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a b s t r a c t

Mg–Ti–H alloys were synthesized by high energy ball milling from equimolar mixtures of MgH2 + TiH2,
MgH2 + Ti and Mg + TiH2 in the presence of 10 wt.% Pd. X-ray diffraction analyses combined with Rietveld
refinement revealed that after 60 h of milling, all as-milled Mg–Ti–H alloys are made of two face-centered-
cubic (fcc) phases, with lattice parameters ∼4.47 and ∼4.25 Å, in different proportions depending on the
composition of the initial mixture. The Mg–Ti–H alloys displayed a similar electrochemical behavior,
vailable online 21 January 2010
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echanical alloying
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i.e. their hydrogen discharge capacity was highest during the first cycle and then decreased rapidly with
cycling. The maximum discharge capacities of the 60 h-milled MgH2 + TiH2, MgH2 + Ti and Mg + TiH2 mate-
rials were 300, 443 and 454 mAh g−1, respectively. No apparent correlation could be established between
the maximum discharge capacity of the Mg–Ti–H materials and the two fcc phase proportion.

© 2010 Elsevier B.V. All rights reserved.

i-MH batteries
ietveld refinement

. Introduction

Mg–Ti-based hydrides are promising materials for various
pplications such as negative electrodes for Ni-MH batteries [1–10],
2 sources for fuel cells [11,12], switchable mirrors for smart solar
ollectors [13–16] and optical hydrogen detectors [18]. Their face-
entered-cubic (fcc) structure in hydrogenated state is most likely
esponsible for their excellent hydriding kinetic properties [19,20].

The synthesis of Mg–Ti alloys requires non-standard alloying
ethods since, as illustrated by the Mg–Ti phase diagram [21], this

ystem is almost immiscible in equilibrium conditions. Metastable
ingle-phase Mg–Ti thin films have been successfully synthesized
ver a large composition range by means of electron-beam and
agnetron co-sputter deposition techniques [1–4,13–20]. How-

ver, these synthesis methods are not suitable for large-scale
nd low-cost production of bulk Mg–Ti materials as required for
i-MH battery and fuel cell applications. In this regard, mechan-

cal alloying has demonstrated its high efficiency for producing
etastable Mg–Ti alloys starting from elemental Mg and Ti pow-

ers [5–11,22–28]. The crystal structure of the end-product appears

o be very sensitive to the milling conditions. Indeed, depending on
he starting powder composition, milling duration, ball-to-powder

ass ratio, nature of process control agents and milling tools,
he milled Mg–Ti products exhibit a hexagonal-close-packed (hcp)

∗ Corresponding author. Tel.: +1 450 929 8185; fax: +1 450 929 8102.
E-mail address: roue@emt.inrs.ca (L. Roué).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.12.138
structure, a body-centered-cubic (bcc) structure, a face-centered-
cubic (fcc) structure or a mixture of these. The strong influence of
the milling conditions on the structure of milled Mg–Ti materials
suggests a close relationship to the plastic deformation process that
occurs during ball milling, which in turn is related to the impact
energy imparted to the material by the milling balls [28].

Direct synthesis of Mg–Ti–H hydrides by ball milling of MgH2
with Ti or TiH2 was also performed [12,29–32]. With the addition
of a small amount of Ti (8 and 13 mol.%), milling of MgH2 leads to
the formation TiH2 together with Mg, �-MgH2 and trace amounts
of the starting MgH2 powder, i.e. no Mg–Ti–H hydride is formed
[29,30]. With a higher Ti content (20 and 50 mol.%), Asano and Akiba
[12] reported the formation of Mg–Ti–H fcc phases with a lattice
parameter of 4.45 Å. Choi et al. focused on the milling of MgH2 with
various TiH2 amounts (9–25 mol.%) under high H2 pressure, but
no Mg–Ti–H hydride phase was found in the as-milled products
[31,32].

