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In this work, the negative electrodes of the nickel-metal hydride rechargeable batteries were prepared at
different compaction pressures. The maximum discharge capacities and cycle stabilities of the electrodes
were measured by means of electrochemical method. The crystal structures and surface morphologies
of the alloys were intensively studied by X-ray diffraction (XRD) and scanning electron microscopy
(SEM) combined with energy-dispersive spectrometry (EDS), respectively. Based on these observations,

the effects of compaction pressure on the electrochemical properties of the electrodes were systemati-
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cally investigated. The results showed that the electrode prepared at a compaction pressure of 25 MPa
exhibited the best discharge capacity and better cycle stability.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Although nickel-metal hydride (Ni/MH) rechargeable batter-
ies show numerous advantages when compared with conventional
batteries, improvements to Ni/MH batteries are still necessary in
order to meet increasing market demands. Such improvements
include higher discharge capacity, longer cycle life, better kinetic
behavior and lower cost. The metal hydride electrode plays a very
important role in allowing these improvements as the active neg-
ative electrode in Ni/MH batteries.

It is well known that the electrochemical activity of the metal
hydride electrode is determined not only by hydrogen storage alloy
but also by the preparation technology of the electrode [1-3]. The
hydrogen storage alloys used as the main negative materials of
Ni/MH batteries have been extensively studied in recent decades,
and several series of hydrogen storage alloys have been developed,
including ABs-type alloys, AB,-type alloys, Mg-based alloys and
ABs-type alloys, etc. [4-19]. On the other hand, the parameters
of the metal hydride electrode preparation, such as the particle
sizes of the hydrogen storage alloys, conductive materials, the mass
ratios of conductive materials to hydrogen storage alloys, the com-
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paction pressure and the pressure-holding time during electrode
preparation, are also of great importance to improve electrochem-
ical properties and reduce the total weight and the cost of the
negative electrodes. In recent years, some researches have concen-
trated on the effects of particle size of the hydrogen storage alloy,
conductive materials and the mass ratios of conductive materials to
hydrogen storage alloys on the electrochemical properties of elec-
trodes and great achievements have been made [20-23]. However,
it is found in our research work that compaction pressure has a
great effect on the electrochemical properties of metal hydride elec-
trodes during long-term electrochemical measurement process.
Though the effects of compaction pressure on the performances
of the electrode have been reported previously [24,25], the inves-
tigations mainly focused on the effects of compaction pressure on
the discharge capacities and rate capabilities of the electrode and
the mechanism of the effects has not been discussed yet.

In order to obtain the correct parameters of hydrogen stor-
age electrode preparation, Mmg 3Mlg 7Ni3 55C0g 75 Mng 4Alg 3 metal
hydride electrodes were prepared at different compaction pres-
sures, and their electrochemical properties are systematically
investigated. The mechanism of the effects of compaction pressure
on the electrochemical properties of electrodes was also discussed.

2. Experimental
The Mmyg3Mlg7Ni355C0075Mng4Alg3 alloy was melted in induction furnace

under argon atmosphere. The Ce-rich misch metal (Mm) consisted of 26.4wt.%
La, 53.1wt.% Ce, 5.2wt.% Pr, and 15.3 wt.% Nd. The La-rich misch metal (MI) con-
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Fig. 1. The relationship between the maximum discharge capacity of the alloy elec-
trode and compaction pressure.

tained 62.9 wt.% La, 26.1 wt.% Ce, 2.7 wt.% Pr, and 8.3 wt.% Nd. The purity of all the
component metals (Ni, Co, Mn, Al) was at least 99.8 wt.%. Part of the alloys were
mechanically crushed and ground into powders with a dimension of 250-mesh for
electrochemical measurements.

For the electrodes preparation, all test alloy electrodes were first prepared by
thoroughly mixing 0.25g alloy powders with 0.75g carbonyl nickel powders and
cold pressing the mixture at a compaction pressure of x (x=10, 15, 17.5, 20, 22.5,
25, 27.5 and 30MPa) for 15 min into round electrode pellets of 15mm in diam-
eter. Then the electrode pellets were enwrapped with foam nickel. A nickel lead
wire was attached to the foam nickel sheet by spot welding. Finally, the electrodes
were immersed in 6 M KOH solution for 24 h to ensure complete wetting before the
electrochemical measurement.

