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Abstract

The influence of pre-oxidation on charge/discharge characteristics of sintered Mg,Ni
electrodes was examined with an open electrochemical cell. Mg,Ni powder was first oxidized
slightly in air at 473 K for 5-360 min and then sintered in argon atmosphere at 823 K. The
cyclic stability of discharge capacity was improved markedly by pre-oxidation. Maximum
cycle life was obtained using 20 min pre-oxidation. The mechanism by which pre-oxidation
influences cyclic stability was examined via density measurement and surface analysis. The
sintering rate had a maximum value for 20 min pre-oxidation. An MgO layer was formed on
the surface of MgzNi during sintering and growth rate of the MgO layer decreased with pre-
oxidation. Improvement of cyclic stability with pre-oxidation was attributed to the firm

aggregation between Mg,Ni powder particles due to reduction in the thickness of MgO layer.
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1. Introduction

Magnesium-based alloys are recognized as promising materials for the electrodes of
nickel/metal hydride batteries because of their high hydrogen absorption capacity. In fact, it
has been reported that the discharge capacity of amorphous Mg-Ni based alloys prepared by
mechanical alloying was higher than theoretical discharge capacities of conventional
hydrogen storage materials such as AB; and AB, type alloys in the initial stage of
charge/discharge cycles'. The cyclic stability of discharge capacity of these alloys, however,
was poor, i.e. the discharge capacity decreases rapidly with increasing charge/discharge
cycles'”. Therefore, it is important to clarify the degradation mechanism of Mg-Ni based
alloys.

The present authors have recently examined the charge/discharge characteristics of
Mg,Ni electrodes prepared by sintering without any binder. The advantage of this preparation
technique is that the electrochemical properties of the material can be evaluated without any
influence of a binder. It has been reported in our previous paper that the degradation rate of
Mg,Ni electrode is sensitively dependent on sintering temperature”. The effect of simering
temperature was ascribed to the pore structure of Mg,Ni powder constituting the electrodes,
the aggregation states of powder particles, and their chemical surface states. The mechanism
of degradation, however, was not fully clarified.

The pore structure and the aggregation states would vary with the surface treatment
before the sintering as well as the chemical surface states since the sintering rate would be
influenced sensitively by impurity layers on the particle surfaces. Therefore, it is important to
investigate the influence of surface treatment on the cyclic stability for clarification of the
degradation mechanism. In the present paper, the influence of pre-oxidation on the
degradation behavior of sintered Mg,Ni electrodes is examined. The influence of pre-
oxidation on the sintering rate is evaluated by measuring the density of sintered material, and
the influence on the chemical surface state is investigated with X-ray photoelectron
spectroscopy (XPS). The relation of degradation rate with the aggregation states of powder

and the chemical surface state is discussed.

2. Experimental
To prepare the sample anode, the Mg,Ni powder of 0.5 g was first oxidized in air at
473 K for 5-360 min and then cold pressed onto a nickel mesh with 40 MPa into a sheet of 15
X 20 X 1 mm. It was then sintered at 823 K for 90 min in flowing argon at 0.1 MPa. The

schematic description of the electrode is shown in Fig. 1. Another type of specimen was also
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from wder as-received, i.e. th owder .
prepared from powd s-receiv e p Ni mesh
without the pre-oxidation, for comparison, where the

similar procedures were applied for the anode

preparation except for the pre-oxidation.

The charge/discharge cycle test was carried out
with a conventional open cell filled with two electrodes
and 6 M KOH aqueous solution, where NiOOH/Ni(OH),

was used as the cathode material. The charge/discharge

cycle consisted of three steps: charging step at 40 mA

for 30 min, rest step for 5 min and discharge step at 10
mA o1V sintered Mg,Ni

In the case of the density measurement, 0.2 g Fig. I Schematic description of
of powder was cold pressed into a disk (9 mm in sintered Mg,Ni electrode.
diameter, | mm in thickness) and then sintered in the
manner described above. The mass of sintered disk was measured with a microbalance, z;nd
its volume was estimated by measuring the buoyancy in water with the microbalancce. The
uncertainty of density was 0.1 g-cm™.

The variation of chemical surface state of Mg,Ni during the pre-oxidation and the
sintering was examined with XPS. Here, Mg,Ni sheets (5X 10 X 1 mm) prepared by
melting were used instead of the sintered material. The surfaces were first polished with
abrasive papers. Three kinds of specimen were then prepared with the following treatments:
(1) oxidation in air at 473 K for 20 min, (2) oxidation in air at 473 K for 20 min plus heating
in argon atmosphere at 823 K for 90 min, (3) heating in argon atmosphere at 823 K for 90 min.
These conditions of oxidation in air and heating in argon are the same as those in the pre-
oxidation and the sintering. The XPS analysis was carried out in a ultra high vacuum chamber
whose base pressure was 1 X 107 Pa. Non-monochromatized Mg K, radiation (1253.6 eV)

was used for the photoelectron excitation.

