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Abstract

With the aim of enhancing the capacity and electrochemical performances of hydrogen-storage alloy electrodes,
MmMy 3(Aly.sMng 4), (Mm = La-rich mischmetal, M = Ni, Co) alloys were investigated. MmMy 3(Aly3Mng 4),
alloys possessing appropriate plateau pressure and high storage capacity can be obtained by adjusting the
stoichiometric ratio of AI-Mn (x value). In this situation, the unit cell volumes increase with increasing x and the
enthalpy changes of hydride formation decrease with increasing x, thereby changing the alloy properties in the gas
phase and the electrochemical environment. The plateau pressure and the charge potential both increase with
decreasing x. The x value influences the surface states and bulk properties. When x is lower than 0.5, both the
charge-transfer reaction on the alloy surface and the diffusion resistance within the bulk alloy are much improved.
High-rate dischargeability at high current density is controlled mainly by the limiting current density.
MmM, 3(Aly3Mng 4)9.5 alloy, having the highest storage capacity and good electrochemical performance, is an

appropriate candidate for battery materials.

1. Introduction

Rechargeable nickel-metal hydride batteries with hy-
drogen storage alloy as the negative electrode material
have been used extensively because of their several
advantages: high energy density, good high-rate dis-
chargeability, long cycle life and environmental accept-
ability. In addition, the performance of hydrogen
storage alloys has improved remarkably through surface
modifications. To improve surface properties, several
alkaline processes have been proposed [1-4]. Microen-
capsulation of the alloy powder with various kinds
of electroless coating like Cu, Ni-P, Ni-B and Ni
has also produced effective improvement in cycle life [5—
10].

Other than surface properties, bulk composition is
also an important factor in the electrochemical perfor-
mance of alloy electrodes. Aluminium and manganese
have been confirmed to be effective in improving the
performance of hydrogen-storage alloy electrodes [11—
14]. Tt is generally accepted that adding aluminium to
hydrogen storage alloy can reduce the equilibrium
pressure plateau and prolong cycle life in ABs-type
hydrogen storage alloys. However, one drawback is the
decrease in hydrogen storage capacity, which results
from the displacement of Ni atoms by larger Al atoms
on the 3g site, consequently reducing the sites available

for hydrogen storage [11, 12]. Mendelsohn et al. [13]
stated that the aluminium additions were there to reduce
greatly the plateau pressure of the ANis_,Al, (A = La,
cerium-free mischmetal) hydride compared with that of
the corresponding ANis hydride. If the plateau pressure
is low, poor discharge efficiency is an end result.
Iwakura et al. [11] found that manganese enhances
discharge capacity and high-rate dischargeability of
alloy electrodes. Machida et al. [14] pointed out that
the extent of the plateau region in pressure—composition
isotherms depends remarkably on the Mn content. In
technical terms, length of the plateau corresponds to the
hydrogen storage capacity of the system. Generally,
equilibrium hydrogen pressures of alloy electrodes are
not very high, because low charging efficiencies induce
hydrogen evolution reaction (HER) and result in low
capacities. The appropriate equilibrium pressure gener-
ally lies between 10~ and 1 atm [15].

Based on these studies, the main function of Al is to
regulate the plateau pressure and the function of Mn is
to affect the length of plateau pressure in pressure-
composition isotherms. Thus, it would be useful to
combine these two elements to obtain high performance
alloys. In this paper, the stoichiometric ratio of Al and
Mn in MmMy5(Aly3Mng4), alloys was adjusted to an
appropriate plateau pressure and high storage capacity.
Electrochemical properties of hydrogen storage alloy
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with different stoichiometric ratios of Mn and Al were
also investigated.

2. Experimental details

Hydrogen storage powder MmMy3(Aly3Mngy),
(Mm = La-rich mischmetal, M = Ni, Co) was prepared
by mechanical pulverization to a particle size of less than
250 mesh. The powder was mixed with 3 wt % polytet-
rafluoroethylene (PTFE) and pasted onto a foamed
nickel screen, then pressed at 1000 kg cm™ and dried at
150 °C for 60 min. The resultant electrode dimension
was 2 cm X 2 cm X 0.08 cm.

