce
and Mg-Li-Al-Ce-Y alloys in 0.7 mol L~! NaCl solution were inves-
tigated. The performances of Mg-H,0, semi-fuel cell using the
above alloys as anodes were compared.

2. Experimental

Mg-Li-Al-Ce and Mg-Li-Al-Ce-Y alloys were prepared by vac-
uum melting method. The ingots of pure magnesium (99.99%), pure
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Fig. 2. The Tafel plot of the Mg-Li-Al-Ce electrode in 0.7 mol L~ NaCl solution after
soaking in 0.7 mol L~ NaCl solution for different soaking times.

Table 1

Nominal composition of the alloys (wt.%).
Alloys Mg Li Al Ce Y
Mg-Li-Al-Ce 87.1 8.5 3.2 1.2 -
Mg-Li-Al-Ce-Y 85.9 8.5 32 1.2 1.2

Table 2

The corrosion parameters of the Mg electrode measured after soaked in 0.7 mol L~!
NaCl solution for different periods.

Soaked Corrosion Corrosion Open circuit
time (h) potential current density potential (V)
v) (nAcm2)

0 —1.495 443 -1.695

1 -1.510 46.8 -1.682

4 —-1.524 213 —1.642

8 -1.531 19.0 -1.621
24 —-1.553 12.9 -1.579

lithium (99.99%), pure aluminum (99.99%), Mg—Ce alloy containing
20.63 wt.% Ce and Mg-Y alloys containing 19 wt.% Y were put into
the vacuum induction melting furnace according to the composi-
tion of the alloys under the protection of ultrahigh purity argon, and
the furnace was then evacuated to 1.0 x 102 Pa. After the furnace
was charged with high purity argon, the temperature of the furnace
was raised to melt the magnesium and the alloying components.
Then the molten alloys were poured into a stainless steel mold and
cooled down to room temperature under the protection of argon.
The composition of the Mg alloys was listed in Table 1.

Electrochemical measurements were carried out in the home-
made three electrode electrochemical cell [23]. The saturated
calomel electrode (SCE) was used as the reference electrode. All
the potentials were quoted with respect to SCE. The platinum foil
and Mg (Mg alloys) were used as the counter electrode and the
working electrode, respectively. The apparent surface area of the
working electrode is 0.95 cm?. Prior to use, the working electrode
was successively polished with 120%, 360% and 700% metallo-
graphic emery papers, washed with deoxygenated ultrapure water
(Milli-Q), degreased with acetone and rinsed with deoxygenated
ultrapure water again. The electrolyte is 0.7 mol L~ NaCl solution.
It was purged with N, gas for 15 min before measurements in order
to remove the O, gas dissolved in the solution.

The electrochemical experiments were performed using a
VMP3/Z potentiostat (Bio-logic). The potential for Tafel plot was
—2.2 to —0.4V vs. SCE and the scanning rate was 5mVs~!, Poten-
tiostatic current-time curves were tested at —1.0V for 5min.
Electrochemical impedance spectra were recorded under open cir-
cuit potentials with the frequency range from 1 to 200,000 Hz with
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Fig. 3. The Tafel plot of the Mg-Li-Al-Ce-Y electrode in 0.7 molL-! NaCl solution
after soaking in 0.7 mol L-! NaCl solution for different soaking times.
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Fig. 4. The impedance spectra of the Mg electrode recorded after soaking in 0.7 mol L-! NaCl solution for different soaking times.
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Fig. 5. The impedance spectra of the Mg-Li-Al-Ce electrode recorded after soaking
in 0.7 mol L-! NaCl solution for different soaking times.

the amplitude of 8 mV. The morphology of the electrode surface
was examined using scanning electron microscopy (SEM; JSM-
S$4800) equipped with energy dispersive spectroscopy (EDS unit).
The images were acquired using a 20 kV accelerating voltage.

3. Results and discussion

Fig. 1 shows the Tafel plot of E vs. logi of the Mg electrode
after the Mg electrode was soaked in 0.7molL-! NaCl solution
for different times. Table 2 displays the corrosion parameters of
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Fig. 6. The impedance spectra of the Mg-Li-Al-Ce-Y electrode recorded after soak-
ing in 0.7 mol L~ NaCl solution for different soaking times.

Table 3
The corrosion parameters of Mg-Li-Al-Ce electrode measured after soaked in

0.7 mol L~! NaCl solution for different periods.

