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Abstract

Mechanical aloying (MA) was employed to produce nanocrystalline TiFe, _ Ni, aloys (x=0, 0.25, 0.5, 0.75 and 1.0). XRD analysis
showed that, after 25 h of milling, the starting mixture of the elements had decomposed into an amorphous phase. Following annealing in
high purity argon at 750°C for 0.5 h, XRD confirmed the formation of the CsCl-type structures with crystallite sizes of about 50 nm.
These materials were used as negative electrodes for a Ni-MH, battery. With increasing nickel content in TiFe,_ Ni,, the material shows
an increase in discharge capacity which passes through a maximum for x=0.75. In the nanocrystalline TiFe, ,;Ni, ;5 powder, discharge
capacities of up to 155 mA h g~* (at 40 mA g * discharge current) were measured. The titanium-based hydrogen storage alloys are
attractive for secondary batteries, because of inexpensive raw materials. [0 2002 Elsevier Science BV. All rights reserved.

Keywords: Transition metal compounds; Hydrogen absorbing materials; Electrode materials; Mechanica alloying

1. Introduction

Mechanical alloying (MA) has proved to be a novel and
promising method for aloy formation, especialy in the
preparation of non-equilibrium materials of various sys-
tems [1-7]. This technique has already succeeded in
synthesising a wide range of alloy hydrides for energy
storage or other energy-related applications [4-9]. The
advanced nanocrystalline intermetallics represent a new
generation of metal hydride materials with the following
characteristics: high storage capacity, stable temperature—
pressure cycling capacity during the lifetime of the
system, good corrosion stability and low cost.

These materials exhibit quite different properties from
both crystalline and amorphous materials, due to structure
in which extremely fine grains are separated by what some
investigators have characterized as ‘glass-like' disordered
grain boundaries [2,3]. Therefore, the hydrogenation be-
haviour of the amorphous structure is different from that of
the crystalline material. MA has recently been used to
make amorphous and nanocrystalline Mg,Ni-, Z1V,- and
LaNi-type alloys [4—7]. These materials show substantial-
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ly enhanced absorption and desorption kinetics, even at
relatively low temperatures [5].

Among the different types of hydrogen forming com-
pounds, Ti-based alloys are promising materials for hydro-
gen energy applications [5,10,11]. For example, the TiFe
alloy, which crystallizes in the cubic CsCl-type structure,
is lighter and cheaper than the LaNi.-type aloys and can
absorb up to 2 H/f.u. at room temperature. It is a nontoxic
material. Nevertheless, the application of TiFe materia in
batteries has been limited due to poor absorption/desorp-
tion kinetics in addition to a complicated activation
procedure. To improve the activation of this aloy several
approaches have been adopted. For example, the replace-
ment of Fe by some amount of transition metals to form a
secondary phase may improve the activation property of
TiFe [12,13]. After activation, the TiFe reacts directly and
reversibly with hydrogen to form two ternary hydrides
TiFeH (orthorhombic) and TiFeH, (monoclinic), each of
which is a distorted form of the b.c.c. structure of the
unhydrided alloy [11]. In addition, excess Ti in TiFe, i.e.
Ti, Fe enables the alloy to be hydrided without the
activation treatment. On the other hand, ball milling of
TiFe is effective for the improvement of the initia
hydrogen absorption rate, due to the reduction in the
particle size and to the creation of new clean surfaces
[14,15].
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In this work, the structural and electrochemica prop-
erties of nanocrystalline TiFe, _,Ni, (x=0, 0.25, 0.5, 0.75
and 1.0) alloys were investigated. The materials produced
by MA and subsequent annealing with 10 wt% addition of
Ni powder, were subjected to electrochemical measure-
ments as working electrodes. Surprisingly, the influence of
nickel content on electrochemical behaviour of the
nanocrystalline TiFe, ,Ni, aloys has not been investi-
gated in detail.

