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a b s t r a c t

In the present investigation, the effect of the Mo in the LaNi3,6Co0,7Mn(0.4�x)Al0,3Mox AB5-

type hydrogen storage alloys was studied. The alloys structural and microstructural

characterizations were performed by means of X-ray diffraction phase analysis and

scanning electron microscopy.

The electrochemical properties were studied through the measurements of discharge

capacity, activation process, rate capability and electrochemical impedance spectroscopy

of the electrodes.

The replacement of manganese by molybdenum, in the intermediate concentration

tested (2% w/w) has a positive effect. This alloy presents the greatest discharge capacity,

the closest potential to system equilibrium potential and therefore the lowest over-

potentials. This alloy also has the best behavior for high-rate dischargeability and in

concordance, the lowest charge transfer resistance. This improvement is thought to be due

to an increase in the active area.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction Nickel-metal hydride batteries are currently applied in many
Metal hydride alloys are mostly used as materials for negative

electrodes in alkaline rechargeable cells andhydrogen storage.
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fields such as portable electronic devices and electric vehicles

hybrid electric vehicles. These batteries depict larger gravi-

metric and volumetric energy densities than nickelecadmium
ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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batteries. Besides, they are friendlier towards the environ-

ment. The performance of a nickel-metal hydride battery

strongly depends on the characteristics on the anode [1e8].

The investigations carried out with intermetallic AB5 al-

loys; seek to partially replace the constituent elements of the

LaNi5 compound by other chemical elements to enhance its

electrochemical properties. The developed alloys, such as

LaNi4,8Co0,5Sn0,25, La0,89Nd0,2Ni4,75Co0,5Sn0,25 and La0,8Ce0,2
Ni4,8Sn0,25, which inner compositions retain lanthanum and

nickel elements, are those that exhibit better behaviors. The

latter presents a lower equilibrium pressure and minimum

hysteresis in the curves of charge/discharge, as well as depicts

a wide range of hydrogen absorption [2e9].

Recently, much more interest has grown in the study of

metal hydrides based on Laves phases of zirconium, i.e. AB2

type intermetallic compounds due to their greater storage

capacity, and hence greater electrical charge capacity of the

battery. However, its power density was not comparable to

those of AB5 type, whichmotivate investigation developments

in order to optimize its composition [10e12].

Metal alloy plays a fundamental role in electrode processes

of hydrogen absorption, defining the hydrogen reaction rate

with the metal as well as the incorporation into its structure.

Different processes occur during activation [3,13e16]

such as: i) reduction of surface oxides that interfere with

the absorption of hydrogen, ii) reduction of the particle size

due to the fractures caused by the increase in volume, iii)

change in the chemical composition and/or metal surface

structure [12].

Recently, AB5 [17e21] metal hydride (MH) alloys have been

intensively investigated to improve the performance of based

Ni/MH batteries. Molybdenum was found to be beneficial to

the low-temperature applications [22e25]. Besides, it was

found that the addition of molybdenum improved the �40 �C
charge efficiency through the enhancement of surface charge-

transfer reaction [24]. The improvement in low-temperature

performance in the molybdenum-containing AB5 alloy was

also confirmed by Iwakura et al. They connected the perfor-

mance improvement of this alloy to its better bulk hydrogen

diffusion and surface charge-transfer reaction [26]. Jaksic

demonstrated a reduction in the hydrogen overpotential in-

side the alloy that had its surface being modified by galvanic

codeposition of molybdenum and cobalt [27]. Furthermore, it

was reported an increased hydrogen storage capacity with the

substitution of nickel or cobalt by molybdenum [28,29]. Small

amounts of molybdenum-substitution were found to increase

the room temperature high-rate dischargeability (HRD) and

surface charge-transfer current [30,31].

Although many general characteristics of molybdenum-

modified AB5 alloys have been reported, a more systematic

study on the influence of molybdenum to the structural and

electrochemical properties is needed and will be presented in

this paper.

The present study examines the electrochemical proper-

ties of the LaNi3.6Co0.7Mn0.4Al0.3 electrode material and their

correlations with structural-microstructural characteristics.

The effect of manganese substitution by molybdenum in

this material is also evaluated, at room temperature, with

regard to electrochemical and structural-microstructural

properties.
2. Experimental

2.1. Synthesis of alloys and fabrication of negative
electrodes

The alloys are prepared by arc melting adequate proportions

of the composition elements (purity better than 99.9%) inside

a copper-cooled hearth under high purity argon (99.998%). The

alloys were remelted for the purpose of homogenization. After

then, it was mechanically pulverized for the electrode for-

mation. For the electrochemical characterization, electrodes

were prepared by compacting a mixture of 50 mg of sample

powders with equal amounts of teflonized carbon (Vulcan

XC-72), inside a cylindrical die to a pressure of 200 MPa at

room temperature, resulting the total electrode surface of

2 cm2. A nickel wire was used as current collector. Details of

electrode preparation are depicted in a previous work [9].

Three alloys were synthesized replacing manganese by

molybdenum: AB5M0 (Mo 0% w/w), AB5M1 (Mo 2% w/w) and

AB5M2 (Mo 5% w/w).

