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Nanocrystalline TiFe- and Mg2Ni-type alloys were prepared by mechanical alloying
followed by annealing. The structure and electrochemical properties of these materials
were studied. The properties of hydrogen host materials can be modified substantially by
alloying to obtain the desired storage characteristics. It was found that the respective
replacement of Fe in TiFe by Ni and Mn improved not only the discharge capacity but also
the cycle life of these electrodes. On the other hand, a partial substitution of Mg by Mn in
Mg2−xMxNi alloy leads to an increase in discharge capacity, at room temperature.
Furthermore, the effect of the nickel and graphite coating on the structure of the
nanocrystalline alloys and the electrodes characteristics were investigated. In Mg2Ni-type
alloy mechanical coating with graphite effectively reduced the degradation rate of the
studied electrode materials. C© 2004 Kluwer Academic Publishers

1. Introduction
Mechanical alloying (MA) is a solid-state powder pro-
cessing technique involving repeated welding, fractur-
ing and rewelding of particles in a high-energy ball mill
[1]. MA has now been shown to be capable of synthesiz-
ing a variety of equilibrium and non-equilibrium alloy
phases starting from elemental powders. During MA
process, the powder particles are periodically trapped
between colliding balls and are plastically deformed.
Such a feature occurs by the generation of a wide num-
ber of dislocations as well as other lattice defects. The
non-equilibrium phases synthesized include supersat-
urated solid solutions, metastable crystalline and qua-
sicrystalline phases, nanostructures and amorphous al-
loys. In recent years, mechanical alloying has been
successfully used in the synthesis of nanocrystalline
hydrogen storage materials, such as: ZrV2, LaNi5, TiFe
and Mg2Ni [2–8].

The polycrystalline TiFe(Ni) system has been widely
studied in the past [9–11]. TiFe alloy, which crystal-
lizes in the cubic CsCl-type structure, can absorb up to
2 H/f.u. at room temperature. After activation the TiFe
reacts directly and reversibly with hydrogen to form
two ternary hydrides TiFeH (orthorhombic) and TiFeH2
(monoclinic). The discharge capacity of TiFe alloy in
polycrystalline form was 0 mA·h·g−1 at discharge cur-
rent of 40 mA·h [12]. Magnesium-based alloys has been
extensively studied during last years, as well [4, 8, 9,
13]. The polycrystalline Mg2Ni alloy can reversibly ab-
sorb and desorb hydrogen only at high temperatures.
Upon hydrogenation at 523 K, Mg2Ni transforms into
the hydride phase Mg2NiH4. Substantial improvements

∗Author to whom all correspondence should be addressed.

in the hydriding-dehydriding properties of TiFe and
Mg2Ni metal hydrides could possibly be achieved by
formation of nanocrystalline structures [8]. It was found
that the electrochemical activity of nanocrystalline hy-
drogen storage alloys can be improved in many ways,
by alloying with other elements [2, 5], by ball-milling
the alloy powders with a small amount of nickel or
graphite powders [14–17]. For example, the surface
modification of nanocrystalline hydrogen storage al-
loys with graphite by ball-milling leads to an improve-
ment in both discharge capacity and charge-discharge
cycle life [16, 17].

As a continuation of our work, in this paper, we have
synthesised nanocrystalline TiFe- and Mg2Ni-type al-
loys by mechanical alloying followed by annealing.
The influence of manganese contents on the structural
and electrochemical properties of TiFe- and Mg2Ni-
based nanocrystalline alloys were studied. Finally, the
effect of the nickel and graphite coating on the struc-
ture of the alloys and the electrodes characteristics were
investigated.

