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In the present investigation, ABs-type hydrogen storage alloys with compositions MmggLagNis7Alg3s
Cop.3Mngs5Mogp2 and Mmg75TigsLag2Nis7Alg33C003MngsMogoz are synthesized by radio-frequency
induction melting. The electrochemical properties are studied through the measurements of discharge
capacity, activation process, rate capability, self-discharge rate and cyclic stability of both the electrodes.
Pressure-composition isotherms are plotted by converting the electrode potential into the hydrogen

pressure following the Nernst equation. The structural and microstructural characterizations are per-
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formed by means of X-ray diffraction phase analysis and scanning electron microscopy of as-fabricated
and electrochemically tested electrodes. An attempt is made to correlate the observed electrochemical
properties with the structural-microstructural characteristics.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The continuous increasing requirement of energy demands the
fast development of secondary batteries as power sources. Due
to the quality of high specific energy, the capability of perform-
ing at high charging-discharging rates, environmental friendliness
and interchangeability with a nickel-cadmium battery, the nickel-
metal hydride (Ni-MH) battery has been widely investigated and
applied in portable telecommunications equipment, electric tools
and hybrid electric vehicles [1-3].

In state-of-the-art hydrogen technology, two hydrogen stor-
age systems, namely AB; (TiMn;) and ABs (LaNis/MmNis) are
viable negative electrode materials in Ni-MH batteries [4-7].
Most of the early and recent work on the ABs-type hydrogen
storage system for the MH electrode has been based on the com-
position typified by Mm(Ni-Al-Co-Mn)s; [8-18]. Nowadays, the
MmNi3 55Mng 4Alg3C0g 75 alloy is one of the compounds that are
used as commercialized electrode materials (Mm =mischmetal).
Cobalt (Co) is an expensive metal and in the aforementioned
alloy it accounts for almost 50% of the total cost of the raw
material [19]. Hence it is desirable to replace Co by a less expen-
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sive element without decreasing the hydrogen storage capacity
significantly. Some preliminary studies on a low-Co variant typ-
ified by MmgglLag;Nisz7Alp33C0og3MngsMog g, have been carried
out and a discharge capacity close to 300mAhg-! has been
obtained [20]. The cycle performance and correlation between
structural-microstructural characterizations have not, however,
been extensively explored for this material.

The present study examines the electrochemical properties of
the MmygglLag;Niz7Alg33C093MngsMog g, electrode material and
their correlations with structural-microstructural characteristics.
The effect of titanium substitution in this material is also evalu-
ated withregard to electrochemical and structural-microstructural
properties.

2. Experimental details
2.1. Synthesis of material and fabrication of negative electrode

The ingredients of the alloy in a stoichiometric ratio were mixed,
pelletized and then melted in a radio-frequency induction furnace
under an argon atmosphere. The pellets were remelted three times
for the purpose of homogenization. The as-synthesized ingot was
mechanically pulverized and the powder of particle size <50 pum
was selected for the formation of the electrode. In the present inves-
tigation graphite was used as a conductor for the fabrication of
negative electrode. A roll-compacted negative electrode was pre-
pared by taking the alloy, graphite powder and Teflon suspension
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in a ratio of 85, 10 and 5 (wt.%). The resulting mixture was rolled
against a smooth glass plate. The rolled sheet of the active mate-
rial with additives was folded around a nickel mesh (dimension:
2cm x 2cm) and pressed at 6.4 x 108 kg m~2 for 15 min. The physi-
cal thickness of the resulting electrode was about 0.3 mm. The metal
hydride (MH) electrodes thus prepared were subjected to forma-
tion in electrochemical cells that contained 6 M KOH electrolyte.
Sintered nickel hydroxide electrodes were placed on either side of
a MH electrode in each cell. The electrochemical capacity of the
positive electrode was designed to be sufficiently larger than that
of the negative electrode. Both the electrodes were inserted into
the pockets made out of the polypropylene separator cloth. The
potential of the negative electrode was measured with respect to
a Hg|HgO0|6 M KOH electrode in an open cell at 298 K. The negative
electrode containing 0.5 g of hydrogen storage alloy was charged
for 14 h and discharged to —0.6 V, both at 33 mA g~!. The potential
of the negative electrode was monitored with an x-y recorder.

2.2. Structural and microstructural characterization of MH
electrodes

As-fabricated and electrochemically tested electrodes were
subjected to X-ray diffraction characterization, employing a
Philips X-ray diffractometer (PW 1710) equipped with a graphite
monochromator that operated with copper K, radiation. Before
and after electrochemical testing of the electrodes, the surface
microstructures were examined by means of a scanning electron
microscope (SEM, Philips XL-20 series) that employed a 30 kV sec-
ondary electron imaging mode.