3. Results and discussion
3.1. Discharge characteristics
The inﬂuehce of pre-oxidation on the discharge characteristics is shown in Fig. 2. In
the initial stage of charge/discharge cycles, the discharge capacity increased rapidly and
reached to the maximum value, 40-50 mA-h-g", within 3 cycles. Here the variation in the
maximum values is due to different specimen masses brought about by peeling of the powder
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Fig. 2 Influence of pre-oxidation on discharge characteristics.
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Fig. 3 Influence of pre-oxidation on cycle life.
of discharge capacity per cycle,
was higher for the former than for the latter. That is the cyclic stability of discharge capacity
was improved by the pre-oxidation. Cycle life is defined here as the cycle number at which
the discharge capacity decreased to a half of the maximum value. The variation of cycle life
with the oxidation time is shown in Fig. 3, in which the cycle life of the un-oxidized specimen

is also plotted for comparison. The cycle life of the pre-oxidized specimen first increased with

the oxidation time, had the maximum value at 20 min, and then decreased gradually. The
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cycle life of the specimen oxidized
for 20 min was 3 times longer than
that of the un-oxidized specimen.
The potential variation of
pre-oxidized specimen (20 min)
during the discharge at 15th cycle
is shown in Fig. 4 together with
that of the un-oxidized specimen.
The potential is lower for the pre-
oxidized specimen than for the un-
oxidized one. That is the
difference between the measured
the theoretical

potential and

discharge voltage (1.318 V) which
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Fig. 4 Potential variation of pre-oxidized and

un-oxidized specimens during discharge at

15th cycle.

is called as overpotential was higher for the former than for the latter. The mechanism of this

difference in the overpotential is discussed in 3.4.

3.2, Influence of pre-oxidation on sintering rate

The influence of pre-oxidation on the density of sintered Mg,Ni is shown in Fig. 5.

The density of the pre-oxidized specimens was higher than that of the un-oxidized one, and it

first increased with oxidation time, had the maximum value at 20 min, and then decreased.

Such dependence of the density on

the oxidation time was quite
similar to that of the cycle life
shown in Fig. 3.

The density of the
specimen oxidized for 20 min was
slightly higher than the theoretical
density of Mg,Ni, 3.46 g-cm™
This discrepancy can be explained
as follows. In t,he p.resent case, the
density of a sintered disk is
not the

determined only by

sintering rate but also by the
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Fig. 5 Influence of pre-oxidation on density

of sintered Mg,Ni.
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evaporation rate of magnesium. In our previous paper®, it was reported that the magnesium
concentration in the bulk of electrode after the sintering at 823 K was lower than the initial
value by 6 mass%, and this was ascribed to the preferential evaporation of magnesium which
took place during the sintering due to the low melting point of magnesium. Since the possible
magnesium deficiency in Mg,Ni structure is appreciably small”, such preferential evaporation
of magnesium should result in the formation of MgNi, and Ni phases. The densities of these
phases are higher than that of Mg,Ni, and hence the density of sintered disk can be higher
than the theoretical density of Mg,NI.

The amount of evaporated magnesium during the sintering was estimated from the
mass variation. The mass of the specimen oxidized for 20 min decreased to 96 % of the initial
value during the sintering, while that of the un-oxidized specimen decreased to 94 %. This
suggests that 9 and 13 % of magnesium evaporated for the former and the latter, respectively.
Hence, the density of disk would be higher for the latter than for the former if the evaporation
rate had dominant influence on the density. The density of the pre-oxidized specimens,
however, was higher than that of the un-oxidized one. Hence, it is appropriate to consider that
the influence of the sintering rate on the density is larger than that of the evaporation rate. For
this reason, the result that the density of the pre-oxidized specimens was higher than that of
the un-oxidized one indicates that the sintering rate increased with the pre-oxidation.

The dependence of the density on the oxidation time was quite similar to that of the
cycle life as mentioned earlier. Therefore, it can be concluded that the cycle life increases
with the sintering rate under the present experimental conditions. The mechanism behind this

relationship between the sintering rate and the cycle life is discussed in 3.4.

3.3. Surface analysis
The results of surface analysis are summarized in table 1. The characteristic points of

this table are the following:

(1) The concentration ratio of magnesium to nickel (Mg/Ni) was significantly higher than that
in the bulk.

(2) Not only magnesium and nickel but also oxygen and carbon were observed.