Each test cell comprised of a working electrode, a
NiOOH-counter electrode (made of nickel hydroxide
powder) and a reference electrode (Hg/HgO electrode).
Capacity of the counter electrode was much larger than
that of the working electrode so the measured capacity
was determined completely by the latter. A working
electrode wrapped with non-woven polypropylene (PP)
separator was inserted between two counter electrodes.
Electrodes were tightly bound in a Teflon holder.
Galvanostatic charge/discharge cycles were applied in
30 wt % KOH solution at 30 °C. Test cells were
charged for 8 h and discharged to —0.7 V vs Hg/HgO
at a constant current density of 50 mA g~'. Anodic
polarization measurements were performed at 30 °C
with a potentiostat (Schlumberger SI 1286), scan rate
1 mV s™'. Test cells were activated first then charged at
50 mA g~! for 2 h prior to any measurements.

P-C-T (pressure—composition isotherms) for hydro-
gen absorption and desorption were measured by the
Sievert method. About 5 grams of the same powder
were taken for each run. For activation, alloy powder
was evacuated and exposed to hydrogen atmosphere at
5kgcm™ and heated at 350 °C for 1.5 h. This was

followed by dehydriding the powder by evacuating and
heating at 350 °C for 2.5 h. After two cycles of
activation, absorption P-C-T data was recorded.
Surface morphology of the powder was examined
with a scanning electron microscope (JSM 840A). The
crystal structure of the alloy powder was identified by
using X-ray diffraction (XD-5) with a CukK, radiation.

3. Results and discussion
3.1. Crystallographic and thermodynamic properties

Hydrogen storage alloys, MmM,3(Alp3sMng4), (x =
0.25, 0.5, 0.75 and 1.0), were investigated to search for
the most suitable proportion used in a metal-hydride
battery system. The influences of x on the alloy structure
were examined by XRD. Figure 1 shows the XRD
patterns of MmMy3(Aly3Mngy4), alloys. The same
structure can be observed in all cases, except where
diffraction peaks shift to smaller angles as x increases.
All peaks were assigned to the hexagonal CaCus type
structure [16]. This means that the main structure in
MmMy 3(Aly3Mng4), alloys can not be changed by
adjusting the stoichiometric ratio of Al and Mn. The
shifted XRD peak positions are used to obtain unit cell
lattice parameters and volumes, and the results are
shown in Figure 2. Apparently, lattice volume is in-
creased by increasing x. Lattice volume may affect the
reaction of hydrogen to metal. Figure 2 also shows the
enthalpy changes (AH) of MmMy 3(Alg3Mng 4), alloys.
Enthalpy changes in hydride formations are calculated
by the van’t Hoff equation with data from P-C-T curves
at various temperatures [17]. From the Figure, it is clear
that enthalpy change increases negatively with increas-
ing x, and this matches the increasing tendency of the
unit cell volume. Iwakura et al. [11] investigated the
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Fig. 1. XRD patterns for MmMy 3(Alg 3sMng 4), alloys.
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Fig. 2. Unit cell volumes and enthalpy changes of MmMy ;-
(Alp3Mng 4), alloys.

MmNis_,Al, alloys, also finding similar results. Because
aluminium has a larger metallic bond radius than nickel,
the stability of hydrides increases with increasing alu-
minium content.