In a previous paper [9], we have examined in detail the structure
and electrochemical hydriding behavior of Mg100−xTix materials
(with x ranging from 20 to 80) prepared by ball milling from ele-
mental Mg and Ti powders in the presence of 10 wt.% Pd. It was
found that the Mg50Ti50 alloy possessed the highest hydrogen dis-
charge capacity of all Mg–Ti alloys (i.e. 475 mAh g−1) and that the

bcc/hcp phase mixture initially present in the as-milled material
was transformed into a fcc phase with a lattice parameter of 4.46 Å
upon electrochemical hydrogenation.

In the present study, fcc Mg–Ti–H based alloys are directly
synthesized by high energy ball milling from the mixtures of

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:roue@emt.inrs.ca
dx.doi.org/10.1016/j.jpowsour.2009.12.138
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gH2 + TiH2, MgH2 + Ti and Mg + TiH2 (with a molar ratio of
:1) in the presence of 10 wt.% Pd. The structure and electro-
hemical hydrogen storage properties of these different materials
re reported and compared to those previously obtained with
g50Ti50–10 wt.% Pd alloy prepared from elemental Mg and Ti

owders [9].

. Experimental

Pure Mg (99.9%, chips, Norsk Hydro), MgH2 (98%, -325 mesh,
BCR GmbH & Co. KG), Ti (99.5%, -325 mesh, Alfa Aesar) and TiH2
owders (99%, -325 mesh, Alfa Aesar) were used as starting mate-
ials. Three series of mixtures were prepared, namely MgH2 + TiH2,
gH2 + Ti and Mg + TiH2 (all with a molar ratio of 1:1). 10 wt.% of Pd

owder (99.9%, -325 mesh, Alfa Aesar) was added as a hydrogena-
ion catalyst [10]. Ball milling was conducted in cylindrical stainless
teel crucibles (55 ml) with three stainless steel balls (one 14 mm
nd two 11 mm diameter). The ball-to-powder mass ratio was 9:1
or all experiments. The container was sealed under argon atmo-
phere and placed in a vibratory type mill (Spex 8000M). Milling of
he powders was performed for various periods of time (1–60 h).
he milling yield, defined as the mass ratio of the powder after and
efore milling, was never less than 70% for all experiments, sug-
esting the absence of excessive cold welding of the powders on
he milling tools during the milling process.

After ball milling, energy dispersive X-ray (EDX) analysis of the
amples revealed that the Mg:Ti atomic ratio in the different sam-
les was close to 40:60 (compared to a nominal Mg:Ti atomic ratio
f 50:50) suggesting the predominant sticking of Mg on the milling
ools. In all cases, the EDX analysis showed that the iron content was
ess than 1 at.%, reflecting the limited erosion of the container and
alls, even after 60 h of milling. Hydrogen content of the as-milled
aterials was determined by a LECO TCH600 hydrogen determina-

or.
The specific surface area of the powders was measured by Kr

dsorption (multipoint BET) using a Quantachrome Autosorb Auto-
ated Gas Sorption system.
The materials were characterized by X-ray diffraction (XRD)

sing a Bruker D8 diffractometer with Cu K� radiation. Structure
efinement was performed according to the Rietveld method [33]
sing GSAS and EXPGUI softwares [34,35].

Electrochemical charge/discharge cycling tests were carried out
n an Arbin BT2000 battery tester at room temperature in a 6 M
OH electrolyte using a three-electrode cell. The working elec-

rode was made of a mixture of 100 mg of active material, 800 mg
f graphite and 20 mg of carbon black. The counter electrode was
nickel wire and the reference electrode was an Hg/HgO elec-

rode. The working electrode was charged at a current density of
200 mA g−1 for 3 h and discharged at 20 mA g−1 followed by a
eeper discharge at 5 mA g−1 with a cut off potential fixed at −0.4 V
s. Hg/HgO. The masses of Mg, Ti and Pd were considered for the
alculation of the hydrogen capacity expressed in mAh g−1of active
aterial.

