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Hydrogen sorption and electrochemical properties of Ti-Fe based alloys
synthesized by mechanical alloying
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The composite nanocrystalline-amourphous TiFe alloys were obtained mechano-chemically by high-energy ball
milling in a planetary type mill. The duration of milling was varied with the aim to produce alloys with defined
microstructure. The average size of the powders was reduced from 50μm to <1μm after 30-40 hours of grinding. The
end product of milling consists mainly of nanocrystalline fcc Ti-Fe with CsCl-type structure. Presence of
nanocrystalline Fe was also detected. The synthesised composite material showed relatively high thermal stability. The
electrochemical hydrogen charge-discharge behaviour of materials with different microstructure was investigated. It
was found out that small microstructural changes result in significant discharge capacity and cycling stability
differences. The material milled for 40 hours revealed discharge capacity comparable to that of alloy milled for 30
hours, but its stability was greatly improved.
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INTRODUCTION

Hydrogen has attracted a great deal of
consideration in the recent years as a feasibly ideal
energy carrier. Its application for mobility and
portable electronics is to a large extent limited by
the difficulty of achieving a capable storage
method. AB, AB2, AB5 and A2B-type hydrogen
storage compounds and related substituted multi-
component alloys have been extensively studied in
the last 3-4 decades. As a result, the electrodes
prepared from AB5 (LaNi5)- and AB2 (ZrV2)-type
alloys have already been commercialised in the
rechargeable nickel-metal hydride (Ni/MH)
batteries. In general, the titanium-based alloys are
among the most promising materials for hydrogen
storage. The main representative of AB alloys is an
intermetallic compound with TiFe composition,
which crystallizes in the cubic CsCl-type structure
and is lighter and cheaper than the LaNi5 alloy [1-
6]. AB-type alloys require a preliminary activation
treatment, being a disadvantage of the TiFe-based
alloys. The activation procedure involves heating of
TiFe to a high temperature (about 450ºC) in
vacuum and annealing in H2 atmosphere at certain
pressure (about 7 bar) [7-14]. The AB-type of
alloys can be synthesized by using different

laboratory methods. The most commonly used ones
are: arc melting and mechano-chemical synthesis.
The method of mechanical alloying (MA) by using
high-energy ball milling in a planetary mill verified
itself to be an effective technique for both synthesis
and modification of the intermetallic hydrogen
storage compounds [15]. The application of
mechanical alloying under inert atmosphere with
the use of catalytic elements, as for instance Pd,
rapidly improved the activation process and the
hydriding kinetics of TiFe. By ball milling under Ar
(20-30 hours) of TiFe with small amounts of Ni,
easy hydrogen absorption without activation is
achieved. The radical improvement of the kinetics
is caused by the formation of a fine powder of TiFe
covered by nanocrystalline Ni particles, acting as
catalytic centres for the decomposition of H2
molecules [4]. A lot of effort has been devoted to
the studying of the kinetics of metal hydrides [16-
25]. Currently, the nickel–metal hydride (Ni/MH)
battery systems are perceived as one of the most
promising for mobility applications. The
advantages of the system relate to high energy
density, high rate capacity, good overcharge and
overdischarge capability, no electrolyte
consumption during charge/discharge cycling and
lack of poisonous heavy metals [26-32]. Generally
speaking, the rechargeable nickel–metal hydride
battery has a similar design to that of nickel–
cadmium system (Ni/Cd) but with the principal
difference that the Ni/MH uses hydrogen absorbed
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in a metal alloy for the active negative material in
place of cadmium in the Ni/Cd battery design. The
active material of the positive electrode of the
Ni/MH battery is nickel oxy-hydroxide (NiOOH) in
the charged state. The negative active material in
the charged state is hydrogen: in the form of a
metal hydride. The high-energy density, excellent
power density, and long cycle life of Ni/MH
batteries make them a leading technology as the
battery power source [33]. The aim of the present
research is to study the influence of the
microstructure on the electrochemical behaviour of
the as prepared alloys.