3.2. PCT curve measurements

To understand the hydrogen absorption characteristics
of MmM, 3(Aly3Mng4), alloys, pressure-composition
isotherms were measured in the gas phase at 40 °C, as
shown in Figure 3. It is clear that the equilibrium
pressure plateaus are sensitive to the stoichiometric ratio
of Mn and Al, and they decrease with increasing x. In
general, a plateau pressure higher than that of the cell
pressure would cause a decrease in charging efficiency
due to the hydrogen evolution reaction (HER), while a
plateau pressure lower than 107> atm would cause a
decrease in discharging efficiency, primarily due to the
formation of a more stable metal-hydride which is
rather difficult to discharge. It is desirable to have the
plateau pressure lie between 107> and 1 atm in the
temperature range of —20 to 60 °C [15].
Thermodynamic properties of alloys may be used to
explain how plateau pressures depend on composition.
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The plateau pressures in Figure 3 depend on enthalpy
changes: that is, the lower the enthalpy change, the
lower the plateau pressure. In alloys with higher AH,
metal-to-hydrogen bond strengths are weak, and hy-
drogen can not react with the alloy, resulting in
hydrogen evolution reaction. However, in alloys with
lower AH, the bonds are strong and the alloys react with
hydrogen to form more stable hydrides which are
incapable of storing hydrogen reversibly [18]. As men-
tioned above, unsuitable plateau pressures can lead to
detrimental effects in charging and discharging. There-
fore, a major problem is determining the enthalpy
change, which provides a suitable plateau pressure.
According to Ovshinsky et al. [18], an alloy is suitable
for battery applications if the enthalpy change is
between —25.2 and —50.4 kJ (mol H,)™!. For x = 0.25,

0.5, 0.75 and 1.0, the enthalpy changes of
1\/[1’1’1M4_3(1A1()_31\/[1’10.4)'\C alloys are —35.7, —36.5, -37.7
and -38.2 kJ mol ™', respectively. Therefore,

MmM, 3(Alp.3sMng 4), alloys are potential candidates
for electrode materials.

3.3. Electrode capacity measurements

The electrochemical absorption and desorption of a
hydrogen-storage alloy clectrode, Me, in an alkaline
solution can be expressed as follows [19]:
Me +yH,O+ye” = MeH, +y OH™ (1)
so that each absorbed/desorbed hydrogen atom corre-
sponds to the storage of one electrode. When a fully
charged electrode is electrochemically discharged, the

discharge capacity, C4 (mAh g') is calculated using
Equation 2 [20, 21]:

Ci— n[(H/Me),, — (H/Me)y o |F
- 3.6

(2)

where n is the number of metallic atoms per formula
unit of alloy, (H/Me),q and (H/Me)q o, are atomic ratios
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Fig. 3. Pressure—composition isotherms for MmMy 3(Aly3Mng4), alloys at 40 °C. Key: (- - -) x = 0.25, (---) x = 0.50, (---) x = 0.75, (—)

x = 1.00.
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Table 1. Theoretical capacities calculated from Equation 2 and
electrochemical discharge capacities

Materials H/M Theoretical ~ Actual
/wt % capacity capacity
/mAh g™ /mAh g™
MmM4_3(A10_3Mno,4)0_25 1.30 348 260
MmMy 3(Aly3Mng 4)0 5 1.50 401 291
MmM4,3(A10.3Mn0,4)O_75 1.40 376 275
MmMy 3(Alg3sMng 4); o 1.34 360 252

of hydrogen to metal at the equilibrium hydrogen
pressure of 10 and 0.01 atm, F is the faradaic constant,
and Wy, the molecular weight of the active electrode
material.

Values of the theoretical capacities from Equation 2
and the electrochemical discharge capacities are sum-
marized in Table 1. Here, different hydrogen storage
capacities are measured by the length of equilibrium
pressure plateau in the range 0.01 to 10 atm, whereas
electrochemical discharge capacity is taken to be the
maximum capacity achieved during cycling of the cell.
For x = 0.25, 0.5, 0.75 and 1.0, the actual capacities
of MmMy3(AlgsMngyy4), are 260, 291, 275 and
252 mAh g™, respectively. These results are in fair
agreement with the orders of theoretical capacities. Note
that the hydrogen stored electrochemically in each of the
electrode samples is much lower than that stored via gas
phase absorption. One possible explanation is that the
electrochemical capacity depends greatly on the elec-
trode characteristics and cell type, since it is believed
that different methods of making electrodes result in
different discharge capacities. In addition, factors like
particle size, electrode thickness, conducting agent,
binder and electrolyte can also influence electrode
characteristics.