3. Results and discussion
3.1. Structural characterization

The X-ray diffraction (XRD) profiles of as-fabricated and
electrochemically tested electrodes using MmggLag;Nis7Alg3g
Cog.3MngsMoggz or Mmyg.75Tig.05Lag 2Ni37Alp38C003Mng5Mog 02
alloys are shown in Figs. 1 and 2, respectively. All synthesized alloys
are found to have a single phase structure and a homogeneous com-
position. Both the alloys crystallize with a hexagonal CaCus-type
structure of symmetry P6/mmm. The lattice parameters and unit
cell volumes of these alloys are given in Table 1.

The substitution of Ti at the place of mischmetal (Mm) in the par-
ent alloy (Mmg gLag 3 Nis 7Alg 33C00.3MngsMog g2 ) gives an increase
in both the ‘a’ and ‘c’ parameters (Table 1) by 0.11 and 0.17%,
respectively. During the hydriding/electrochemical charging pro-
cess, hydrogen atoms enter the alloy lattice and result in lattice
expansion [21,22]. Because of this expansion, the unit cell volume
also increases. Due to residual hydrogen, a small increase in the unit
cell volume occurs in electrochemically tested electrodes. Changes
in the lattice parameters of electrochemically tested electrodes
of the parent alloy are Aa=0.69% and Ac=0.54% with respect
to the as-fabricated alloy. Similarly, these changes are calculated
as Aa=0.22% and Ac=0.59% for the Ti-substituted alloy. A com-
parison of both the alloys reveals an almost equal change in the
lattice parameter ‘c’ after electrochemical testing. On the other
hand, the change in the lattice parameter ‘a’ is small (0.22%) in
Ti-substituted alloy in comparison to the parent alloy (0.69%). Sim-
ilarly, the change in the unit cell volume for Ti-substituted alloy
after electrochemical testing is 1.03%, which is less than that of the
parent alloy (viz., 1.93%).

The X-ray diffraction patterns in Figs. 1a and 2a indicate that as-
fabricated electrodes of both the alloys contain the peaks of single
phase metal hydride (MH), graphite and the binder. The analysis
of the XRD pattern shown in Fig. 1b reveals the presence of extra
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Fig. 1. X-ray diffraction patterns of (a) as-fabricated and (b) electrochemically
tested electrodes of MmyggLag,Nis7Alp33C003MngsMogo,; notice the presence of
XRD peaks corresponding to CeO,, Al and Ni.
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Fig.2. X-raydiffraction patterns of (a) as-fabricated and (b) electrochemically tested
electrodes of Mmg 75 Tig 05Lag2Niz 7Alg38C003MngsMog oz ; notice that XRD peaks of
only CeO; are present.
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Table 1

Lattice parameter and cell volume for alloys of as-fabricated and electrochemically tested electrodes.

Alloy composition

Lattice parameter Cell volume (A3)

a(A) c(A)
MlTl()_s Lag_zNi3_7Alg,3gC0()_3Ml’lngOo_gz, as-fabricated 5.0044 4.0644 88.1492
Mmy gLag2Nis7Alp35C003MngsMog o2, electrochemically tested electrode 5.0390 4.0862 89.8517
Mm0_75Ti0_05 Lag_zNi3_7Alg>3gC00_3MngisMOO_gz, as-fabricated 5.0098 4.0712 88.4873
Mmyg 75 Tig.05Lag 2 Niz7Alg 38 Cop.3Mng 5 Mo 02, electrochemically tested electrode 5.0206 4.0954 89.3975

peaks of CeO,, Al and Ni after electrochemical testing of the alloy
Mmyg gLag > Nisz 7Alg38Cog3MngsMog o2, together with the peaks of
MH, graphite and the binder. On the other hand, the XRD pattern in
Fig. 2b corresponding to electrochemically tested electrode of alloy
Mmyg 75 Tig g5Lag 2 Niz7Alg33C093MngsMog g2 reveals the presence
of a small extra peak of CeO,. It suggests that Ti is effective in arrest-
ing the deterioration of the material through oxidation during the
repeated cycles of the electrochemical testing.