EXPERIMENTAL

In order to produce TiFe alloys, powders of Fe
(99.5%) and Ti (99.7%) in suitable stoichiometric
amounts were mixed together in the vial of a high-
energy Fritsch planetary equipment (Pulverisette 5).
A mass ratio of 10:1 of ball to powder was used.
The milling process was executed under a
protective argon atmosphere and liquid n-heptane
for process control agent. Five different milling
times (10, 15, 20, 30 and 40 h) were applied so as
to produce powders with different morphology and
microstructure.

The mechanically alloyed powders obtained
after milling of 10, 15, 20, 30 and 40 hours were
microstructurally characterized by X-ray diffraction
(XRD) using Philips-APD 15 powder
diffractometer with Cu-Ka radiation, scanning
electron microscopy (SEM, JEOL-5510),
differential thermal analysis (DTA – Perkin Elmer),
differential scanning calorimetry (Perkin-Elmer
DSC 7) and a three-channel software controlled
galvanostatic setup (developed in IEES-BAS). The
milled powders were used to prepare metal-hydride
electrodes by mixing 100 mg alloy with 30 mg
Teflonized carbon black (VULKAN 72 with 10
wt% PTFE). Then, 1000 kg cm-2of pressure was
applied on the mixture placed on the nickel mesh.
The electrode was charged and discharged
galvanostatically in a three- electrode cell in 30
wt % water solution of KOH at room temperature.
The reference electrode was Hg/HgO and the
counter electrode was a high-surface nickel foam
sheet. The charge and discharge current density was
100 mA g-1and 20 mA g-1, respectively.

RESULTS AND DISCUSSION

Five TiFe alloys were obtained by mechanical
alloying method (MA) with differing milling
duration times (10, 15, 20, 30 and 40 h). The X-ray
diffraction patterns of the milled alloys are
presented in Fig. 1. Milling for 10 hours leads only

to reduction in the iron and titanium grain size. The
average grain size, calculated by the Scherrer
equation, for Fe and Ti is 35 nm and 55 nm,
respectively. With increased milling time the
diffraction peaks of Fe and Ti additionally broaden
and partially overlap. That is an indication of a
solid-state reaction resulting in the formation of
TiFe. The powder milled for 15 hours contains
about 25 wt% highly disordered TiFe phase.
Milling for 20 hours leads to a substantial increase
in the amount of TiFe (~80 wt.%) which has a
nanocrystalline microstructure with dimensions of
3–4 nm. During further milling of up to 30 hours
we observe that the quantity of TiFe did not change
noticeably, although the TiFe nanocrystals become
slightly larger – with dimensions of 4–5 nm. When
the milling time is increased up to 40 hours we
observe an additional widening of the diffraction
peaks and an increase of the size of TiFe
nanocrystalline up to 5-6nm. The diffraction peak
of nanocrystalline Fe is present in all milling times,
which probably means that Ti dissolves into TiFe.
This is confirmed by the shift of the TiFe main
diffraction peak (2Θ = 43) to smaller angle (see
Fig. 1). The average size of the powders was
reduced from 50μm to <1μm after 30-40 hours of
grinding. The end product of milling consists
mainly of nanocrystalline fcc TiFe with CsCl-type
structure. Presence of nanocrystalline Fe was also
detected.
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Fig.1. X-ray patterns of the TiFe powders milled for
different times.