2.2. Structural and microstructural characterization of
MH electrodes

The prepared electrodes were subjected to X-ray diffraction

characterization. X-ray powder diffraction datawere collected

for all the samples using a Rigaku ULTIMA IV, 285 mm radius,

powder diffractometer operating in Bragg Brentano geometry.

CuKa radiation (l ¼ 1.5418 �A) monochromatized with a dif-

fracted beam bent germanium crystal was used to collect data

over the 10e110� 2q range in steps of 0.02� using a scintillation

detector. Fixed slits of 1/3� were used for data collection to

prevent beam spillage outside the 2 cm long sample (along the

beam-path) at low angles. Peak positions were extracted from

the data using the software POWDERX [32] and peak indexing

and unit cell determination was performed with the software

DICVOL04 [33] in order to determine the unit cell and space

group symmetry of the crystalline samples.

Further analysis consisted in the full pattern profile fitting,

using the Rietveld method [34] by means of the EXPGUI-GSAS

suite [35,36] that allowed to extract relevant structural pa-

rameters and corresponding weight fraction in the case of

multiphase systems.

Before electrochemical testing of the electrodes, the sur-

face alloy microstructures were examined by means of a

scanning electron microscope (SEM, JEOL JSM 5900) that

employed a 25 kV secondary electron imaging mode.

2.3. Electrochemical characterization

We worked with AB5-type alloys with nominal compositions

AB5M0, AB5M1 and AB5M2. The hydride forming electrodes

were made as it just has detailed [9]. The mixture was pressed

onto a nickelmesh at room temperature. The geometrical area

of the electrodes was 2 cm2 and the thickness was around

1 mm.

Electrochemical measurements were made in a three-

compartment cell with the corresponding working electrode

(metal hydride electrode), counter electrode (nickel mesh) and
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Fig. 1 e X-ray diagrams for AB5M0, AB5M1 and AB5M2

indicating the peaks corresponding to the Rhombohedral

impurity.
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Fig. 2 e Discharge capacity of AB5M0, AB5M1 and AB5M2

alloys vs. number of charge/discharge cycles.
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reference electrode (Hg/HgO electrodes). In this work poten-

tials are referred to the Hg/HgO reference electrode. The

electrolyte, 6 M KOH solution, was prepared from reagent

grade KOH and Millipore-MilliQ� plus water. The experiments

were carried out at room temperature. Before the electro-

chemical impedance spectrum (EIS) measurements, the elec-

trodes were chargeedischarge cycled at constant current for

10 cycles.

During chargeedischarge experiments, constant currents

of �100 mA/g and 50 mA/g respectively, were used with a

charge time of 4 h and a cut off potential of �0.6 V, during

discharge. After cycling the electrodes were discharged to a

state of charge (SOC) of 70%, and left at open circuit potential

(Eo). The EIS spectra were recorded, at Eo, in the

50 kHze1 mHz frequency range, with a 6 mV amplitude, ten

points per decade.

All the electrochemical experiments were conducted using

a PGZ 301 Voltalab� potentiostategalvanostat device. Rate

capability experiments are performed at discharge charges in

the range of 0.1 Ce1 C.
3. Results and discussion

The XRD diagrams for AB5M0, AB5M1 and AB5M2 are pre-

sented in Fig. 1. According to this AB5M0 sample is a single

phase crystalline alloy, indexed in the corresponding CaCu5-
Table 1 e Cell parameters, cell volume and weight fraction for

P6/mmm

a (�A) c (�A) V (�A3) %

AB5M0 5.06812 (25) 4.04763 (24) 90.038 (8) 100

AB5M1 5.06613 (21) 4.04470 (21) 89.932 (8) 84.1

AB5M2 5.05569 (26) 4.03389 (26) 89.293 (9) 80.7
type structure in the P6/mmm space group [37]. In the case of

AB5M1 and AB5M2 samples there is coexistence between the

CaCu5-type and CaCu3-type crystalline phase, the presence of

the latest one is indicated in Fig. 1. According to Rietveld

Refinement, the weight fractions for the Rombohedral phases

correspond to 15.9% and 19.3% for AB5M1 and AB5M2

respectively.

The incorporation of a brand new molybdenum species in

parent AB5M0 alloy introduces changes in the crystal struc-

ture AB5M1 andAB5M2 alloys, giving place to a net decrease in

the structural cell parameters and unit cell volume of both

crystalline phases, see Table 1.

It is noteworthy to mention that changes on these alloys

are particularly small. In the case of P6/mmm phase, the

changes corresponds to �0.039% and �0.072% for a and c unit

cell parameters for AB5M1 sample when comparing to parent

AB5M0 alloy. In the case of AB5M2 sample, the changes are

�0.245% and �0.339% for a and c cell parameters of the hex-

agonal P6/mmm crystalline phases.

In conclusion, the incorporation of molybdenum induces

contraction in the cell parameters of the crystalline structure

of the studied alloys. This phenomenon is accompanied by a

coexistence of two crystal structures, with general AB5 and

AB3 stoichiometry.