. Results and discussion

.1. Structural analysis

.1.1. MgH2 + TiH2
Fig. 1 depicts the evolution of the XRD patterns of an equimolar
ixture of MgH2 and TiH2 as a function of the milling time. For
= 0, curve A shows the characteristic diffraction peaks of �-MgH2
tetragonal phase with a = 4.52 and c = 3.02 Å) at 2� = 27.9◦, 35.7◦,
9.9◦, 54.6◦ and 57.7◦ and those of TiH2 (fcc phase with a = 4.448 Å)
t 2� = 34.9◦, 40.5◦, 58.6◦, 70.1◦ and 73.7◦. After 1 h of milling (curve
Fig. 1. X-ray diffraction patterns of milled MgH2 + TiH2. The milling time is (A) 0,
(B) 1, (C) 2, (D) 5, (E) 10, (F) 20, and (G) 60 h.

B), the diffraction peaks of �-MgH2 have almost totally disap-
peared, while those of the fcc phase are still clearly discernible,
although their full-width at half-maximum have increased. After
10 h of milling (curve E), the diffraction peaks of �-MgH2 are no
longer discernible, while those of the fcc phase are displaced toward
the lower 2� angle values. This effect is further emphasized after
20 h of milling (curve F). No further change in the XRD pattern is
observed if milling is prolonged up to 60 h (curve G).

The evolution with milling time of the lattice constant and crys-
tallite size of the fcc phase is depicted in Fig. 2A and B, respectively.
The lattice constant of the fcc phase, afcc, does not change during
the first few hours of milling. After 5 h of milling, it increases from
its initial value of 4.45 Å to its final value of 4.48 Å. This change of
the lattice constant occurs over a period of ∼10 h of milling. In con-
trast, the variation of the crystallite size occurs markedly faster at
the beginning of the milling period, changing from ∼52 to ∼12 nm
during the first hour of milling. Beyond the first hour of milling
there is no significant change of the crystallite size as it evolves
from ∼12 to ∼5 nm when milling is prolonged up to 60 h.

The XRD pattern of MgH2 + TiH2 milled 60 h (Fig. 1, curve G) is
distinctly different from that of milled Mg + Ti. In the latter case,
we showed that the milled powder was made of a mixture of bcc
(∼84 wt.%) and hcp (∼16 wt.%) and no fcc phase could be identified
in the as-milled material [9]. However, electrochemical hydrogena-
tion of milled Mg + Ti led to the formation of a fcc phase, whose
lattice parameter was a = 4.46 Å [9], close to that found in this study
by milling an equimolar mixture of MgH2 and TiH2 (a = 4.48 Å). As
seen elsewhere [7,8], this transformation from a mixture of bcc and
hcp to fcc upon hydrogenation is irreversible and de-hydrogenation
leads only to a shift of the main (1 1 1) diffraction peak of the
fcc phase toward the larger 2� angle values (from 2� = 34.7◦ to

2� = 35.0◦), indicating a slight decrease of the lattice parameter due
to a change (decrease) of the H content. Thus, the formation of a
Mg–Ti–H fcc phase upon milling of MgH2 + TiH2 is consistent with
what is known about the hydrogenation characteristics of milled
Mg + Ti.
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A Rietveld refinement analysis was performed on the XRD

T
R

ig. 2. Variation of (A) the lattice constant of the fcc phase and (B) the crystallite
ize of MgH2 + TiH2 with respect to the milling time.

We have shown elsewhere that milling of pure �-MgH2 leads to
he formation of �-MgH2 and that, after 10 h of milling, the weight
atio between �- and �-MgH2 is ∼3 [36]. A similar conclusion was
eached elsewhere [29]. In the present case, the milling of �-MgH2
n the presence of TiH2 suppresses this phase transformation and
he characteristic diffraction peaks of �-MgH2 are not observed in
he XRD patterns of Fig. 1.