(3) No significant change in the surface composition was brought about by the oxidation in
air.

(4) The surface composition varied markedly with the heating in argon.

The concentration of carbon significantly decreased with the heating in argon, while no

significant variation was observed in the concentration of oxygen. This suggests that the
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Table 1 Surface compositions of Mg,Ni sheets.

Concentration (at%)

Treatment Mg Ni 0 C
Polishing only 20 2 38 40
Oxidation in air 19 2 41 38
Oxidation in air plus heating in Ar 37 3 45 15
Heating in Ar 39 2 43 16

carbon was adsorbed onto the top surface of oxide film before the heating in argon and
desorbed during the heating.

The spectra of Mg 2p, Ni 2p,, and oxygen s photoelectrons from the as-polished
surface are shown in Fig. 6 (a). The peaks of Mg 2p and Ni 2p,, photoelectrons were
observed at 51.1 and 855.7 eV, respectively. The binding energy of Ni 2p,,, electrons is close
to that in Ni(OH), (855.6 eV) reported by McIntyre and Cook®. According to the literature”,
the binding energy of Mg 2p electrons of metallic magnesium (49.8 eV) shifts to 50.8 eV

Mg 2p Ni2p,,, O1s
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Fig. 6 Spectra of Mg 2p, Ni 2p,; and O Is photoelectrons from (a) specimen in as-polished
condition, (b) specimen oxidized in air and then heated in argon, (c) specimen heated in

argon without pre-oxidation.
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when magnesium is oxidized to MgO. The binding energy of Mg 2p electrons in Fig. 6 (a) is
slightly higher than that corresponding to MgO. This can be ascribed to the coexistence of
Mg(OH), with MgO; it has been reported that the binding energy of Mg 2p electrons in
Mg(OH), is higher than that in MgO by 1 eV'”. The peak of oxygen ls spectrum was
observed at 532.5 eV. According to Peng and Barteau” who examined the adsorption
behavior of H,O on a magnesium surface, the binding energy of oxygen Is electrons in MgO
is 531.0 eV and that in hydroxyl is 533.1 eV. The binding energy shown in Fig. 6 (a) is close
to the latter. It seems appropriate to consider that the as-polished surface was covered with the
thin MgO layer containing Mg(OH), and Ni(OH),, and that the hydroxyls were adsorbed on
the top surface of the oxide film. No significant change was observed in the spectra of Mg 2p,
Ni 2p,,, and oxygen |s photoelectrons with the oxidation in air at 473 K.

The photoelectron spectra from the specimen heated in the argon atmosphere after
the pre-oxidation in air are shown in Fig. 6 (b). The peak of Mg 2p spectrum was observed at
50.7 eV. This peak energy is slightly lower than that in Fig. 6 (a) and close to the binding
energy of corresponding photoelectrons from MgO (50.8 eV). In oxygen Is spectrum, a new
peak was observed at 530.5 eV. This peak can be assigned to MgO. This indicates that the
thickness of MgO layer increased during the heating through the reaction with oxygen present
in the argon gas as an impurity.

In the case of the specimen heated in the argon atmosphere without the pre-oxidation
in air, the peak energies of Mg 2p, Ni 2p,,, and oxygen ls photoelectrons were higher than
those in Fig. 6 (b) by I eV. This can be attributed to electrostatic charging. Therefore, it is
appropriate to consider that the thickness of the MgO layer was larger for this type of
specimen than for the specimen with the pre-oxidation. The photoelectron spectra corrected
for the charging are shown in Fig. 6 (c). In oxygen Is photoelectron spectrum, the intensity of
the peak corresponding to MgO (530.5 eV) is higher than that in Fig. 6 (b). This also indicates
that the thickness of MgO layer on this type of specimen was larger than that on the specimen
with the pre-oxidation. Therefore, it can be concluded that the growth rate of MgO layer

during the heating in argon decreased with the pre-oxidation.

3.4. Mechanism underlying influence of pre-oxidation on discharge characteristics

The result that the cycle life increased with the sintering rate indicates that the
bonding strength between the Mg,Ni powder particles is one of important factors in
determining the duration of cycle life under the present experimental conditions. The charge

and the discharge bring about the volume expansion and reduction of the electrode,
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respectively. In fact, the electrode was markedly deformed after the charge/discharge cycles.
This cyclic variation of volume results in the initiation and the propagation of cracks which
bring about the peeling of the Mg,Ni particles. Therefore, the discharge capacity decreases
. with the propagation of the cracks. The initiation and the propagation rates of the cracks
should decrease with increasing bonding strength between the particles. For this reason, the
cycle life increased with the sintering rate.