Fig. 2 shows the discharge capacities as a function of the

cycle numbers for AB5M0, AB5M1 and AB5M2 alloys. From this

figure, it arises that AB5M1 depicts the highest capacity value.
the two crystalline phases.

R3mH

a (�A) c (�A) V (�A3) %

e e e e

(1) 5.1249 (5) 24.802 (4) 564.14 (11) 15.9 (2)

(3) 5.1151 (5) 24.780 (4) 561.49 (11) 19.3 (2)
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Fig. 3 e Potential values corresponding to the end of the charge process and to the half of the discharge process vs. number

of charge/discharge cycles.
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Moreover, the fast activation of the samples is also clearly

observed. They attain the maximum capacity value approxi-

mately at the third cycle. After ten cycles AB5M0 and AB5M1

attained a similar capacity (315 mAh/g). On the other hand,

AB5M2 alloy depicts after ten cycles a capacity value 13%

smaller (274 mAh/g).

From potential values corresponding to the end of the

charge process and to the half of the discharge process (Fig. 3),

it can be seen that the AB5M1 alloy potential is the closest to

the equilibrium potential of the system, this is w0.9 V and

therefore this alloy depicts the lowest overpotentials [38].

From this figure it can also be conclude that the departure

from the equilibrium potential decreases with the electro-

chemical cycling. This behavior can be seen in all the samples.

This fact could be associated with the emergence of new area

as a result of particles break as a consequence of hydriding/

dehydriding processes.
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The high-rate dischargeability (HRD), this is, the electro-

chemical discharge capacity as a function of the discharge

current density Id (mA/g), expressed in percent of the

maximum capacity is plotted in Fig. 4. It can be observed again

that M1 alloy presents the best behavior.

By increasing the discharge current, we observed a

decrease in the discharge capacity due to the overpotential

increase.

From the results above we can conclude a beneficial effect

of the incorporation of Mo, in the sample AB5M1. This may be

due to the increase in kinetic (greater i0), the increase in the

transport of material in the alloy (greater D) or to a greater

pulverization of the alloy during activation (smaller particle

size).

To clarify the nature of the processes that are influenced by

the incorporation of Mo, EIS experiments were performed.

The EIS results (SOC 70%) are shown in the Nyquist plots in

Fig. 5. It can be seen that the four studied alloys exhibit a

distorted semicircle at high frequencies. This capacitive
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Fig. 5 e Electrochemical impedance spectra of all samples.
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response is associated to the relaxation of the interface ca-

pacity in parallel with the charge-transfer resistance (Rct). As it

can be observed, the M1 alloy exhibits the smallest semicircle

diameter at high frequencies, indicating that this alloy has the

lowest Rct value. From the relation between Rct and the ex-

change current density, i0, associated to the hydriding process

[39,40], it can be conclude that it has the largest value of i0, and

therefore, the best electrocatalytic properties for the hydrid-

ing process. Besides, it can also be observed at low frequencies

the existence of a straight line in the Nyquist plot, associated

to the hydrogen diffusion process.
Fig. 6 e SEM micrographics for a. AB5M0, b. AB5M1 and c.

AB5M2.
Charge transfer resistance (defined by the diameter of the

semicircle) is greater for the sample AB5M0 than for the other

studied alloys, resulting RctAB5M0 > RctAB5M2 > RctAB5M1.

This resistance does not show a linear trend in regard to

the amount of molybdenum in the samples. The fact that the

AB5M1 alloy depicts the lowest value of Rct is also consistent

with HRD results.

The alloy AB5M2 shows a better behavior at HRD experi-

ments than AB5M0 although with lower capacity.

AB5M1 impedance is the smallest one. This fact can be

associated with an increase in the active area or even an in-

crease in the value of i0 or both combined effects. In order to

study the effect of these two parameters, SEM micrographics

after activation processes were obtained. From these results

we can perform an approximate determination of the parti-

cles mean radius value (ra). This parameter is inversely

related to the active area (Aa) by volume unit according to the

formula:

Aa ¼ ð3MÞ=ðVerraÞ
whereM is themass sample,Ve the electrode volume and r the

sample density.

From the micrographics presented in Fig. 6, we can calcu-

late ra concluding that AB5M1 mean radius is the smallest

one. Calculated mean radius values are:

AB5M0=ra ¼ 1:4� 10�3cm

AB5M1=ra ¼ 5� 10�4cm

AB5M2=ra ¼ 7:5� 10�4cm

4. Conclusions

Three alloys have been synthesized by arc melting method.

The incorporation of molybdenum induces contraction in the

cell parameters of the crystalline structure of the studied

alloys. This phenomenon is accompanied by a coexistence

of two crystal structures, with general AB5 and AB3

stoichiometry.

The replacement of manganese by molybdenum, in the

intermediate concentration tested (Mo 2% w/w) has a positive

effect. The alloy corresponding to this concentration (AB5M1)

presents the greatest discharge capacity; it presents the

closest potential to system equilibrium potential and there-

fore the lowest overpotentials. This alloy also has the best

behavior for HRD o high-rate dischargeability and in concor-

dance, the lowest charge transfer resistance. This improve-

ment is thought to be due to an increase in the active area.
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