It is interesting to note that afcc stays constant during the first
h of milling and only starts to increase when the diffraction peaks
f �-MgH2 are no longer discernible. Since no new diffraction
eaks are discernible in the XRD patterns, the disappearance of
he diffraction peaks of �-MgH2 must be related to a pronounced
eduction of the crystallite size of that phase. It is hypothesized that
issolution of MgH2 into TiH2 occurs only once the crystallites of
-MgH2 are small enough, thereby causing an increase of the lat-

ice parameter of the fcc phase. Such a behavior may result from
he brittle nature of the MgH2 and TiH2 materials inducing the for-

ation of granular particles during the first stage of milling rather

han lamellar particles for ductile materials [37]. Consequently, the
iffusion paths are longer for brittle materials and a critical grain
ize must be reached for inducing the alloying reaction.

able 1
esults of Rietveld refinement analysis of mechanically milled Mg–Ti–H materials.

Compounds fcc1 fcc2

Lattice
constant (Å)

Crystallite size
(nm)

Abundance
(wt.%)

Lattice
constant (Å)

MgH2 + Ti 4.46 10 60 4.26
Mg + TiH2 4.47 11 73 4.25
MgH2 + TiH2 4.48 9 83 4.22
Fig. 3. X-ray diffraction patterns of (A) MgH2 + Ti, (B) Mg + TiH2 and (C) MgH2 + TiH2

milled for 60 h. The contribution of the various phases to the experimental XRD
pattern is also shown.

3.1.2. Comparison between Mg + TiH2, MgH2 + Ti and MgH2 + TiH2
Equimolar mixtures of MgH2 + Ti and Mg + TiH2 were milled for

60 h (i.e. long enough to obtain a steady state structure) and the
XRD patterns of the resulting materials are shown in Fig. 3A and B,
respectively. The XRD pattern of MgH2 + TiH2 milled for 60 h is also
shown for comparison (Fig. 3C). The nominal Mg:Ti atomic ratio of
these mixtures is the same (1:1) but they differ by the source of the
hydrogen atoms (either MgH2 or TiH2) and the H/(Mg + Ti) atomic
ratio, which is either 1 or 2.

As seen on the XRD patterns of milled MgH2 + Ti (Fig. 3A) and
milled Mg + TiH2 (Fig. 3B), five intense peaks located at 2� = 34.9◦,
40.5◦, 58.6◦, 70.1◦ and 73.7◦ are clearly discernable. These peaks
correspond to the (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2) reflections
of an fcc phase, respectively. Indeed, these peaks are at the same
position as those found previously in MgH2 + TiH2 milled for 60 h
(Fig. 3C). In addition, a shoulder is clearly discernible on the high
2� angle side of the (1 1 1) and (2 0 0) diffraction peaks suggesting
a second phase is present in these compounds. These XRD patterns
do not exhibit any sign of un-reacted Mg, MgH2, Ti and TiH2.
patterns of Fig. 3 to determine the phase composition of the com-
pounds. As seen in Table 1, the XRD patterns of all compounds
(MgH2 + Ti, Mg + TiH2 and MgH2 + TiH2) could be accounted for on

Mg(OH)2

Crystallite size
(nm)

Abundance
(wt.%)

Lattice
constant

Crystallite size
(nm)

Abundance
wt.%

a (Å) c (Å)

3 40 – – – –
3 27 – – – –
3 10 3.06 4.55 7 7
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he basis of two different fcc phases, fcc1 and fcc2, with a1 ∼ 4.47
nd a2 ∼ 4.25 Å. From these data alone, it was not possible to deter-
ine the composition of these two phases. However, based on our

revious work [9], it can be assumed that the composition of the fcc
hase with a1 ∼ 4.47 Å is close to 50:50 (Mg:Ti). This would mean
hat the composition of the fcc phase with a2 ∼ 4.25 Å is also close
o 50:50. So, assuming that both fcc phases have the same compo-
ition, their relative proportion can be obtained from the Rietveld
nalysis. It is postulated that the difference observed between the
lattice parameter of both fcc phases could be due to the presence
f hydrogen in one of them (fcc1). As seen in Table 1, fcc1 with
1 ∼ 4.47 Å accounts for as high as 83 wt.% of as-milled MgH2 + TiH2
nd not more than 60 wt.% in the case of as-milled MgH2 + Ti.