3.4. Charge characteristics

Appropriate electrochemical potentials for hydriding/
dehydriding an alloy electrode are determined from the
equilibrium hydrogen pressure of metal hydrides with
the Nernst equation. For a cell containing 6 M KOH
electrolyte at 20 °C and 1 atm, the Nernst equation can
be written as [22]

Eo = —0.9324 — 0.0291 log(Py,) (3)

where E, (vs Hg/HgO) represents the equilibrium
potential of the MeH, electrode, and Py, is the
equilibrium hydrogen pressure. Potential changes in
Equation 3 are only about 29 mV (decade)™' of varia-
tion in hydrogen pressure. Hence, the equilibrium
potential should be held at about —0.9324 V during
either the hydriding or the dehydriding process.

Figure 4 shows the potential curves of Mm-
M, 3(Alg3Mng 4), alloy electrodes during charging. An
inversely proportional relationship exists between the
overpotential (E — E,) and the x value. Comparing

Potential / V vs Hg/HgO
5

" 1 " 1 " 1 " 1 " 1 " 1 "
50 100 150 200 250 300 350 400
Charge capacity / mAh g™

Fig. 4. Potential curves of MmMy3(Aly3Mng4), alloy electrodes
during charging. Key: (----) x=0.25 (- - -
x =0.75, (—) x = 1.00.

Figure 3 with Figure 4, these alloys have similar trends
in both plateau pressures and charge potentials, and
charge potential is higher when the plateau pressure
increases. Clearly, alloys with x > 0.5 have suitable and
similar charge potentials, and the alloy with x = 0.25
has the highest charge potential. In this case, the
strength of metal to hydrogen bond is weak (large
AH). The competing hydrogen evolution reaction
(HER) is favoured over hydrogen absorption where
hydrogen gas is formed at the electrode surface leading
to a decrease in charging efficiency. This is the reason
why the MmMy 5(Aly3Mng 4)9-5 alloy has lower elect-
rochemical Capacity than MmM4_3(Alo.3Mn0.4)0A5.
Therefore, enthalpy change plays an important role in
the charging efficiency of the alloy electrode. Poor
charging efficiency can lead to a build-up of pressure
during the charge/discharge cycle. Therefore alloy elec-
trodes with higher charge efficiencies are essential to
sealed-type batteries.

3.5. Electrochemical properties

Another consideration in the use of alloy materials in
nickel-metal hydride batteries relates to electrochemical
kinetics and transport process [18]. For electrochemical
kinetic studies, anodic polarization curves for the alloy
electrodes were obtained by linear sweep voltammetry
(LSV). The anodic current (i) in general increases with
overpotential, but when strongly polarized, a limiting
current (iy ) can result from the mass transport limitation
of some species. The main species are hydrogen atoms in
the bulk alloy, hydroxyl ions (OH") in the electrolyte, or
water molecules (H,O) in solution. In this study, cells
were designed to contain excess electrolyte (30 wt %
KOH, highly flooded) so that a reasonable assumption
is that the diffusion resistance of OH™ and H,O is
negligible compared with that of hydrogen atoms. The
anodic overpotential (77) can be expressed as [17, 23]
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where F is the faradaic constant, R the gas constant, T’
the temperature and o the transfer coefficient. The first
term on the right-hand side of Equation 4 is the
activation overpotential due to charge transfer resis-
tance. The second term corresponds to the concentra-
tion overpotential due to the diffusion resistance of
hydrogen transport. Rearranging Equation 4 yields the
following expression:

() ) o

According to Equation 5, a plot of # against In(i/i, — i)
should produce a straight line of slope RT /(1 — «)F and
intercept RT /(1 — a)F x In(iL /i,). Hence, o and i, can
be calculated from i; and 7. Figure 5 shows the anodic
polarization curves of MmM, 3(Aly3Mng4), alloy elec-
trodes. The corresponding electrochemical kinetic pa-
rameters are listed in Table 2. Alloy electrodes with
large i, are responsible for low charge transfer resis-
tance. It can be seen that the exchange current densities
and limiting current densities increase with decreasing x.
Both i, and i1 depend on hydrogen concentration within
the bulk alloy. To neglect hydrogen concentration on
the kinetics data, all alloy electrodes were charged at
about 50 mA g~! for 2 h prior to LSV measurements.
For x = 0.25, 0.5, 0.75 and 1.0, i, values are 134.6,
120.8, 100 and 89.0 mA g~', respectively. It is generally
believed that exchange current densities are related to
surface properties, such as oxide thickness, electric
conductivity, surface porosity, topology, surface area,
and degree of catalytic activity [18]. As a result, better
surface properties of MmMy3(Alg3Mng4), alloy elec-
trodes can be obtained by adjusting the x value to be
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Table 2. Electrochemical kinetic parameters of MmMy 3(Aly3:Mng 4)
alloy electrodes

Materials Exchange Limiting Transfer
current current coefficient, o
density, density,
iomA g™ i /mA g

MmM4_3(A10_3Mn0_4)0_25 1346 12207 067

MmM4.3(Alov3Mn0,4)0_5 120.8 1208.4 0.64

MmMy 3(Alg 3Mng 4)0.75 100.0 996.2 0.58

MmM, 3(Aly.3Mng 4); 89.0 874.2 0.56

bulk alloy. The values of i for x = 0.25, 0.5, 0.75 and
1.0 are 1220.7, 1208.4, 996.2 and 874.2 mA g™, respec-
tively. An alloy electrode has a lower diffusion resistance
if its x is lower than 0.5. In comparison with i; and AH,
it can be seen that the lower the AH is, the lower the iy,
will be. In many cases, an alloy absorbing large amounts
of hydrogen has higher diffusion resistance to hydrogen
release due to the forming of a more stable hydride
(lower AH) and vice versa. This is the reason that the
MmM, 3(Alg.3sMng 4); alloy has the lowest i (AH =
—38.2 kJ mol™"). Since the value of AH is an index for
the metal-hydrogen bonding strength, not only does it
determine the capacity of hydrogen absorption but it
also controls the diffusion resistance to hydrogen release
during discharge. It is reasonable to claim that AH is a
major factor in the charge—discharge performance of
metal-hydride electrodes. Based on LSV data, the
stoichiometric ratio of Al and Mn influences the surface
states and bulk properties. When x is lower than 0.5,
both the charge-transfer reaction on the alloy surface
and diffusion resistance within the bulk alloy can be
much improved.

The percentage high-rate dischargeability (HRD),
which is another important factor in practical use, can
be defined as [24]

lower than 0.5. On the other hand, limiting current HRD = G % 100
densities are dependent on hydrogen diffusion in the G+ Cso
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Fig. 5. Anodic polarization curves for MmMy 3(Aly 3Mny 4), alloy electrodes. Key: (- - -) x = 0.25, (--+) x = 0.50, (----) x = 0.75, (—) x = 1.00.
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where C, indicates the discharge capacity at x mA g™,
and Cs is the residual discharge capacity determined at
50 mA g~! by resting 30 min after the measurement of
C..

Figure 6 shows the relationships between discharge
current densities and high-rate dischargeabilities for
MmM, 3(Alg.3sMng 4), alloy electrodes. Clearly, high-
rate dischargeabilities increase with decreasing x.
Among these electrodes, the one with x = 0.25 has the
best HRD; which can be seen from the comparisons
that for x =1, x =0.75, x =0.5, and x = 0.25 at
400 mA g_l, HRD are 48, 55, 65 and 68%, respectively.
HRD is controlled by the rate of charge transfer (i,) on
an alloy surface or the hydrogen diffusion (ip) in the
alloy itself [17, 24]. If the electrochemical reaction on the
surface is rate-determining, then there exists a linear
dependence between the high-rate dischargeability and
the exchange current density. In contrast, if hydrogen
diffusion in the crystal lattice is rate-determining, the
high-rate dischargeability is independent of the ex-
change current density and hence remains constant
[11]. Figure 7 shows the relationship between high-rate
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Fig. 7. Relationship between high-rate dischargeabilities and ex-
change current densities for MmM, 3(Aly3Mng 4), alloy electrodes.