3.2. Electrochemical studies

3.2.1. Discharge capacity

The typical discharge characteristic curves of the MH elec-
trodes fabricated from MmgglLagNi3z 7Alg33C0g3Mngs5Mog gy and
Mm0_75Ti0_05Lao_2N13_7A10_33C00.3Mn0_5M00_02 alloys dare presented
in Fig. 3. These curves show the variation in the potential dif-
ference between negative and reference electrode with hydrogen
concentration (H/M). The voltage characteristics of the MH elec-
trodes are quite standard throughout the discharging process. As
expected, the potential of the electrode shifts to a less negative
value. This is due to the oxidation of desorbed hydrogen from the
hydride. In the case of the electrode using the alloy without Ti, the
potential decreases continuously from an initial value of 0.920 to
0.804 V. Afterwards, a steep decrease in the potential is observed.
The region exhibiting a voltage plateau between 0.920 and 0.804 V
corresponds to the co-existence of a and 3 phases. The middle
potential (the potential at 50% depth-of-discharge) of the electrode
is 0.853 V. The maximum hydrogen concentration (H/M) in this dis-
charge curve (without Ti) is 0.92 (1.323 wt.%), which is equivalent
to 357 mAhg~1. The value of discharge capacity reported earlier
for the same material was ~300mAh g~! [20]. The observed high
capacity (357 mAh g~1)in the present investigation is thought to be
due to the employment of graphite powder as a conductor for nega-
tive electrode fabrication. Because of the porous nature of graphite,
its volume is large. Therefore only 10 wt.% of graphite powder is
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Fig. 3. Discharging curves of electrodes prepared with alloys MmggLag2Niz7Alg3s
C00.3Mng5M0g02 and Mmg 75 Tig 05 Lag 2 Ni3 7Alp 38 C0g.3Mng s Mog o2

sufficient for preparing the mixture to fabricate the negative MH
electrode. Use of small amount of conductor (graphite powder in
the present case) drastically reduces the overall weight of the elec-
trode.

The discharging curve (with Ti) shown in Fig. 3 corresponds
to the electrode fabricated with the Mm0_75Ti0_05LaO.zNi3.7Alo_3g
Cogp3Mngs5Mog g, alloy. A continuous decrease in the potential is
also noticed from 0.920 to 0.820V. Thereafter, a steep decrease in
the potential is observed. The middle potential in this electrode
(withTi)is 0.858 V, which shifts to a more negative value in compar-
ison with the parent alloy. It is known that the discharge potential
of the alloy electrode is associated with the surface activity, the
electrolyte concentration and the internal resistance of the alloy
electrode [23]. Moreover, Zhang et al. [24] pointed out that the
discharge potential is strongly influenced by surface activity at a
low discharge rate. It appears that substitution of Ti in the par-
ent alloy improves the surface activity of the electrode and thereby
resultsin ain higher value of the discharge potential. The maximum
hydrogen concentration (H/M) in the alloy with Ti, as observed in
discharge curve (Fig. 3) is 0.65 (0.95wt.%) which is equivalent to
233 mAh g~!. The low discharge capacity of the Ti-substituted alloy
may be due to structural changes in the lattice after substitution
of Ti at the place of Mm. It should be mentioned that the atomic
radius of Ti is 2.00 A in comparison with ~2.70 A for Mm elements.
The smaller size of Ti may be responsible for the deformation in the
voids which store hydrogen. This results in low hydrogen storage
capacity and thus a low discharge capacity of the alloy electrode
with Ti.

To study the dependence of discharge capacity on discharge rate,
the discharge current was varied from 33 to 132 mA g~!. Onincreas-
ing the discharge current from 33 to 99 mA g, both the electrodes
(with and without Ti) exhibit a loss in their normal capacity of
nearly 10%. On further increase in discharge current from 99 to
132mAg-1, a 32% loss is observed in the normal discharge capac-
ity of the electrode without Ti. A similar test performed on the
electrode with Ti shows only 20% decrease in its normal discharge
capacity. The discharge rate capability of the negative electrode in
the Ni-MH cell is mainly determined by the mass-transfer process
in the bulk MH alloy powder and the charge-transfer process at the
interface between the MH alloy powder and the electrolyte.

3.2.2. Activation process

When a hydrogen storage electrode is charged for the
first time, the stored hydrogen in the alloy is released spar-
ingly during the discharge period [23]. The process whereby
freshly-prepared alloy electrodes are continuously charged and
discharged in order to obtain the maximum electrochemical
capacity, is called ‘activation’. This is important for practical
use in Ni-MH battery. In the first charging—discharging of the
Mmyg gLag > Nisz 7Alg38Cop3MngsMog o alloy, the discharge capac-
ity is 84% of the maximum value 357 mAh g~!. The maximum value
is achieved in the third cycle. Hence, three cycles are sufficient for
activation of the sample. This result is similar to the previous one,
where activation was achieved on the third cycle [20]. The sub-
stitution of Ti in the parent alloy improves the activation process
significantly. In the case of the electrode with Ti, the maximum
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capacity is achieved during first electrochemical cycle. The fast acti-
vation may be due to the improved surface activity of the alloy
electrode after substitution of Ti in the parent alloy.