To study the thermal behaviour of the ball-
milled alloys a DTA analysis of the as-milled (20 h
and 30 h milled) alloys was carried out (Fig. 2).
Several exothermic peaks in the range 350–550°C
are clearly observed. That is probably a result from
processes of crystallisation of amorphous
(disordered) phase and/or with growth of existing
nanocrystals formed during the mechano-chemical
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treatment. The observed processes are in
correspondence with the ones previously obtained
by Zaluski et al. [34-35]. A high possibility is
present that a solid-state reaction resulting in TiFe
formation during the annealing of the ball milled
material. In the present investigation the enthalpy
state deviations related to the exothermic reactions,
detected by DTA, are substantially larger for the
alloy milled for 30 h in comparison to that milled
for 20 h (see Fig. 2). That demonstrates significant
differences in the amount of the amorphous
(disordered) phase in both alloys. The exothermic
effects obtained for the sample milled for 15 h are
substantially smaller than those of the 20 and 30 h
milled samples. Thus, they are much more difficult
to detect via DTA, giving incentives that the
amount of the amorphous phase in the samples
milled for 10 h and 15 h is negligibly small. In
order to analyse thoroughly the origin of the
observed exothermic reactions, a XRD analysis of
samples annealed after each of the thermal effects
has to be carried out. A detailed study on the
possibility for producing TiFe alloys with defined
microstructures by combining the processes of ball
milling with subsequent annealing is in underway.
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Fig. 2. DTA analysis of as-milled alloys.

For investigation of the hydrogen-sorption
properties of the synthesised TiFe alloys from the
gas phase a differential scanning calorimetry (High-
pressure DSC) under hydrogen pressure was used.
That method allows the registration of the processes
of hydrogen absorption and desorption in the
investigated materials, as well as the determining of
the temperature intervals at which the reactions
occur. A thermogram of the base TiFe alloy (30 h
BM) is shown on Fig. 3 in which it is observed that
at 25 atm of hydrogen pressure there is a clearly
pronounced low-temperature absorption process in
the temperature range of 120-220оС and a second
absorption process at around 300оС. The obtained
high-temperature exothermic peak is related to the

formation of the hydride phase (TiHx) during
interaction with the present in the alloy unbound
titanium with hydrogen. For the period of several
cycles (absorption / desorption) the exothermic effects
resulting from the absorption of hydrogen from the
alloy decrease due to partial oxidation of the alloys
during the calorimetric analysis.
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Fig. 3. DSC of 30h milled TiFe alloy.

In Fig. 4 a thermogram at 0.1 bar H2 of the
initially hydrated TiFe alloy is presented. A large and
endothermic peak is observed in the temperature
range of 150-350оС caused by the desorption of the
dissolved hydrogen in the fcc TiFe phase. The clearly
expressed peak at around 280оС corresponds to the
decomposition of the formed during hydration
hydride.  As a result of the enthalpy from
decomposition it may be concluded that the formed in
these predefined conditions (25 atm H2) hydride is in
minor quantities (fewer than 10 vol. %).
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Fig. 4. Thermogram of TiFe alloy.

Scanning electron microscopy (SEM) analysis
showed particles size in the range of 10–100 μm
with an average particle size of about 50 μm for the
sample milled for 10 hours and shown in Fig. 5a.
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Fig. 5. SEM micrographs and particle size distribution of the TiFe powders milled for (a) 10 h (b)15 h (c) 20 h, (d)
30 h and 40 h.
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On the one hand, the particles are agglomerates
of smaller particles with almost spherical (oval)
shape. On the other hand the powders milled for 15
and 20 h contain particles with plate-like shape
(shown in Fig. 5b,c). The rather dissimilar
morphology of the powders milled for a different
duration is due to a difference in the mechanical
properties (and more specifically: hardness) of the
materials, which is most clearly distinct between
the samples milled for 10 hours and 15 hours. A
spherical shape is also observed in the particles of
powder milled for 30 hours, but the average size
(1–2 μm) is significantly reduced in comparison to
the particles milled for 10 hours only (Fig. 5d).
After continuous milling of up to 40 hours an
increase in the average particle size (2-3 μm) is
observed which is possibly due to the agglomerate
formation during the further ball milling (Fig. 5e).

During milling the particle size reduces
progressively, as the first size reduction (between
10 and 15 h) is larger (Fig. 6).
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Fig. 6. Particle size vs. milling time.

