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Abstract Hydride-forming alloys are used as negative elec-
trode components of nickel metal hydride (MH) batteries.
Generally, commercially used compounds are made of two
types of alloys, rare earth based on LaNis, known as ABs type,
and alloys based on ZrCr,, ZrV,, ZtMn,, and TiMn,, known
as AB, type (Laves phases). A and B are generally composed
of more than one element. In both systems, the A components
are metals that form stable hydrides, while the B components
are transition metals and form less stable hydrides. In the
present work, electrodes were prepared using composite ma-
terial obtained by mechanical milling of different proportions
of ZrTiV gNiyCro.5oMng.56C00.08Alg.04 (AB2) and
LaNi; ¢Cop7Mng 4Aly 3 (ABs) alloys. The particles of the
AB;s alloy were dispersed on the surface of the AB, particles,
as shown by scanning electron microscopy (SEM) and
energy-dispersive spectrometry (EDS). The discharge capaci-
ty of the electrodes improved with the addition of 80 and 50
weight-% AB,. The maximum discharge capacities obtained,
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after 30 cycles, for electrodes with 50 and 80 % AB, were
above 200 mA h g~', while for the original AB, alloy it was
less than 170 mA h g . A decrease in the composite concen-
tration of the AB, alloy improves the exchange current densi-
ty, as can be seen from electrochemical impedance spectros-
copy (EIS) measurements. High-rate dischargeability (HRD)
and EIS results showed enhanced hydrogen diffusion for the
samples with an AB, concentration of 50 and 80 %.

Keywords Metal hydride - Ni/MH batteries - Ball milling -
Electrochemical properties

Introduction

Hydrogen can be stored as (i) pressurized gas, (ii) cryogenic
liquid, or (iii) solid fuel as a chemical or physical combination
with materials such as metal hydrides, complex hydrides, and
carbon materials [1]. Hydrogen forms metal hydrides with
some metals and alloys, allowing solid state storage at mod-
erate temperature and pressure, which is an important safety
advantage over the gas and liquid storage techniques [2].
Metal hydride alloys are mostly used as materials for neg-
ative electrodes in alkaline rechargeable cells and hydrogen
storage. The principles on which NiMH cells operate are
based on their ability to absorb, release, and transport hydro-
gen between the electrodes within the cell. When a NiMH cell
is charged, the positive electrode releases hydrogen into the
electrolyte. The hydrogen is then absorbed and stored in the
negative electrode. Metal hydrides are formed by transition
metals including the rare earth and actinide series. They have
high thermal and electrical conductivities. However, unlike
metals, they are quite brittle. Metal hydrides have a wide va-
riety of stoichiometric and non-stoichiometric compounds and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-016-3347-8&domain=pdf

J Solid State Electrochem

are formed by direct reaction of hydrogen with the metal or by
electrochemical reaction [3].

There are basically two types of binary compounds that
make up the majority of the nickel metal hydride battery mar-
ket; AB,-type and ABs-type compounds. The basic crystal
structure is of the layered hexagonal CaCus type [4]. The
AB, compounds form one of two structures, either the cubic
C15 structure or the hexagonal C14 one [4—6]. In this notation,
A represents a metallic element with a strong affinity to hy-
drogen, whereas B is a metallic element with weak hydrogen
affinity (typically a transition metal) [7].

The hydrogen evolution reaction is one of the most often
studied electrocatalytic reactions. It is well accepted that the
reaction mechanism in alkaline solutions usually proceeds
through three steps: (1) electroreduction of water with adsorp-
tion of hydrogen, the Volmer reaction (Eq. 1), and two possi-
ble desorption steps: (2) electrochemical desorption of hydro-
gen, the Heyrovsky reaction (Eq. 2), and (3) chemical desorp-
tion, the Tafel reaction (Eq. 3) [8]:

ki
H20+M+67]:—_’MHad+OH7 (1)
-1
k>
MH, + H,O + ¢ 1:—_’M +H, + OH (2)
-2
k3
2MHgq 22M + H, (3)
-3

The constant search for new hydride-forming mate-
rials with suitable composition and structure, which
have a good performance as negative electrodes in
NiMH batteries, remains a research topic and has led
to the development of different preparation methods
for these materials. Mechanical alloying, usually carried
out under argon atmosphere in a ball mill, is an alter-
native to the traditional method in which the production
of materials is carried out by high-temperature synthesis.
Ball milling is a very effective technique for modifying
the surface, structure, and properties of intermetallic al-
loys in order to improve their characteristics for hydro-
gen storage applications [9-16]. Recent studies suggest
that the best mixed materials can have good hydrogen
storage characteristics and play an important role in ac-
celerating the hydriding process [17, 18]. Some investi-
gations reported that the AB,/ABs composite alloys ex-
hibit the best behavior for hydrogen storage [19, 20].