2. Experimental

MA was carried out under an argon atmosphere using a
SPEX 8000 D Mixer Mill. The purity of the starting
metallic elements Ti, Fe and Ni was 99, 99.5 and 99.9
wit%, respectively. The composition of the starting powder
mixture corresponded to the stoichiometry of the ‘ideal’
reactions. The elemental powders (Ti: =45 um, Fe: =10
pm; Ni: 3—=7 wm — al from Johnson Matthey Company)
were mixed in a glove box (Labmaster 130) and poured
into a vial. The mill was run up to 30 h for each powder
preparation. The as-milled powders were heat-treated at
750°C for 0.5 h under high purity argon to form the regular
CsCl-type phase. The MA process of the TiFe, , Ni,
mixtures has been studied by X-ray diffraction (XRD) and
scanning electron microscopy (SEM). The crystallization
behaviour of the mechanically aloyed materias was
examined by differential scanning calorimetry (DSC 404,
Netzsch). Typica crystallite sizes were estimated from the
half-width of lines using the Scherrer equation. The change
in the structure of powdered samples was examined using
Atomic Force Microscopy (Nanoscope Illa — Digital
Instruments, USA). The AFM contact mode with conical
Si tip has been applied. A square scan size in the range of
2X2 pm-100xX100 nm with a resolution of 512x512
pixels has been used. The powder was fixed to the metal
plate put on the piezoelectric scanner. Measurements were
done in air.

The mechanically alloyed and annealed (nanocrystalline)
materials with 10 wt% addition of Ni powder, were
subjected to electrochemical measurements as working
electrodes after pressing (under 80 kN cm™?) to a 0.5-g
pellet form between nickel nets acting as current collector.
The diameter of each electrode was 10.4 mm and the
thickness approximately 1.4 mm. Soaking of the electrodes
in 6 M KOH solution for 24 h at room temperature with
additional etching at 100°C for 10 min in the same solution
was sufficient for the initial activation. The electrochemi-
cal properties of electrodes were measured in a three-
compartment glass cell, using a much larger NiOOH/
Ni(OH), counter electrode and a Hg/HgO/6 M KOH
reference electrode. All electrochemical measurements
were carried out in deaerated 6 M KOH solution prepared
from Analar grade KOH and 18 MQ cm™* water, at 20°C.
Potentiodynamic and galvanostatic techniques with either

short or long-term pulses using a conventional apparatus
were applied to study the charge—discharge kinetics of the
electrodes. A detailed description of the electrochemical
measurements was given in Ref. [9].

3. Results and discussion

The behaviour of MA process has been studied by X-ray
diffraction, microstructural investigations, AFM as well as
by electrochemical measurements. Fig. 1 shows a series of
XRD spectra of mechanically alloyed Ti—Fe powder
mixture (53.85 wt% Ti+46.15 wt% Fe) subjected to
milling for increasing time. The originally sharp diffraction
lines of Ti and Fe gradually become broader (Fig. 1a) and
their intensity decreases with milling time. The powder
mixture milled for more than 25 h has transformed
completely to the amorphous phase, without formation of
another phase (Fig. 1c). During the MA process the
crystallite size of the Ti decreases with MA time and
reaches a steady value of 35 nm after 15 h of milling. This
size of the crystallites seems to be favourable for the
formation of an amorphous phase, which develops at the
Ti—Fe interfaces. Formation of the nanocrystalline aloy
TiFe was achieved by annealing the amorphous material in
a high purity argon atmosphere at 750°C for 0.5 h (Fig.
1d). All diffraction peaks were assigned to those of the
CsCl-type structure with cell parameter a=2.973 A. When
nickel is added to TiFe, ,Ni, the lattice constant a
increases (Table 1).

Using TiFe and TiNi, the amorphization process was
also studied by DSC. After MA, the DSC curves stabilized
exhibiting one exothermic effect at 692°C (Fig. 2) and
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Fig. 1. XRD spectra of a mixture of Ti and Fe powders mechanically
dloyed at different times in an argon atmosphere: (8) initial state
(elemental powder mixture); (b) after MA for 5 h; (c) after MA for 25 h
and (d) heat-treated at 750°C for 0.5 h.
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Table 1
Structural parameters and discharge capacities for nanocrystalline
TiFe,_,Ni, materials

Composition a \% Discharge capacity on
(A) (A% third cycle (MA hg ™)

TiFe 2973 26.28 0.7

TiFe, ;sNig 55 2.991 26.76 55

TiFe,sNig s 3.001 27.03 125

TiFe, ,sNig 7 3.010 27.27 155

TiNi 3.018 27.49 67

Current density of charging and discharging was 40 mA g .
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Fig. 2. DSC curve for an amorphous Ti—Fe mixture after 25 h MA
(heating rate in argon: 20°C min™%).