2. Experimental
Mechanical alloying was performed under argon atmo-
sphere using a SPEX 8000 Mixer Mill. The purity of
the starting materials was at least 99.8%. The compo-
sition of the starting powder mixture corresponded to
the stoichiometry of the “ideal” reactions. In the case of
Mg2Ni-type alloys an extra 8 wt% of magnesium was
used. The elemental powders (Mg: ≤300 µm; Ti: ≤45
µm; Mn: ≤45 µm; Fe: ≤10 µm; Ni: 3–7 µm) were
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mixed and poured into the vial. The mill was run up to
20 h for TiFe-type and 90 h for Mg2Ni-type powders
preparation. The as-milled powders were heat treated
at 973 K and 723 K for 0.5 h under high purity argon
to form ordered TiFe- or Mg2Ni-type phases, respec-
tively. The powders were characterized by means of
X-ray diffraction (XRD) and atomic force microscopy
(AFM). XRD were performed using a X-ray powder
diffractometer with Co-Kα radiation, at the various
stages during milling, prior to annealing and after an-
nealing. The crystallite sizes were estimated by using
Atomic Force Microscope (AFM).

The MA and annealed powders were mixed and
milled for 1 h or 30 min with 10 wt% nickel powder (3–
7 µm, 99.9%) or graphite powder (45 µm, 99.999%)
in a SPEX Mixer Mill, respectively. The weight ratio
of hard steel balls to mixed powder was 30:1. The me-
chanically alloyed materials, in nanocrystalline forms,
with 10 wt% addition of Ni powder, were subjected to
electrochemical measurements as working electrodes.
A detailed description of the electrochemical measure-
ments was given in Refs. [4, 5].

3. Results and discussion
3.1. TiFe-type compounds
During mechanical alloying the originally sharp
diffraction lines of Ti and Fe gradually become broader
and their intensity decreases with milling time (not
shown). The powder mixture milled for more than 20
h has transformed completely to an amorphous phase,
without the formation of an other phase. The milled
powder is finally heat treated to obtain the desired mi-
crostructure and properties. Formation of the nanocrys-
talline alloys was achieved by annealing of the amor-
phous material in high purity argon atmosphere at 973
K for 0.5 h. The diffraction peak was assigned to this of
CsCl-type structure with cell parameter a = 2.973 Å
(Fig. 1a). When nickel is added to TiFe1−x Nix the lat-
tice constant a increases. The average crystallite size of
the nanocrystalline TiFe powders, according to AFM
studies, was of the order of 30 nm.

The discharge capacity of electrodes prepared by ap-
plication of mechanically alloyed TiFe alloy powder

Figure 1 XRD patterns of nanocrystalline TiFe (a) and Mg2Ni (b) alloys
produced by mechanical alloying followed by annealing (TiFe MA for
20 h and heat treated at 973 K for 0.5 h; Mg2Ni MA for 90 h and head
treated at 723 K for 0.5 h).

Figure 2 Discharge capacities as a function of cycle number of elec-
trode prepared with nanocrystalline TiFe1−x Nix (solution, 6 M KOH;
temperature 293 K). The charge conditions were 40 mA · g−1. The cut-
off potential vs. Hg/HgO/6 M KOH was −0.7 V.

is very low (Fig. 2). The MA TiFe alloys showed a
higher discharge capacity (0.7 mA·h·g−1) than the arc
melted ones. The reduction of the powder size and the
creation of new surfaces is effective for the improve-
ment of the hydrogen absorption rate. Materials ob-
tained by the substitution of Ni for Fe in TiFe1−x Nix

lead to great improvement in activation behaviour of the
electrodes. It was found that the increasing nickel con-
tent in TiFe1−x Nix alloys leads initially to an increase
in discharge capacity, giving a maximum at x = 0.75
(Fig. 2). In the annealed nanocrystalline TiFe0.25Ni0.75
powder, discharge capacity of up to 155 mA·h·g−1

was measured. The electrodes mechanically alloyed
and annealed from the elemental powders displayed
the maximum capacities at around the 3-rd cycle but,
especially for x = 0.5 and 0.75 in TiFe1−x Nix alloy,
degraded slightly with cycling, This may be due to the
easy formation of the oxide layer (TiO2) during the
cycling. But, the discharge capacity of nanocrystalline
TiFe0.125Mn0.125Ni0.75 powders has not changed much
during cycling (not shown). In these nanocrystalline
powders discharge capacities up to 161 mA·h·g−1 were
measured.