Soaked Corrosion Corrosion Open circuit
time (h) potential current density potential (V)
V) (rAcm~2)

0 -1.636 52.8 -1.644

1 -1.510 433 -1.619

4 -1.493 60.5 —1.600

8 -1.472 66.2 -1.598
24 -1.520 168.2 —1.595

Table 4

The corrosion parameters of Mg-Li-Al-Ce-Y electrode measured after soaked in
0.7 mol L' NaCl solution for different periods.

Soaked Corrosion Corrosion Open circuit
time (h) potential current density potential (V)
V) (pAcm-2)

0 —1.568 36.2 —-1.666

1 —-1.501 34.6 -1.615

4 —1.454 22.8 -1.607

8 -1.433 21.8 —1.605
24 -1.439 35.1 -1.603

the Mg electrode measured after soaked in 0.7 mol L~! NaCl solu-
tion for the different soaking times. It can be observed from Fig. 1
and Table 2 that the corrosion current density of the Mg elec-
trode decreases with the soaking times. However, Mg-Li-Al-Ce
and Mg-Li-Al-Ce-Y alloys display different performance as seen
from Fig. 2 (Table 3) and Fig. 3 (Table 4). The corrosion current den-
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Fig. 7. The chronoamperometric curves of (a) Mg, (b) Mg-Li-Al-Ce and (c)
Mg-Li-Al-Ce-Y electrodes at —1.0V in 0.7 mol L~! NaCl solution.
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Fig. 8. The SEM photographs of (a) Mg, (b) Mg-Li-Al-Ce and (c) Mg-Li-Al-Ce-Y electrodes (1) before and (2) after soaking in 0.7 mol L-! NaCl solution for 8 h.

sities of the Mg-Li-Al-Ce and Mg-Li-Al-Ce-Y electrodes decrease
firstly and then increase with the increase in the soaking time. After
soaking for 24 h, the Mg, Mg-Li-Al-Ce and Mg-Li-Al-Ce-Y elec-
trode present a corrosion current of 12.9 wAcm—2, 168.2 wA cm—2
and 35.1 wAcm~2, respectively. It indicates that Mg is more cor-
rosion resistive than Mg-Li-Al-Ce-Y and Mg-Li-Al-Ce alloys and
the corrosion resistive order decreases in the following sequence:
Mg > Mg-Li-Al-Ce-Y > Mg-Li-Al-Ce.

The electrochemical impedance spectra of Mg, Mg-Li-Al-Ce
and Mg-Li-Al-Ce-Y electrodes were measured at the open cir-

cuit potential after the electrodes were soaked in 0.7 mol L~ NaCl
solution for different times. The results are shown in Figs. 4-6,
respectively. The capacitive semicircles were observed for all sam-
ples. It was found that the diameter of the semicircle, representing
the polarization resistance Rp, increases with the soaking time for
Mg electrode and decreases with the soaking time for Mg-Li-Al-Ce
electrode. However, R, for Mg-Li-Al-Ce-Y electrode increases
firstly and then decreases with the soaking time. The R, for Mg
(ca. 1650 2 cm~2) is much larger than that for Mg-Li-Al-Ce (ca.
97 Q cm~2) and Mg-Li-Al-Ce-Y (ca. 150 2 cm~2) after soaking for
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Fig.9. The plots of the current density vs. power density of metal-H, O, semi fuel cell
with (a) Mg, (b) Mg-Li-Al-Ce and (c) Mg-Li-Al-Ce-Y anodes at room temperature.
The cathode is nickel foam supported with Pd-Ir catalyst. Anolyte: 0.7 mol L-! NaCl,
flow rate: 100 mL min~!. Catholyte: 0.7 mol L~! NaCl + 0.5 mol L-! H,0, +0.1 mol L~!
H,S04, flow rate: 100mLmin~1.

24h. This result indicates that the Mg electrode is less corro-
sive than the Mg-Li-Al-Ce and Mg-Li-Al-Ce-Y electrodes. This
is in good agreement with the results obtained from Tafel plots
(Fig. 1). According to literature [18], the capacitive behavior (i.e.
the insulating behavior) may indicate that the Mg surface exhibits
better insulating behavior and corrosion resistance than that of
Mg-Li-Al-Ce and Mg-Li-Al-Ce-Y surface, that is, the Mg elec-
trode is more passive than the other two electrodes. This might
be due to the thick passivation layer on the Mg surfaces pro-
duced during the soaking and the passivation may become thick
with increase in the soaking time. Thus, the thick passivation layer
could prevent the liquid electrolyte from contact with the elec-
trode, leading to the small corrosion current and the good corrosion
resistivity. Mg-Li-Al-Ce-Y alloy is more corrosion resistive than
Mg-Li-Al-Ce, which can be attributed to the presence of Y. Y may
change the alloy structure or assist the formation of an easy-peel-
off layer on the alloys surface.