In comparison, it was recently shown that milling of an equimo-
ar mixture of MgH2 and Ti led to the formation of fcc Mg40Ti60H113
89 wt.%) and hexagonal Mg (11 wt.%) [12]. The lattice parameter
f the fcc phase was 4.45 Å, close to the value found in the present
tudy for milled MgH2 + TiH2, Mg + TiH2 and MgH2 + Ti (see Table 1).

The appearance of a fcc phase with a ∼4.25 Å upon milling a
ixture of Mg and Ti has also been reported in the past. For exam-

le, Asano et al. noted the formation of a pure fcc phase with lattice
arameter 4.31 Å when synthesizing Mg50Ti50 alloy using zirconia
alls and container in a Fritsch ball mill [28]. Also, Kalisvaart et al.
ave observed the formation of two fcc phases with lattice param-
ters 4.25 and 4.44 Å when Mg and Ti powders were milled with
tearic acid [5].

The hydrogen content (measured by LECO H determinator) of
s-milled MgH2 + Ti and Mg + TiH2 was 2.02 and 2.23 wt.%, respec-
ively, slightly lower than the nominal H content (2.46 wt.% H
ncluding Pd mass). The hydrogen content in as-milled MgH2 + TiH2

as 1.81 wt.% H. This value corresponds to only ∼38% of the nom-
nal H content in the powder (4.78 wt.% H including Pd mass),
ointing to dehydrogenation during milling. Indeed, we have
bserved a slight overpressure in the vial at the end of the milling
peration, indicating that hydrogen is released from the compound
uring the milling process. Moreover, this compound being very
eactive, its partial decomposition may occur after opening of the
ial in air, as evidenced by the presence of Mg(OH)2 peaks on the
RD pattern (see Fig. 3C and Table 1).

.2. Electrochemical behavior

The evolution with cycling of the discharge capacities of 60 h-
illed MgH2 + TiH2, MgH2 + Ti and Mg + TiH2 materials are shown

n Fig. 4. The cycling discharge capacities of 20 h-milled Mg + Ti [9]
s also shown for comparison. The Mg–Ti–H materials exhibit a sim-
lar behavior, i.e. their discharge capacity is highest during the first
ycle and then decreases continuously with cycling. In contrast, the
g + Ti sample needs 3 activation cycles before reaching its maxi-
um discharge capacity. It was suggested in a previous study that

he activation period observed upon charge/discharge cycling on
g–Ti alloys may be related to a structural transition from a bcc/hcp

hase mixture to a fcc phase that occurs during the first few cycles
9]. The absence of such an activation period on Mg–Ti–H electrodes
Fig. 4) is consistent with this assumption since these materials
ave a fcc phase structure in their as-prepared state (see Table 1)
nd thus, no phase transition is expected upon cycling.

The maximum discharge capacities of MgH2 + TiH2, MgH2 + Ti
nd Mg + TiH2 electrodes are 300, 443 and 454 mAh g−1 respec-
ively compared to 475 mAh g−1 for the Mg + Ti electrode (Fig. 4).
hus, no improvement in terms of electrochemical H-storage

apacities is obtained by using Mg–Ti–H compared to Mg–Ti as
ctive material. In addition, as seen in Fig. 4, the capacity decay
ith cycling is more pronounced on Mg–Ti–H electrodes than on

he Mg–Ti electrode. This may be attributed to the higher spe-
ific surface area (i.e. lower particle size) of the as-milled Mg–Ti–H
Fig. 4. Evolution with cycling of the discharge capacities of the Mg + Ti, MgH2 + TiH2,
MgH2 + Ti and Mg + TiH2 electrodes.

materials, accentuating their oxidation rate by the KOH electrolyte
and cracking upon cycling as observed with MgNi electrodes made
of different particle sizes [38]. The higher specific surface area of
as-milled Mg–Ti–H materials is confirmed by BET measurements
indicating a specific surface area of 4.95, 1.58 and 0.89 m2 g−1

for milled MgH2 + TiH2, MgH2 + Ti and Mg + TiH2 powders, respec-
tively, compared to only 0.19 m2 g−1 for milled Mg + Ti powder. This
difference can be explained by the brittle characteristic of MgH2
and TiH2 powders favouring their fracturing during the milling pro-
cess whereas cold welding is likely predominant with more ductile
Mg and Ti materials. This is in accordance with the comparative
morphological observations made between milled MgH2 and Mg
[36].