In order to optimise the choice of the intermetallic
compounds for a selected application, a better under-
standing of the role of each alloy constituent on the
electronic properties of the material is crucial. Several
semi-empirical models [18, 19] have been proposed for
the heat of formation and heat of solution of metal hy-
drides and attempts have been made for justifying the
maximum hydrogen absorption capacity of the metal-
lic matrices. These models showed that the energy of
the metalhydrogen interaction depend both on geomet-
ric and electronic factors. Due to the effect of disorder
caused by the substitution of Fe by Ni in TiFe, the ex-
perimental valence band is broader [20]. The significant
broadening of the valence band for the nanocrystalline
TiFe based alloys could be explained by a strong defor-
mation of the nanocrystals.

3.2. Mg2Ni-type alloys
The nanocrystalline Mg2Ni-type alloys were pre-
pared by mechanical alloying followed by annealing.
The powder mixture milled for more than 90 h has
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transformed completely to the amorphous phase, with-
out formation of another phase. Formation of the
nanocrystalline alloy was achieved by annealing of the
amorphous material in high purity argon atmosphere at
723 K for 0.5 h. All diffraction peaks were assigned to
those of the hexagonal crystal structure with cell param-
eters a = 5.216 Å, c = 13.246 Å (Fig. 1b). According
to AFM studies, the average size of amorphous Mg-Ni
powders was of the order of 30 nm.

The unit cell volume of nanocrystalline Mg1.75-
Mn0.25Ni system decreased with the increase in Mn
contents. The atomic size of manganese is smaller than
that of magnesium. For x = 0.5 in Mg2−x Mnx Ni
the crystalline phase of a CsCl-type cubic structure is
formed (a = 3.137 Å). The same results were obtained
earlier for (Mg1−x Alx )Ni system (x = 0.2-0.5) pro-
duced by mechanical alloying by Orimo and Fujii [4].

At room temperature, the nanocrystalline Mg2Ni
alloy absorbs hydrogen, but almost does not desorb
it. At temperatures above 523 K the kinetic of the
absorption-desorption process improves considerably
and for nanocrystalline Mg2Ni alloy the reaction with
hydrogen is reversible. The hydrogen content in this
material at 573 K is 3.25 wt%. Upon hydrogenation,
Mg2Ni transforms into the hydride Mg2Ni-H phase. It
is important to note, that between 518-483 K the hy-
dride Mg2Ni-H phase transforms from a high temper-
ature cubic structure to a low temperature monoclinic
phase [21]. When hydrogen is absorbed by Mg2Ni be-
yond 0.3 H per formula unit, the system undergoes a
structural rearrangement to the stoichiometric complex
Mg2Ni-H hydride, with an accompanying 32% increase
in volume. The electrochemical properties of the al-
loy are improved after substitution of some amounts of
magnesium by manganese. The results show that the
maximum absorption capacity reaches 3.25 wt% for
pure nanocrystalline Mg2Ni alloy. This is lower than
the polycrystalline Mg2Ni alloy (3.6 wt% [9]) due to a
significant amount of strain, chemical disorder and de-
fects introduced into the material during the mechanical
alloying process [8]. At the same time, increasing man-
ganese substitution causes the unit cell to decrease. The
concentration of hydrogen in produced nanocrystalline
Mg2Ni alloys strongly decreases with increasing Mn
contents. The hydrogen content at 573 K in nanocrys-
talline M1.5Mn0.5NiH was only 0.65 wt%.

The Mg2Ni electrode, mechanically alloyed and an-
nealed, displayed the maximum discharge capacity
(100 mA·h·g−1) at the 1st cycle but degraded strongly
with cycling. The poor cyclic behaviour of Mg2Ni elec-
trodes is attributed to the formation of Mg(OH)2 on the
electrodes, which has been considered to arise from the
charge-discharge cycles [22]. To avoid the surface oxi-
dation, we have examined the effect of magnesium sub-
stitution by Mn in Mg2Ni-type material. This alloying
greatly improved the discharge capacities. In nanocrys-
talline Mg1.5Mn0.5Ni alloy discharge capacities up to
241 mA·h·g−1 was measured. A similar phenomenon
to that described here has been observed by Yuan et al.
[23] in Mg2−x Alx Ni-type powders.