3.2.3. Self-discharge rate

To study the self-discharge rate of the MH electrode, a fully-
charged cell was kept for 1 week at 298 K. The self-discharge rate
is calculated from the discharge capacity after 1 week storage of
a fully-charged MH electrode lost from the maximum discharge
capacity after activation by repeated charge-discharge cycling, i.e.,

self-discharge rate (%)= Cmax = Cret 109 (1)
Cmax

where Cpax is the maximum discharge capacity and Cret is the

capacity retained after 1 week. After 1 week, the observed self-

discharge rate for the electrode without Ti is 48%, whereas that

for the electrode with Ti is 34%. These results show a lower self-

discharge rate for Ti electrode.

Several researchers have investigated the self-discharge of Ni-
MH batteries [25-27]. It has been proposed that the self-discharge
is caused by: (i) the reaction of residual hydrogen in the cell with
the positive electrode; (ii) the slow decomposition of both posi-
tive and negative electrodes; (iii) the shuttle effect of impurity ions
from the separator or sintered positive electrode. It has also been
proposed that the main mechanism for the self-discharge of Ni-
MH batteries is attributed to desorption of hydrogen from the MH
electrode [25]. It is known that capacity losses can be reversible or
irreversible [28]. Reversible capacity losses result from desorption
of hydrogen from the MH electrode. Such desorption is driven by a
difference between the partial pressure of hydrogen in the cell and
the MH electrode. Irreversible capacity losses are due to degrada-
tion of the MH electrode itself. When the cell is kept for sometime,
the partial alloy is oxidized and the amount of hydrogen storage
alloy is consequently reduced [7]. As oxide layers are formed on
the surface of the electrode, the active MH material is reduced. This
leads to lower discharge capacity (retention capacity) and thus a
high self-discharge rate.

The actual mechanism of self-discharge may be a combination of
reversible and irreversible processes. The contribution of reversible
loss to the self-discharge rate depends on the rate of hydrogen dif-
fusion in MH electrode. The low self-discharge rate (34%) of the
electrode with Ti indicates that the rate of hydrogen diffusion is
low compared with that in the electrode without Ti. The observed
XRD peaks of CeO, shown in Figs. 1b and 2b confirm the irreversible
loss of capacity due to oxide formation on the MH electrode. By con-
trast, the presence of only one small XRD peak of CeO, (Fig. 2b) in
the electrode with Ti reveals that fewer oxide layers are formed on
the surface. Thus the low self-discharge rate for the electrode with
Ti is due to the irreversible process.

3.2.4. Cyclic performance

The variation in discharge capacity of the alloy electrodes as
a function of cycle number is illustrated in Fig. 4. This short-
term cyclic performance of the alloy electrode without Ti shows
a residual capacity of 45% of the maximum value after 20 cycles
of charging-discharging. A similar test on the electrode with Ti
shows 83% residual capacity after the same number of cycles. These
results reveal the improved cyclic stability of the electrode fabri-
cated by alloy with Ti. The literature confirms that the fundamental
reasons for the capacity decay of the alloy electrodes are oxida-
tion and pulverization of the alloy during the charge-discharge
cycle [6]. The pulverized alloy creates a new surface which is oxi-
dized when it comes into contact with the alkaline electrolyte
solution. Furthermore, disintegration of alloy resulting from the
pulverization leads to poor connection between particles and this
induces a decreased electronic conductivity and utilization so as
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Fig. 4. Cyclic performance of electrodes of MmyggLag2Niz7Alp35C00.3MngsMog02
and Mmy 75 Tig.05 Lag 2 Ni3.7Alg 38 Cog.3Mngs Mog 02.