In the mechanical alloying process, a blend of pow-
ders is subjected to highly energetic compressive impact
forces. The process involves repeated deformation, frac-
ture, and welding of the particles. The nature of these
processes depends on the mechanical behavior of the
powder components, phase equilibrium, and the state
of stress during grinding.

@ Springer

The aim of the present work is to study the electrochemical
properties of mixed compounds prepared from AB, and ABjs
alloy types using mechanical milling as mixing method. The elec-
trochemical results were also examined using a physicochemical
model based on the theory of porous electrodes [21-27].

Experimental
Preparation of alloys and composites

The ABs and AB, alloys were prepared by arc melting in a
cooled copper crucible under argon atmosphere using the con-
stituent elements with a purity of >99.9 %, obtaining buttons,
about 20 g each, of each alloy. The final stoichiometry of the
alloy buttons, after melting, was LaNi; Cog7Mng 4Alg3 and
ZI‘TiVO'8Ni2CI‘0'52Mn0'56C00_08A10'04, respectively.

The ABs and AB, alloy buttons were mechanically
crushed and mixed in the 80:20, 50:50, and 20:80
weight ratios and milled in an Spex 8000D ball mill
under argon atmosphere for 30 min. A ball/sample mass
ratio of 8.3 was selected. Ball milling offers the possi-
bility to combine two or more alloys having different
characteristics [28, 29]. The milling time was sufficient
to prepare a homogeneous mixture between the alloys,
and the samples were structurally stable. Also, powders
from AB, and ABs samples were milled separately un-
der the same conditions and used as pure alloys. The
final material used to prepare electrodes and its compo-
sition are indicated and labeled in Table 1.

Material characterization

The structural changes of the alloys were characterized
by XRD (Philips PW1700). The morphology of the
sample was examined by a scanning electron micro-
scope (Philips, model 515 SEM) coupled with an
energy-dispersive X-ray spectrometer (EDAX Genesis
2000).

The electrodes were built as described in [27]. All electro-
chemical measurements were performed in a three-
compartment cell consisting of a working electrode, NIOOH
counterelectrode, and Hg/HgO reference electrode. The

Table 1 Labels and

compositions of the Label Composition
prepared samples
M100 ABs/AB2 0:100 wiw
MB80 ABs/AB; 20:30 w/w
M350 ABs/AB; 50:50 w/w
M20 ABs/AB; 80:20 w/w
MO ABs/AB, 100:0 w/w
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Fig. 1 Diffraction patterns of M100, M80, M50, M20, and MO samples

electrolyte was a 6-M KOH solution. All the potentials are
referred to the Hg/HgO reference electrode.

Fig. 2 SEM images and EDS
patterns of a M20, b M50, ¢ M80

Zr

Electrochemical measurements

The working electrodes were charge-discharge cycled at
constant current until a constant hydrogen storage ca-
pacity was obtained. During charge-discharge experi-
ments, constant currents of —10 and 10 mA, respective-
ly, were applied. Following a charging time of 4 h, a
cutoff potential of —0.6 V was used for discharge. The
measurements were performed at a controlled tempera-
ture of 30 °C. The rate capability performance of the
cells was studied at different currents (2.5, 10, 15, 30,
45, 60, 75, and 90 mA) during 3 cycles. The scan rate
of cyclic voltammogram (CV) measurements was
1 mV s ' between —1.2 and —0.6 V. Electrochemical
impedance spectroscopy (EIS) measurements were car-
ried out at a constant potential corresponding to 50 %
state of charge (SOC). The spectra were recorded in the
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Fig. 3 SEM images and EDS patterns of M50 show that the small
particles on the alloy surface are adhered to the bulk of AB, alloy particles

frequency range 0.1-10.000 Hz with an amplitude of
5 mV. Experimental data obtained from EIS measure-
ments were adjusted in terms of a physicochemical
model described in [21-27].

Results and discussion
Metallurgical characterization

The XRD patterns of ball-milled M 100, M80, M50, M80, and
MO composite alloys are shown in Fig. 1. It was found that
sample M100 can be indexed as the hexagonal C14 Laves
phase. For each single unmixed alloy, the peaks were well
defined and, as the concentration of ABs increases, some
peaks started to disappear. The M80 composite tends to have
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Fig. 4 Discharge capacity versus cycle number for the AB, alloy
electrode without the ball milling process at 10 mA
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Fig. 5 Discharge capacity versus cycle number for different electrodes at
10 mA

a similar structure to that of the AB, alloy, and therefore, its
properties were expected to be similar.