The experimental electrodes were tested at ambient temperature in a tri-
electrode, a working electrode (metal hydride electrode), a counter electrode
(NiOOH/Ni(OH);) with a large capacity and a reference electrode (Hg/HgO), open
cell. The electrolyte used was a 6 M KOH solution. The electrochemical properties
were measured using a Battery Test System. Each electrode was charged at 100 mA/g
for 5 h followed by 5 min rest and then discharged at 60 mA/g to the cut-off potential
of —0.600V vs. the Hg/HgO reference electrode. The maximum discharge capacity
was noted as Crax. In the cycle stability measurement, after being completely acti-
vated, each electrode was charged at 300 mA/g for 1.5h followed by 20 min rest
and then discharged at 300 mA/g to the cut-off potential of —0.600V vs. the Hg/HgO
reference electrode. In order to confirm the change of the discharge capacity of
the electrode, after successive periods of 50 cycles, each electrode was charged at
100 mA/g for 5 h followed by 5 min rest and then discharged at 60 mA/g to the cut-off
potential of —0.600V vs. the Hg/HgO reference electrode.

The crystal structure of the alloy was determined by X-ray powder diffraction
(XRD) using CuK, radiation. The surface morphology of the alloy was examined
using scanning electron microscopy (SEM) combined with energy-dispersive spec-
trometry (EDS).

3. Results and discussion

Fig. 1 shows the relationship between the maximum discharge
capacity of the alloy electrode and compaction pressure. It can
be seen that, when x increases from 10 MPa to 25 MPa, the max-
imum discharge capacity of the electrode firstly increases from
240 mAh/g to 368 mAh/g, and then decreases to 308 mAh/g with
x further increasing to 30 MPa. This result indicates that the com-
paction pressure has significant effect on the maximum discharge
capacity of the electrode.

In general, the maximum discharge capacity of the electrode is
intimately related to the electrochemical reactions of the hydro-
gen storage alloy during the charging/discharging cycle process.
The electrochemical reactions of the hydrogen storage alloys are
closely related to the following two aspects: (1) the surface char-
acteristics of the alloy particles which control the charge-transfer
reaction rate on the alloy surface. These include the thickness of
oxide layer on the alloy particles surface, the composition of the
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Fig. 2. Variation of the density of electrodes with the compaction pressures.

alloy particles surface, the gap between the surfaces of the alloy
particles, and so on. (2) The structure characteristics of the hydro-
gen storage alloy itself, which control the hydrogen diffusion rate in
the bulk of the alloys. These include lattice parameter, cell volume,
interstitial size, diffusion coefficient of hydrogen atoms in alloy,
and so on [21].

In this work, it is difficult that new compounds are generated
during electrode preparation process due to conductive materials
powders just mechanically mixing with the hydrogen storage alloys
powders and then the mixture being cold pressed for shorter time.
The effects of compaction pressure on the maximum discharge
capacity of the electrodes should be attributed to the surface char-
acteristics of the alloy particles, which control the charge-transfer
reaction rate on the alloy surface. For the smaller compaction
pressure, the contacts between the alloy particles or the alloy
particles and the conductive materials are not tight. The oxide
layers form easily on the surface of the alloy particles. The oxide
layers interfere with close contact of the fresh surfaces of alloy
particles with the alkaline electrolyte during the electrochemi-
cal reactions. As a result, the charge-transfer reaction rate at the
surface of the alloy particles is restrained and no more hydro-
gen atoms can enter into the crystal lattice. This leads directly to
the lowest maximum discharge capacity of the electrode prepared
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Fig. 3. The relationship between the capacity conservation rate after 100 cycles of
the electrode and compaction pressure.
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Fig.4. SEM images and EDS patterns of the electrode alloys before and after cycles:
(aand b) before cycle; (c and d) after100 cycles, alloy electrode prepared at 15 MPa.
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Fig. 5. XRD patterns of the electrode alloys after 100 cycles. X and Y are the inte-
grated intensity of La(OH)3; and Ni, respectively.

at 10 MPa. As the compaction pressure increases, the alloy parti-
cles closely contact with the conductive materials during electrode
preparation process. The charge-transfer reaction rate at the sur-
face of the alloy particles is accelerated and the electrochemical
reactions are greatly promoted. These all result in signifi-
cant improvements in the maximum discharge capacity of the
electrodes.