to decrease the cycle life. Thus the cycle stability of the alloy
mainly depends on the anti-pulverization capability of the alloy.
The structure characteristic parameters given in Table 1 show that
the increase in the unit cell volume of the alloy with Ti is 1.03%
after electrochemical testing, whereasitis 1.93% for the parent alloy
without Ti. The cause of pulverization is the volume expansion on
hydrogenation. The small increase in the unit cell volume of the
electrode with Ti is suggestive of the fact that less pulverization
has taken place in this electrode after repeated charge-discharge.
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The same results can be derived from microstructural evaluations.
Scanning electron micrographs of as-fabricated and electrochem-
ically tested electrodes of Mmo_gLao_zNi3_7A10.38C00.3Mno_SMOQ_OZ
are shown in Fig. 5a and b, respectively. Similarly, SEM micro-
graphs of as-fabricated and electrochemically tested electrodes of
Mm0.75Ti0.05Lag.zNi3.7Alo.38C00.3Ml’lo.sMOo.oz are given in Flg 6a
and b, respectively. The average particle size in the as-fabricated
electrodes is 20 wm as estimated from Figs. 5a and 6a. Because
of pulverization, the particle size reduces to 2um after 20
charge-discharge cycling in the parent alloy without Ti (Fig. 5b).
For the electrode with Ti, the particle size is reduced to 5pum
from 20 wm after the same number of cycles, as shown in Fig. 6b.
Microstructural evaluations reveal that less pulverization takes
place in the MH electrode fabricated with a Ti-substituted alloy.
This explains the improved cyclic performance of the electrode
with Ti. Similar results have been obtained by other workers who
found that the cyclic stability improves after substitution of Ti at
the place of La/Mm [29,30].

3.2.5. Pressure-composition isotherm (PCT)

The plateau pressure of hydride materials applied in the nega-
tive electrode of Ni-MH cell lies below atmospheric pressure. Hence
data determination for the PCT requires specially designed high
vacuum equipment for such materials. This experiment is rather
difficult and sometimes even impossible when the plateau pressure
is much lower than atmosphere (atm). Same data can be calcu-
lated from the electrochemical composition isotherm on the basis
of the Nernst equation. Wang et al. [31] have presented a simplified
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Fig. 7. PCT curves for Mmyg gLag2Nis 7Alp38C003MngsMog o2 and

Mmy 75 Tio05Lag 2 Nis 7Alp 38C003MngsMog o2, calculated from discharge curves
of Fig. 3 with help of Nernst equation.

Nernst equation for the specific parameters of the Ni-MH cell. At
298 K the equation is given by:

E =-0.93045 — 0.029547 log PH, (2)

where E is the potential difference in volts between the negative
MH electrode and a Hg|HgO reference electrode and PH, is the cor-
responding hydrogen pressure in the units of atm. Following Eq.
(2), PCT curves were determined for the electrodes fabricated with
parent (without Ti) and Ti-substituted alloy, with the help of dis-
charge curves shown in Fig. 3. The PCT curves show the variation in
hydrogen equilibrium pressure with respect to hydrogen concen-
tration and are presented in Fig. 7. The PCT curves can be divided
into three parts. The first part, localized before ‘A’ (A") corresponds
to the solid solution a-phase. The second part, localized between
‘A’ and ‘B’ (A’ and B’) corresponds to the co-existence of two phases
a and 3, where [3 is the hydride phase. Finally, the third part, local-
ized beyond ‘B’ (B’), corresponds to the (3-phase where the entire
alloy is transformed into the hydride phase. The evaluation of PCT
diagrams (Fig. 7) indicates that 75.3% hydrogen is contained in the
plateau region (AB) of the PCT for the alloy with Ti, but only 52.4%
(A’B’) for the alloy without Ti. The plateau pressures of PCT curves
for alloys with and without Ti are 0.03 and 0.006 atm, respectively.
The plateau pressure is evaluated at the mid-point of the plateau
region marked as AB or A’'B’ in Fig. 7. The equilibrium hydrogen
pressures, corresponding to the plateau of the curves are below
1 atm. These values indicate that both the hydrides (with and with-
out Ti) are stable at room temperature and can be used as negative
electrodes. The low-pressure plateau indicates a low inner pres-
sure of the Ni-MH battery, which is beneficial in terms of safety,
especially for electric tools and hybrid electric vehicles [12].

4. Conclusions

Two alloys Mmo.gLaO.zNi3.7A10'3gC00.3MHO.SMO0.0Q and
Mmo_75Ti0.05Lao_zNi3_7A10_33C00_3Ml‘lo._r,MOo.oz have been synthe—
sized by a radio-frequency induction melting method. Structural
analysis confirms a hexagonal CaCus-type crystal lattice for the
alloys. Analysis of X-ray diffraction profiles shows less oxidation
and scanning electron microscopy confirms less pulverization
of the electrode fabricated by the alloy with Ti after repeated
charge-discharge cycles. The discharge capacities for the parent
electrode and the Ti substituted version are 357 and 233 mAhg™!,
respectively. Ti substitution in the parent alloy improves the
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activation process (1st cycle vs. 3rd cycle), self-discharge rate (34%
vs. 48% after 1 week), and cyclic stability (83% vs. 45% after 20
cycles) of the electrode. This improvement is thought to be due to
less oxidation and lower pulverization of the hydride material of
the electrode after repeated cycling.
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