460°C for TiFe and TiNi, respectively. Taking into account
XRD results, one can assume that these effects are
attributed to the crystallization of the amorphous phases
formed during the MA process. The results obtained are in
good agreement with earlier work [2].

The SEM technique was used to follow the changes in
size and shape of the mechanically alloyed powder mix-
tures as a function of milling time. As soon as the MA
process is started, the powder particles which are trapped
between colliding balls, are subjected to compressive
impact forces. The powder particles are deformed, frac-
tured and cold-welded [1,3]. The microstructure that forms
during MA consists of layers of the starting material. The
lamellar structure is increasingly refined during further
MA. The thickness of the material decreases with the
increase in MA time leading to true aloy formation. The
sample shows cleavage fracture morphology and
inhomogeneous size distribution. Many small powder
particles have a tendency to agglomerate. Fig. 3 shows a
SEM micrograph of typical Ti and Fe particles after 25 h
of milling (Fig. 3). The average crystalite size of the
nanocrystalline TiFe powders, according to AFM studies,
was of the order of 50 nm (Fig. 4).

Table 1 reports the discharge capacities of the materials
studied. The discharge capacity of the electrodes prepared
by application of MA TiFe alloy powder is very low (Fig.
5). Materials obtained when Ni was substituted for Fe in
TiFe,_,Ni, lead to a greast improvement in activation
behaviour of the electrodes. It was found that the increas-
ing nickel content in TiFe, _, Ni, alloysleads initially to an
increase in discharge capacity, giving a maximum at x=
0.75. In the annealed nanocrystalline TiFe, ,5Nig 45 pow-
der, discharge capacities of up to 155 mA h g™ * (at 40 mA

Fig. 3. SEM of a mixture of Ti and Fe powders mechanically aloyed for 25 h under argon atmosphere (original magnification: x1000).
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b)

Fig. 4. AFM photographs of a mixture of Ti and Fe powders mechanically alloyed for 25 h under argon atmosphere.

g~ ' discharge current) were measured, which compares
with 161 mA h g ' reported earlier for mechanically
aloyed TiFe, ,Ni, ; powder [15]. The electrodes obtained
by MA and annealing of the elemental powders displayed
maximum capacities at around the third cycle but, espe-
cially for x=0.5 and 0.75 in the TiFe,_,Ni, alloy, de-
graded dlightly with cycling. This may be due to the easy
formation of an oxide layer (TiO,) during the cycling.

On the other hand, it is important to note that the
mechanically alloyed TiFe aloys showed higher discharge
capacities than the arc melted ones [16]. The size reduction
of the powder particles and the creation of new surfaces
are effective for the improvement of the hydrogen absorp-
tion rate.
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Fig. 5. Discharge capacities as a function of cycle number of electrode
prepared with nanocrystalline TiFe,_,Ni, (solution, 6 M KOH; tempera-

ture, 20°C). The charge conditions were 40 mA g~ *. The cut-off potential
versus Hg/HgO/6 M KOH was —0.7 V.

4. Conclusion

In conclusion, nanocrystalline TiFe, _,Ni, aloys syn-
thesized by MA and annealing were used as negative
electrode materials for a Ni-MH, battery. The discharge
capacity of electrodes prepared by application of MA and
annealing of TiFe alloy powder displayed very low capaci-
ty (0.7 mA h g ). It was found that the increasing nickel
content in TiFe, _,Ni, aloys leads initially to an increase
in discharge capacity, giving a maximum at x=0.75. In the
nanocrystalline TiFe, ,sNi, ;5 powder, discharge capacities
of upto 155 mA h g * (a 40 mA g * discharge current)
were measured. MA is a suitable procedure to obtain
Ti-based aloy powders.
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