The surface chemical composition of nanocrystalline
Mg2Ni-typealloy studied by X-ray photoelectron spec-

troscopy (XPS) showed the strong surface segrega-
tion under UHV conditions of Mg atoms in the MA
nanocrystalline Mg2Ni alloy. This phenomena could
considerably influence the hydrogenation process in
such a type of materials, as well.

3.3. Effect of ball-milling with nickel
and graphite

In order to improve the electrochemical properties
of the studied nanocrystalline electrode materials, the
ball-milling technique was applied to the TiFe- and
Mg2Ni-type alloys using the nickel and graphite el-
ements as a surface modifiers. The TiFe0.25Ni0.75/M-
and Mg1.5Mn0.5Ni/M-type composite materials, where
M = 10 wt% Ni or C, were produced by ball-milling
for 1 h and 30 min, respectively. Ball-milling with
nickel or graphite of TiFe0.25Ni0.75- and Mg1.5Mn0.5Ni-
type materials is sufficient to considerably broaden the
diffraction peaks of TiFe0.25Ni0.75 and Mg1.5Mn0.5Ni
(not shown). Additionally, milling with graphite is re-
sponsible for a sizeable reduction of the crystallite sizes
of TiFe0.25Ni0.75/C and Mg1.5Mn0.5Ni/C from 30 to
20 nm.

Figs 3 and 4 show the discharge capacities as a func-
tion of the cycle number for studied nanocomposite ma-
terials. When coated with nickel, the discharge capaci-
ties of nanocrystalline TiFe0.25Ni0.75 and Mg1.5Mn0.5Ni
powders were increased. The elemental nickel was dis-
tributed on the surface of ball milled alloy particles
homogenously and role of these particles is to catal-
yse the dissociation of molecular hydrogen on the sur-
face of studied alloy. Mechanical coating with nickel or
graphite effectively reduced the degradation rate of the
studied electrode materials. Compared to that of the
uncoated powders, the degradation of the coated was
suppressed. Recently, Iwakura et al. [24] have demon-
strated that the modification of graphite on the MgNi
alloy in the MgNi-graphite composite is mainly a sur-
face one. Raman and XPS investigations indicated the
interaction of graphite with MgNi alloy occurred at the
Mg part in the alloy. Graphite inhibits the formation
of new oxide layer on the surface of materials once

Figure 3 The discharge capacity as a function of cycle number for
MA and annealed TiFe0.25Ni0.75 (a) as well as TiFe0.25Ni0.75/Ni (b)
and TiFe0.25Ni0.75/C (c) composite electrodes (solution, 6 M KOH;
temperature 293 K).
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Figure 4 The discharge capacity as a function of cycle number for MA
and annealed Mg1.5Mn0.5Ni (a) as well as Mg1.5Mn0.5Ni/Ni (b) and
Mg1.5Mn0.5Ni/C (c) composite electrodes (solution, 6 M KOH; temper-
ature 293 K).

the native oxide layer is broken during the ball-milling
process.

4. Conclusion
Nanocrystalline TiFe- and Mg2Ni-type alloys synthe-
sized by mechanical alloying and annealing were used
as negative electrode materials for Ni-MHx battery. It
was found that the respective replacement of Fe in TiFe
by Ni and by Mn improved not only the discharge ca-
pacity but also the cycle life of these electrodes. On
the other hand, a partial substitution of Mg by Mn in
Mg2−x Mx Ni alloy leads to an increase in discharge ca-
pacity, at room temperature. It was found that milling of
10 wt% of nickel and graphite is sufficient to improve
the discharge capacity of nanocomposite TiFe/M- and
Mg2Ni/M-type materials (M = Ni or C).
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