As for the decrease of the maximum discharge capacity of the
electrode prepared at over 25MPa, it is possible that the poros-
ity of the electrode decreases at elevated compaction pressure so
that many empty spaces in the alloy particles reduce or even disap-
pear, and the electrolyte is very difficult to enter into the surfaces
of alloy particles inside the electrodes. In order to illuminate the
relationship between the porosity of the electrode and compaction
pressure, the densities of the electrodes prepared at different com-
paction pressures are measured. The results are shown in Fig. 2. It
can be seen that the density of the electrode markedly increases
with the increase of the compaction pressure. The smaller the
density of the electrode is, the more the porosity of the elec-
trode is. Thus, the porosity of the electrode decreases with the
increase of the compaction pressure. This effectively confirms that
the decrease of the maximum discharge capacity of the electrode
prepared at over 25 MPa is ascribed to the decrease of the porosity
in the electrode.

The cycle stability is characterized by the capacity conservation
rate (Sp). The S, is calculated by the following equation:

G
Sn(%) = -

Cmax

x 100

where C, is the discharge capacity after n charge/discharge
cycles with the cut-off potential of —0.600V vs. the Hg/HgO refer-
ence electrode. Fig. 3 shows the relationship between the capacity
conservation rate after 100 charging/discharging cycles (S1go of the
alloy electrode and the compaction pressure. It can be found that
the alloy electrodes, which were prepared with moderately high
pressures (20, 22.5 or 25 MPa), exhibited the better cycle stabili-
ties. However, the cycle stability of the electrode prepared at the
lower (10 MPa) or higher pressure (30 MPa) becomes worse.

The decrease of the cycle stability of the electrode is mainly due
to a decay of the discharge capacity. Literature [26] reported that
the fundamental reasons for the discharge capacity decay of the
electrode are the pulverization and the corrosion of the electrode
alloy during charging/discharging cycle. The lattice internal stress
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Table 1
The corresponding data of EDS patterns before and after 100 charging/discharging cycles (x=15 MPa).
Conditions Elements
Al Mn Co Ni La Ce Nd K (0]
Before cycle
Weight (%) 295 7.01 9.75 45.05 20.22 11.76 3.26
Atomic (%) 7.68 8.98 11.64 53.97 10.24 591 1.59
After cycle
Weight (%) 1.25 3.30 6.71 34.40 19.54 11.29 2.61 3.74 17.16
Atomic (%) 2.09 2.71 5.14 26.47 6.36 3.64 0.82 4.32 48.45

and cell volume expansion, which are inevitable when hydrogen
atoms enter into the interstitials of the lattice, are the real driving
force that leads to the pulverization of the alloy [27]. In order to cor-
rectly explain the mechanism of the efficacy loss of the electrode,
the morphologies of the electrode alloy particles before and after
cycling are studied by SEM. The SEM images and EDS patterns of the
alloy before and after 100 charging/discharging cycles (x =15 MPa)
are shown in Fig. 4 and the corresponding data of EDS patterns are
listed in Table 1. As shown in Fig. 4, the surfaces of the alloy parti-
cles before cycling with sharp edges are bright and smooth (Fig. 4a).
However, the surface morphologies of the alloys show changes after
cycling, leading to a disappearance of the angular edges of the alloy
particles. This confirms that the angular edges of the surfaces of
the alloy particles have reacted prior to the other zones. Moreover,
the surface of the alloy particles after cycling was covered with a
dark, rough and porous layer (Fig. 4c). A rough and porous layer is
formed due to the corrosion and the oxidation of the alloy particles
in the alkaline electrolyte. Especially, it is inertial chemically so that
the electrochemical reaction on the surfaces of the alloy particles is
inhibited to certain extent. As a result, the capacity of the electrode