The electrodes prepared from TiFe alloys with
different microstructure were charged for 10 h at
current density of 100 mA g–1 and discharged at 20
mA g–1 to cut-off potential of –400 mV versus the
reference electrode. Two discharge reactions were
observed for all four alloys: the first at about -880
mV and the second at about -700 mV. While the
first discharge reaction does not show a clear
plateau, the second shows a near-horizontal line
(Fig. 7). Clearly, the alloys contain two hydriding
phases. Most probably these are the nanocrystalline
and the amorphous phases, which may also differ
slightly in their chemical composition. This result
needs further investigation. The total discharge
capacity as a function of charge/discharge cycle
number is presented in Fig. 8. An initial discharge
capacity increase with cycle number followed by a
capacity decrease after a certain number of cycles is
observed for all alloys. The discharge capacity

maxima appear at different cycle number for the
different alloys.
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Fig. 7. Discharge curves of TiFe milled for different
time 10, 15, 20, 25, 30 and 40 h.
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different as milled TiFe powders.

For the sample milled for 10 h the activation
lasts about 35 charge/discharge cycles and the
maximum capacity attained is 40 mAh g–1. The
alloy milled for 30 h has shorter activation period
(15 cycles) and its maximum capacity is 236 mAh
g–1. The maximum discharge capacity of the alloy
obtained at 40 h milling time does not differ
substantially (240 mAh g–1) from the one obtained
for 30 h of milling. Nevertheless, it remains
relatively stable for a long period of time. For 50
charge-discharge cycles the capacity decay is
around 20 %. That value is substantially higher than
all capacity values published for this alloy
composition [11]. As the milling duration increases,
a decrease in the activation period is observed, as
well as, an increase in the maximum discharge
capacity. The large difference between the
electrochemical capacity measured in the present
work and in previous studies can only be due to the
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microstructural difference. In this study we use
composite nanocrystalline/amorphous TiFe alloys,
which are acknowledged to be suitable for
hydrogen storage. Moreover, the presence of
nanocrystalline iron in the as-milled material might
also be favourable for the hydriding process. The
rate of capacity decrease, however, also increases
with milling time (Fig. 8).

CONCLUSIONS

Using the process of high-energy ball milling,
nanostructured TiFe alloys with different
morphology and microstructure were obtained. The
evolution of the particle size was determined. The
thermal stability and crystallisation of the as-milled
nanocrystalline alloys were investigated and
formation of an amorphous phase during milling
was found. Strong dependence on the
microstructure was observed in relation to the
hydrogen capacity of the ball-milled nanostructured
alloys. The alloy obtained from 40 hours of milling
possesses the maximum discharge capacity which
may be related to the increase of the average
particle size in comparison to the alloy obtained
from 10, 15, 20 and 30 hours of milling. This value
of 240 mAh g–1 is significantly higher than the ones
obtained previously [11]. The investigated samples
need activation, as the activation time shortens
when refining the microstructure. The alloys milled
for 20 and 30 hours demonstrate a noticeably
poorer cycle life in comparison to those milled for
10 and 15 hours, which have similar stability during
continuous charge/discharge cycling. That
phenomenon is because of the presence of a larger
amount of amorphous phase in the alloys milled for
20 and 30 hours. The material milled for 40 hours
revealed discharge capacity comparable to that of
alloy milled for 30 hours but its stability was
greatly improved. That is most probably due to the
formation of agglomerates at continuous milling
between 30-40 hours.
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(Резюме)

Композитни нанокристални-аморфни TiFe сплави бяха получени чрез високоенергетично топково смилане в
планетарен тип мелница. С цел да се синтезират сплави с точно дефинирана структура продължителността  на
смилане беше променяна. Средният размер на частиците беше намален от 50 микрометра до по-малко от 1
микрометър след 30-40 часа време на смилане. Наблюдава се наличието и на нанокристално Fe. Така
получените композитни материали показват сравнително висока тепературна стабилност. Беше изследвано
електрохимичното поведение при заряд/разряд  на материалите с различна микроструктура. Беше установено,
че дори малки разлики в микроструктурата на материалите се отразяват значително върху разрядния капацитет
и стабилността. Материалът получен при 40 часа време на смилане показва сравним разряден капацитет с този
получен при 30 часа, но стабилността му е значително подобрена.