In samples obtained from AB, and ABj alloy mixtures, an
increase of the peak width and a simultaneous decrease in
intensity were observed, which revealed a decrease of the
average crystallite size that can be attributed to an increase
of the internal stress introduced by mechanical deformation.
This indicates that the alloy underwent a conversion process
passing from the crystalline state to the amorphous state.
Furthermore, the ball milling technique is very effective to
modify the structure and surface properties.

The SEM images and EDS patterns of ball-milled M20,
M350, and M80 composites are shown in Fig. 2. In the case
of the M20 sample, as shown in Fig. 2a, the different EDS
patterns of area (I) and (II) indicate that the small particles
consist of ABs, while the big ones are composed of AB,.

Figure 3 shows that the small particles on the alloy surface
are adhered to the bulk of AB; alloy particles. The AB;5 alloy
particles were pulverized more easily and adhered to the
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Fig. 6 Discharge capacity versus discharge current for different
electrodes
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Fig. 7 Cyclic voltammograms of the alloys and composites

surface of the larger AB, alloy particles due to the different
hardness and ductility of the two alloys [30].

The mechanical alloying process creates fresh surfaces dur-
ing processing. This provided a larger available surface area
for electrochemical reactions. Particles having a rough surface
provide a greater contact surface between them and therefore
may favor agglomeration. This effect has been shown in pre-
vious studies [18, 30].

Electrochemical characterization

For comparison, Fig. 4 shows the electrochemical behavior of
an electrode prepared without the ball milling process of AB,
alloy, under the same working conditions. The activation of an
electrode is defined as the number of charge-discharge cycles
required to reach maximum capacity. The activation of the
metal alloy plays a key role in the electrode absorption/
desorption process, since it defines the reaction rate of hydro-
gen with the metal and the incorporation of hydrogen into the
bulk structure of the metal [3, 4]. The surfaces of alloys are
usually covered with a passive oxide film of various thick-
nesses, depending on the formation process of each particular

alloy. This oxide layer acts as a hydrogen barrier and must be
broken during the first cycles in order to allow hydrogen ac-
cess to the bare metal [3, 18, 25]. The activation time was
longer, and the maximum hydrogen storage capacity obtained
was 300 mA h g~ in the 35th cycle. Figure 5 shows that the
electrodes prepared with the alloys obtained by ball milling
reach the maximum hydrogen storage capacity in the first
cycles. It can be observed that the activation time decreases
remarkably with this type of milling in the case of AB,.

The increment of the discharge capacities of M50 and M80
electrodes can be attributed to the increase in catalytic activity
on the alloy surface. This can be due to an increase of the Ni
concentration [31]. The discharge capacity enhancement is
attributed to the added ABjs alloy particles on the surface layer
of M20, M50, and M80 samples.

The decrease in storage capacity can be attributed to the
possible formation of an oxide film that would prevent hydro-
gen from entering the particle [18]. Although samples are
prepared under inert atmosphere, contamination may come
from the air before the electrodes are measured.

Figure 6 shows the relationship between the discharge ca-
pacity and discharge current of the electrodes. It can be no-
ticed that the discharge capacity decreased as the discharge
current (/) increases. This effect was at maximum for the
single AB, intermetallic alloy, while for the mixed alloys,
the high-rate dischargeability (HRD) decrease was less pro-
nounced and close to the one of single ABs.

Moreover, the performance of the electrodes with 20 and
50 % AB, was better than that of the electrodes with 100 %
ABs and 100 % AB,. The electrocatalytic and/or transport
properties improved for the electrodes with composite
mixtures.

A similar response was observed by cyclic voltammetry
(Fig. 7). The peak height and area increased as the AB, con-
tent in the samples decreased, indicating an improvement in
the electrochemical kinetics and discharge capacity.

Figure 7 shows cyclic voltammograms of the M 100, M80,
M50, M20, and MO electrodes. In each alloy sample, the ox-
idation peak appears at about —0.75 V. This peak was

Fig. 8 Electrochemical -8
impedance spectra of the M 100,
M80, M50, M20, and MO alloy
electrodes at 50 % SOD
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attributed to hydrogen desorption from the interior of alloy
particles. The adsorption of hydrogen atoms on the electrode
and the hydrogen evolution reaction at the electrode surface
give a simple reduction peak at —1.2 V, overlapped by the
hydrogenation of the alloy particle and hydrogen gas evolu-
tion. It is not possible to separate the contribution of each
reaction, since they take place at the same potentials.

These results indicate that in composites with AB, contents
of up to 50 %, the discharge capacity and the reaction kinetics
improved with respect of that of the single ABs alloy. These
results are in good agreement with HRD and EIS measure-
ment results.