1000 T T T T T T T T T T T T

800

600

I
400 i
!

Overpotential / mV

200 7

= -3 ) 1 L
0 200 40 600

1 1 1 1 1 1 1
800 1000 1200 1400

Current/ mA ¢!

Fig. 8. Relationship between overpotential and discharge current
density for the MmMy3(Alp3Mng4)os alloy electrode. Key: (---)
activation overpotential; (- - -) concentration overpotential; (—) total
overpotential.

dischargeabilities and exchange current densities for the
MmM, 3(Alp.3sMng 4), alloy electrodes. Clearly, for x
lower than 0.5, the high-rate dischargeability remains
constant, which implies that the diffusion of hydrogen in
the alloy is rate-determining. MmMy 3(Aly.3Mng.4)9.25
and MmM, 3(Aly3Mng4)g5 alloys have higher limiting
current densities, and consequently they exhibit good
high-rate dischargeabilitiecs. This is consistent with
results reported by Iwakura et al. [11], in whose studies
of MmNis_,Al, alloy electrode, high-rate dischargeabil-
ities were found to be almost constant for x over 0.4.

To distinguish the contribution of charge transfer
from mass transfer resistance, Equation 4 is employed to
calculate the anodic concentration overpotential (#.)
and activation overpotential (1,) during discharge.
Figure 8 illustrates the relationship between overpoten-
tial and discharge current density for MmMys-
(Alp3Mng 4)0.5 alloy electrode. When the polarization
current is larger than the exchange current density,
electrochemical reactions are controlled by the charge-
transfer reaction (,) and mass transfer processes (7).
Figure 8 shows that #, is greater than 7. at low
discharge current densities and vice versa. This means
that the release of hydrogen in bulk is the rate-
determining step for metal hydride in high rate dis-
charge. According to hydrogen storage capacities and
electrochemical characteristics of MmMy 3(Aly3sMng 4)
(x =0.25, 0.5, 0.75 and 1.0) alloy electrodes, satisfac-
tory high-rate dischargeabilities can be found by adjust-
ing x to be lower than 0.5; but the storage capacity for
x = 0.25 is much lower than that of x = 0.5. Therefore,
MmMy 3(Alyp.3Mng 4)0.5 alloy is a better choice for use as
a battery material.

4. Conclusions

MmMy 3(Aly3Mng 4), alloys were investigated for use as
electrode materials. Plateau pressure increases with



decreasing x for the alloys in gas-phase reaction. Factors
affecting this phenomenon are lattice structure and
enthalpy change in hydride formation. High plateau
pressure from high enthalpy change (AH) is due to the
weak metal-to-hydrogen bond and vice versa. All
MmMy 3(Aly.3sMng 4), alloys have similar trends both in
plateau pressure and charge potential. The contribution
of charge-transfer potential (1,) and mass-transfer over-
potential (5.) to alloy electrodes during discharge can be
easily derived from anodic polarization data. 7, is lower
than #,, at low discharge current densities and becomes
more dominant at higher current densities. High-rate
dischargeability at high current density is mainly con-
trolled by limiting the current density rather than the
exchange current density. From gas-phase measure-
ments, MmMy;(Aly3Mng4)gs alloy is determined to
have the highest storage capacity and a moderate plateau
pressure. In addition, it shows good electrochemical
performance, especially in high-rate dischargeability. In
conclusion, MmMy 3(Alg 3Mng 4)9 5 alloy is a good pro-
spective candidate for battery materials.
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