Kalisvaart et al. have observed the formation of two fcc phases
with lattice parameters 4.25 and 4.44 Å for mechanically alloyed
Mg–Ti based materials and they concluded that only the phase
with the largest lattice constant is electrochemically active for
the reversible H-absorption reaction [5]. In the present study,
the maximum discharge capacity of the MgH2 + TiH2 electrode is
300 mAh g−1 and ca. 450 mAh g−1 for Mg + TiH2 and MgH2 + Ti elec-
trodes (Fig. 4) whereas the abundance of the phase with the larger
lattice parameter in these materials is 83, 73 and 60 wt.%, respec-
tively (see fcc1 abundance in Table 1). Thus, no correlation can
be established between the maximum discharge capacity of the
Mg–Ti–H materials and the abundance of the fcc1 phase, in contrast
to that observed by Kalisvaart et al. [5]. This discrepancy may be
related to the irreversible oxidation by contact with air and/or KOH
electrolyte in the Mg–Ti–H compounds (especially MgH2 + TiH2 as
discussed before), thus affecting their electrochemical H-storage
capacity.

The maximal H-content extracted electrochemically from
Mg–Ti–H materials (calculated from their maximal discharge
capacity) is 1.12, 1.65 and 1.69 wt.% for MgH2 + TiH2, MgH2 + Ti
and Mg + TiH2, respectively. These H-content values are lower than
those measured in the as-milled powders, which are 1.81, 2.02 and
2.23 wt.%, respectively, as indicated previously. This difference may
result from the irreversible oxidation (i.e. Mg(OH)2 formation) of
the Mg–Ti–H materials by contact with the KOH electrolyte. How-
ever, it may also indicate that some H atoms absorbed onto the
Mg–Ti–H alloys during their synthesis cannot be desorbed electro-

chemically. This is consistent with recent theoretical calculations
showing that the bonding between Mg and H is weakened by the
dissolution of Ti atoms in magnesium hydride, while a stronger
interaction exists between Ti and H atoms [39]. As suggested in that
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aper, the reduced interaction between Mg and H atoms resulted
n favorable breaking of the Mg–H bonds and hence of desorp-
ion of hydrogen. However, only a fraction of the hydrogen atoms
an be released by the addition of Ti due to the relatively stronger
ond between Ti and H atoms. The existence of this stronger bond
etween Ti and H may explain the partial irreversible hydrogen
bsorption properties of the Mg–Ti–H materials.

. Conclusion

It was shown that fcc Mg–Ti–H alloys can be prepared by high
nergy ball milling of MgH2 + TiH2, MgH2 + Ti or Mg + TiH2. All as-
illed powders consisted of two fcc phases with lattice parameters
4.47 and ∼4.25 Å. The relative proportion of these two phases
aried with the composition of the initial powder mixture. The
illed MgH2 + TiH2, MgH2 + Ti and Mg + TiH2 electrodes reached

heir maximum discharge capacity during the first cycle (300, 443
nd 454 mAh g−1, respectively). In comparison, a milled Mg + Ti
lectrode (made of a hcp/bcc phase mixture) required three acti-
ation cycles before reaching its maximum discharge capacity
475 mAh g−1). No apparent relation could be established between
he maximum discharge capacity of the Mg–Ti–H materials and the
elative proportion of the two fcc phases in their as-milled state.
tudies on the structural evolution of the Mg–Ti–H materials with
ycling should be conducted to shed light on this issue.
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