Figure 8 shows Nyquist EIS plots, at 50 % state of
discharge (SOD) of alloys and composites, respectively.
The plots exhibit a linear behavior in the high-frequency
range with a slope of approximately 45°, a typical re-
sponse associated with a porous structure. A semicircle
that corresponds to the charge transfer resistance ap-
pears at intermediate frequencies. At low frequency, a

Warburg-type response, associated with the hydrogen
diffusion process, can be seen. In the same frequency
range, such response is absent in the electrodes with a
high percentage of AB,-type alloy. A lower composite
concentration of AB, alloy decreased the charge transfer
resistance of the electrodes.

From the fitting procedure of EIS data in terms of the phys-
icochemical model based on the classic theory of porous
flooded electrodes [21-27], this accounts for the charge-
discharge process taking place at the active material/
electrolyte interface of the electrode porous structure. A good
agreement between experimental and theoretical results is
shown in Fig. 9a—e.

From the fitting procedure, similar values of the diffusion
coefficient (Dy;) and exchange current density (i,) were ob-
tained for all electrodes (Table 2).

According to all results, the better voltammetry and HRD
responses obtained with electrode M50 indicate that the addi-
tion of AB, by mechanical milling allows improving the
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Fig. 9 Experimental and theoretical impedance spectra of the electrodes: a M100, b M80, ¢ M50, d M20, e MO
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Table 2 Parameter values, derived from the fitting procedure, for the electrodes

Alloy iy (A cm?) Dy (em®s ™) ky (mol s~' cm™?) A, (em™) K@ 'em™) R, (cm) Ai (cm™)

M100 AB2 12x107* 40107 7.1 %101 517 0.1 7.0x107* 48 % 10*

M80 AB2 1.0x107* 40x1071° 71x10 1 1500 0.1 3.0x107* 1.1x10°
ABS5 7.0%x107* 12x1071° 0 20 1.0x107°

M50 AB2 1.0x107* 40x1071° 7.1x 101 1500 0.1 3.0x107* 1.1 x10°
AB5 7.0%x107* 12x1071° 0 80 1.0x107°

M20 AB2 1.0x107* 40x1071° 7.1x107H 1500 0.1 3.0x107* 1.1x10°
ABS5 7.0%x107* 12x1071° 0 100 1.0x 1073

MO AB5 7.0 x 107 12x1071 0 172 0.08 14 %107 1.7 x 10°

utilization of the active material. It is apparent that electrode
surfaces modified by mechanical milling increase the active
surface. This increases the conducting network and conse-
quently the discharge depth of active materials.

Table 2 lists the physicochemical and structural parameters
derived from the fitting procedure.

The parameters I (maximum surface concentration of
H.q4), Cq (double layer capacitance), and Cp,.x (maximum H
concentration in the alloy) were considered constant accord-
ing to previous publications [26, 27]. For the electrodes M20,
M50, and M8O0, the values Dy, i,, Ra (average radius of alloy
particles), and Aa (active area per electrode unit volume) were
obtained for each alloy.

Parameters (i, Dy, k») obtained by fitting the data on elec-
trodes MO and M 100 were used to adjust the composite elec-
trodes. The Aa value increased as a result of an increase in the
concentration of the AB; electrode. For AB, alloys, the Dy
value is much lower than in AB; alloys, marking an important
difference between the two alloys, which accounts for the
behavior observed in HRD and EIS responses. The value of
interfacial area per unit volume (4;) is relatively constant. This
parameter is mainly related to the area of carbon particles and
is not influenced by the particles of different alloys.

For ABs alloy electrodes, the kinetic constant of the
Heyrovsky reaction (k,) from Eq. 2 was not identifiable, due
to the prevalence of the H absorption process over H, evolu-
tion [32].

Conclusion

The electrochemical properties of composite materials of elec-
trodes prepared by mechanical alloying of different propor-
tions of AB,- and ABs-type alloys were analyzed. Mechanical
milling resulted in a reduction of the particle size and changes
of particle shape, which facilitates hydrogen desorption from
the alloys. The electrodes prepared with the alloys obtained by
this method reached the maximum hydrogen storage capacity
in the first cycles. SEM images indicated that small particles
resulting from the crushing of the brittle AB5 alloy adhered to

the larger and ductile particles remaining from the AB, alloy.
Electrochemical results revealed that the discharge capacity of
the electrodes improved with the addition of the AB, alloy,
providing a better performance with the addition of 80 and 50
weight-%. Also, the HRD and EIS results showed enhanced
hydrogen diffusion for the samples with an AB, concentration
of 50 and 80 %.
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