In order to test the electrochemical stability and the activity
of the electrodes, the potentiostatic current-time curves at —1.0V
were measured and shown in Fig. 7. The current-time profiles are
similar for all the electrodes. The anodic current increases rapidly in
the initial stage due to the double layer charging and then reached
an approximate constant value. The roughen nature of the curves
is due to the repetitive formation and peeling off of the oxida-
tion products [18,24]. The Mg-Li-Al-Ce-Y electrode possesses the
highest current density (about 43 mA cm~2) within the measuring
period among the three electrodes. The activity increases in the
following order: Mg < Mg-Li-Al-Ce < Mg-Li-Al-Ce-Y. All the three
electrodes show no sign of decrease in the current within 300 s dis-
charging time. Mg-Li-Al-Ce-Y also exhibits a shortest transition
time for the current reaching the stable value among the three elec-
trodes. It can be concluded from the potentiostatic current-time
curves that the quinary alloy of Mg-Li-Al-Ce-Y is more active than
the quaternary Mg-Li-Al-Ce and Mg. The incorporation of Y ele-
ment into the quarternary Mg-Li-Al-Ce alloy can activate the alloy
and improve its discharging current.

Fig. 8 shows the SEM images of the Mg, Mg-Li-Al-Ce and
Mg-Li-Al-Ce-Y before and after immersed in the 0.7 mol L-! NaCl
solution for 8 h. It can be observed that after soaking, surfaces of
Mg and Mg-Li-Al-Ce-Y show the fine and even crackles, but, the
Mg-Li-Al-Ce alloy surface displays much deeper and larger chan-
nels. This observation indicated that the Mg and Mg-Li-Al-Ce-Y
alloys are more resistive than the Mg-Li-Al-Ce alloy, which is
consistent with the results of Tafel plots and the electrochemical
impedance spectra.

The Mg-H,0, semi-fuel cell with the Mg, Mg-Li-Al-Ce, and
Mg-Li-Al-Ce-Y anodes were assembled and their performances
are shown in Fig. 9. The peak power densities for the semi-fuel
cells with Mg, Mg-Li-Al-Ce, and Mg-Li-Al-Ce-Y anodes are 83.36,
91.34 and 109.95 mW cm~2, respectively. So, the Mg-H,0, semi-
fuel cell with Mg-Li-Al-Ce-Y anode shows the best performance.
Its performance is also better than Mg-Li-Al-Ce-Zn (81 mW cm~2)
and Mg-Li-Al-Ce-Zn-Mn (91 mW cm~2) anodes reported in the
literature [24]. According to the above data, the power densities
of the alloys are not much larger compared to pure Mg. However,
the relatively few slip systems of hcp Mg alloy at room tempera-
ture give it poor workability, and so obtaining a thin anode foil of
pure magnesium is difficult. The addition of Li increases the duc-
tility of Mg alloy at room temperature by changing the crystalline
structure from hcp Mg to bcc Mg. Therefore the fabrication of alloy
anode with different shapes is easier than that of pure Mg anode
[21].

4. Conclusions

The electrochemical performances of the Mg-H,0, semi-fuel
cells with Mg, Mg-Li-Al-Ce or Mg-Li-Al-Ce-Y anode were inves-
tigated. The following conclusions can be obtained from this study:

(1) The Mg and Mg-Li-Al-Ce-Y alloys were more corrosion
resistant than Mg-Li-Al-Ce alloy. The corrosion current den-
sity of Mg, Mg-Li-Al-Ce and Mg-Li-Al-Ce-Y is 1.3 mAcm™2,
16.8mAcm~2 and 3.5mAcm~2, respectively. The R, for Mg,
Mg-Li-Al-Ce-Y and Mg-Li-Al-Ce is about 1650, 150 and
97 Q cm~2, respectively, when the electrodes were soaked in
0.7 mol L~ NaCl solution for 24 h.

(2) Mg-Li-Al-Ce-Y anode is more active than Mg and Mg-Li-Al-Ce
anode. Its discharge current density at —1.0V in 0.7 molL~!
NaCl solution can reach about 43 mA cm~2.

(3) The maximum peak power density of Mg-H,0, 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~2, respectively.
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