decreases. Moreover, the datain Table 1 indicates that the oxide has
formed after cycling. As shown in Table 1, oxygen and potassium
elements exist in the electrode alloys after cycling when compared
with before cycling. Oxygen element of the electrode alloy implies
the formation of the oxide. As for potassium element, it comes from
KOH solution as electrolyte. The above results confirm further that
the oxidation of alloy particles takes place during cycling, and the
oxidation degree of the alloy electrodes after cycling varies with the
pressure of electrode preparation. Fig. 5 shows the XRD patterns of
the electrode alloy powders removed from these electrodes pre-
pared at different pressure after 100 charging/discharging cycles.
It is found that the hydroxides of rare earth metals have formed in
the electrode alloys after cycling; however, the peak intensity of
the hydroxides of rare earth metals from the electrodes prepared
at different pressures is varied. The amount of hydroxides of rare
earth metals of the alloy electrode decreases with the increase of x.
It indicates that the alloy particles are easier to be oxidized at the
smaller electrode preparation pressures. This result implies that
the severe oxidation of the alloy particles results in decrease in the
cycle stability of the electrode prepared at 15 MPa.

Fig. 6. The SEM images of the electrode alloys after 100 cycles: (a) 15 MPa; (b) 20 MPa; (c) 25 MPa; (d) 30 MPa.
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Table 2

Lattice parameters and cell volumes of the LaNis phase in alloys after 100 cycles.
Conditions (MPa) Phase Lattice parameters V(nm?3)

a(nm) c(nm)

15 LaNis 0.50211(4) 0.39684(6) 0.08665
20 LaNis 0.50139(1) 0.39889(5) 0.08684
25 LaNis 0.50099(8) 0.39884(1) 0.08666
30 LaNis 0.49793(6) 0.40556(8) 0.08711

Table 2 shows lattice parameters and cell volumes of the LaNis
phase in alloys after 100 charging/discharging cycles. It can be
seen that of the LaNis phase in the electrode alloy prepared at
30 MPa after 100 charging/discharging cycles results in the largest
cell volume. The cell volume is closely related to the degree of
the pulverization. In general, a larger cell volume results in higher
degree of pulverization. Thus, the above result confirms that the
pulverization of the electrode alloy prepared at 30 MPa is more seri-
ous than the others. Therefore, two main reasons are responsible
for the poor cycle stability of the electrode prepared at 30 MPa.
The first one is that the pulverization of the alloy in process of
the hydrogen absorption/desorption, and the other one is that
the porosity of the electrode is destroyed at high pressure and
hydrogen atoms irreversibly release from the crystal lattice of
LaNi5.

The surface morphologies of the electrode alloys after 100 charg-
ing/discharging cycles have been investigated by SEM as shown in
Fig. 6. It is obvious that the darker colour of the alloy particle sur-
faces is due to the corrosion and the oxidation of the alloy particles
in the alkaline electrolyte. In all cases, the alloy particles of the
electrode prepared at 15 MPa are corroded and oxidized to a large
extent. Moreover, many fractures have been observed in the alloy
particles of the electrode prepared at 30 MPa. It also reinforces the
fact that the pulverization of the electrode alloy prepared at 30 MPa
is more serious than the others.

4. Conclusions

In this paper, the effects of compaction pressure on the max-
imum discharge capacity and cycle stability of the metal hydride
electrodes were investigated. Electrochemical studies show that
the maximum discharge capacity of the electrode firstly increases
and then decreases with the increase of compaction pressure. The
electrode prepared at 25MPa exhibits the maximum discharge
capacity (368 mAh/g) higher than the others. The electrode pre-
pared at moderately high pressures (20 or 25 MPa) exhibits better
cycle stability, whereas the cycle stability of the electrode prepared
at the lower (10 MPa) or higher pressure (30 MPa) becomes even
worse. Taking both of discharge capacity and cycle stability of an
electrode into consideration, a suitable compaction pressure for
metal hydride electrodes in a Ni-MH battery should be controlled
in the range of 20 to 25 MPa.
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