The proposed mechanism that allows the improvement of cyclic stability with the
pre-oxidation is as follows. During the sintering, the growth of MgO layer also took place as
described in the previous section. The sintering rate should decrease markedly with increasing
thickness of MgO layer since the melting point of MgO (3073 K) is significantly higher than
the present sintering temperature (823 K) and hence the sintering of MgO does not take place
under these conditions. The growth rate of MgO layer decreased with the pre-oxidation as
mentioned above. Therefore, the sintering rate of the pre-oxidized powder was higher than
that of the un-oxidized powder.

The reduction of the growth rate of MgO layer by the pre-oxidation can be explair;ed

as follows. According to Gregg and Jepson'"

, oxide films formed on magnesium are coherent
and protective below 723 K, and the breakdown of the oxide film takes place above this

temperature. The molar volume of MgO is smaller than that of magnesium, and hence the

un-oxidized powder powder oxidized powder oxidized
for 20 min over 20 min

Do 00 O
o . OO—-

protective
Compacting ' oxide layer
Sintering ’ porous oxide
layer
(a) (b) (c)

Fig. 7 Schematic description of mechanism underlying influence of pre-oxidation on

sintering rate.
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magnesium surface could not be completely covered by MgO. Therefore, they proposed that
the oxide in the coherent film is in metastable phase a density of which is lower than that of
stable MgO, and that the breakdown of the coherent film is caused by the recrystallization to

the stable phase'"

. The precise nature of metastable phase, however, has not been clarified. It
seems appropriate to consider that the surface of the Mg,Ni powder used in the present study
is covered by this coherent oxide film before the sintering. In the case of the powder without
the pre-oxidation, this protective oxide layer would be thin as schematically shown in Fig. 7
(a). Hence, the breakdown of the protective oxide layer should take place easily, and the oxide
layer should grow rapidly during the sintering. In the case of the pre-oxidized powder, the
thickness of protective oxide layer should be large compared with the un-oxidized powder as
shown in Fig.7 (b). Therefore. the oxide layer should keep on acting as the barrier to the
further oxidation for longer time. For this reason, a mean growth rate of oxide layer during the
sintering becomes smaller with the pre-oxidation. The cyclic stability was, however, degraded
with the pre-oxidation over 20 min as shown in Fig. 3. This can be ascribed to the protective
oxide layer becoming so thick as to act as the barrier to the sintering (see Fig.7 (c)).

The preferential oxidation of magnesium should result in the decrease of magnesium
concentration in the alloy. Furthermore, the preferential evaporation of magnesium also takes
place during the sintering as mentioned in 3.2. Therefore, MgNi, phase and nickel phase
should appear at the oxide-alloy interface. The oxide films formed on these phases would be
reduced easily during the charging process compared with the oxide film formed on the
Mg,Ni phase. This is because the free energy change for the formation of nickel oxide is far
smaller than that of magnesium oxide. Therefore, MgNi, and nickel phases should act as the
local reaction sites of hydrogen. The activation process observed in the initial stage of
charge/discharge cycle should correspond to the reduction process of the oxide films formed
on these phases.

The difference in the overpotential between the pre-oxidized specimen and the un-
oxidized one shown in Fig. 4 cannot be attributed to the difference in the electrical resistance
of the bulk of the specimens. This is because the density of the pre-oxidized specimen was
higher than that of the un-oxidized specimen, and hence the resistance should be lower for the
former than for the latter. The specific surface area of the pre-oxidized specimen would be
smaller than that of the un-oxidized one since the sintering rate was higher for the former than
for the latter. Therefore, the local current density would be higher for the pre-oxidized
specimen than for the un-oxidized specimen. Such a difference in the local current density

should be the reason why the overpotential is higher for the former than for the latter. The
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surface area is, however, determined not only by the sintering rate but also by the evaporation
rate of magnesium since the roughness of the powder surface should increase with the
evaporation of magnesium. For this reason, this problem should be solved with the

optimization of sintering conditions.

4. Conclusions
The influence of pre-oxidation on the discharge'characteristics of sintered Mg,Ni
electrodes was examined. The results of the present study can be summarized as the
following:
(1) The cyclic stability was improved markedly by the pre-oxidation. The maximum cycle
life was obtained with the oxidation for 20 min.
(2) The density of sintered Mg,Ni also increased with the pre-oxidation and had the
maximum value with the oxidation for 20 min.
(3) The MgO layer was formed on the surface of Mg,Ni during the sintering. The growth rate
of the MgO layer decreased with the pre-oxidation. )
(4) The improvement of cyclic stability with the pre-oxidation was attributed to the increase
of sintering rate which results in the increase of bonding strength between the powder

particles.
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