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Abstract

Mechanical alloying is very promising technique for fabrication of
hydrogen storage materials possessing good hydriding properties.

Magnesium and magnesium-based alloys are attractive from
hydrogen capacity point of view, but the kinetics of hydriding-
dehydriding of magnesium are not sufficiently fast even at
elevated temperature. Moreover, the theoretical hydrogen capacity
is never achieved in practice.

In this work, various approaches to improving hydrogen storage
properties of magnesium-based materials with the help of
mechanical alloying are discussed and some experimental results
illustrate the possibility of each approach. It is demonstrated that
improving the hydrogen storage properties of known hydrogen
absorbing materials is possible by affecting their structure,
morphology, surface properties and so on, using mechanical
activation and mechanical alloying with various types of
additives. It is possible to search for new hydrogen absorbing
materials by means of mechanochemical fabrication of metastable
composites of components very different in nature including
thermodynamically immiscible ones. These composites may
possess very interesting hydrogen storage properties and serve as
precursors for the synthesis of new phases. Direct synthesis of
metastable intermetallic compounds or hydrided phases in the
course of mechanical alloying also opens opportunities to obtain
materials promising for hydrogen storage.

Introduction

One of the main problems in development of "hydrogen
economy" is the problem of effective and safe storage and
transportation of hydrogen.

In comparison to other methods, hydrogen storage in metal
hydrides has a number of advantages such as high density of
stored energy, high purity of evolved hydrogen, relatively safety
of operating and so on. The materials for hydrogen storage have to
satisfy a set of criteria. The most important of them are reversible
hydrogen capacity, operating pressure/temperature range, reaction
kinetics, minimum degradation after cycling (repeated hydriding
and dehydriding) and cost. The material that would excellently
meet all these requirements is not found so far.

Magnesium and magnesium-based alloys are very attractive from
hydrogen capacity point of view (the theoretical hydrogen
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capacity of MgH, is 7.6 wt.%), but the kinetics of hydrogen
absorption by magnesium and decomposition of MgH, are not
sufficiently fast even at temperatures as high as 573-623K.
Moreover, the theoretical hydrogen capacity practically is never
achieved, usually being at a level lower than 6 wt.%.

A large number of researches are directed at the search of
opportunities to improve these characteristics.

Mechanical alloying is one of the most promising methods for
preparing fine materials with various microstructure, composition
and components content. The use of mechanical alloying permits
solution of the problem of activating of the hydrogen absorbing
material before hydriding, accelerating the hydriding and
dehydriding reactions and increasing the hydrogen capacity. Two
principal approaches may be developed on the basis of this
method: (1) improving the hydrogen storage properties of known
hydrogen absorbing materials by affecting their structure,
morphology, surface properties and so on, using mechanical
activation and mechanical alloying with various types of additives
and (2) searching for new hydrogen absorbing materials with
good hydriding properties. The method of mechanical alloying is
especially important for the second approach due to the possibility
of preparing metastable composites of components very different
in nature, including thermodynamically immiscible ones. These
composites may possess very interesting hydrogen storage
properties and serve as precursors for synthesis of the new phases
promising for hydrogen storage. In this work, some experimental
results on hydrogen storage properties of mechanically alloyed
magnesium-based materials will illustrate possibilities of various
approaches developed on the basis of mechanochemical methods
for fabrication of materials for hydrogen storage.

Improving the Hydrogen Storage Properties of Magnesium by
Mechanical Alloying with Various Additives

One of the main disadvantages of magnesium as hydrogen storage
material is slow rate of hydrogen absorption and desorption under
the conditions appropriate to wide practical use. The
investigations directed at improvement of kinetics of these
reactions are now being developed very intensively.

Some peculiarities have been shown to be inherent in the
interaction of magnesium with hydrogen. The kinetics of
hydriding at the first and subsequent cycles differ very much from
each other. A compact oxide layer usually covers the magnesium
particles and prohibits hydrogen chemisorption on their surface.
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According to one of the most reliable models proposed in [1], the
overall kinetics of first hydriding of magnesium is determined by
the statistical cracking of an oxide layer (owing to different
coefficients of thermal expansion of Mg and MgO) and hydride
nucleation on the metal sites formed. This leads to a long
induction period and sigmoid shape of the kinetic curve. As a rule
several hydriding-dehydriding processes are required for
achieving the highest reaction rate (the so-called activation
procedure).

The fragmentation of the material along with the formation of an
oxide-free magnesium surface is the result of hydriding and
dehydriding at the first cycle. According to the present day
concept the rate of magnesium hydriding at the initial stages of
second and subsequent cycles and the rate of decomposition of
MgH, are limited by the dissociative adsorption (recombination
and desorption) of hydrogen on the metal surface. This is quite a
common feature for hydrogen interaction with metals [2]. The
nuclei of magnesium hydride are formed on the metal surface,
with an interface propagating along the metal surface [3].The
overlap of nuclei leads to formation of a “surface shell” of
magnesium hydride which blocks further hydrogen absorption.

Catalyst addition accelerates the hydride formation but decreases
the hydrogen capacity not only because of additional weight of the
catalyst phase but also due to the earlier formation of a hydride
layer.

A possible way of overcoming this problem may be found by
decreasing the particle size of magnesium and magnesium-based
alloys, by modifying their surface with catalytic additives and/or
other chemical reagents which can change the nucleation
conditions of the magnesium hydride, the morphology of the
hydride layer and the hydrogen permeation through it.

The use of mechanical alloying appreciably promotes a solution
of this problem.

Mechanical Alloying under Inert Gas Atmosphere

For the first time the methods of mechanical alloying were applied
for the fabrication of hydrogen storage materials in the works [4-
7]. Mechanical alloying of magnesium powder with addition of
transition metal (Ni, Fe, Co and other) was carried out under
argon atmosphere. It has been shown that the composites with a
large interface between components (mechanical alloys) are
formed already at the first stages of mechanical alloying
(characteristic time is equal to a few minutes of treatment in
AGO-2 mills designed at ISSChM, Novosibirsk). Typical
appearance and lamellar microstructure of mechanical alloys are
shown in Fig. 1.

These mechanical alloys have been revealed to possess enhanced
reactivity towards hydrogen in comparison with conventional
alloys. As a rule, the first hydriding of mechanical alloys starts at
a maximal rate without any induction period (Fig.2). It
considerably facilitates the activation process. This phenomenon
may be explained by specific structure of the surface of
mechanical alloy. The oxide layer covering the particles of
mechanical alloy is disordered and “transparent for hydrogen”.
Therefore metal-catalyst clusters located under this layer are
accessible to hydrogen [8].
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Figure 1. Typical appearance (a) and lamellar microstructure
(b) of magnesium mechanical alloy with metal-catalyst
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Figure 2. First hydriding of mechanical alloys with various
additives, T=623 K, Py;,= 1.5 MPa

Mechanical alloying of magnesium with other metals (such as Ce
[9],Fe, Co, Ti, V, Nb, Cr, Ni [4-8]), intermetallic compounds [10-
17] and oxides of transition metals [18-29] usually improved
hydriding properties of materials obtained in such a way.
However the microstructure of these mechanical alloys was still
rough; hydrogen capacity was varying at a level of 4-5 wt.%
depending on composition, duration of mechanical alloying and
other parameters.



First hydriding, T = 623 K, P=1.5 MPa
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Figure 3. First hydriding of mechanical alloys with salt and
metal Co and Fe additives, T=623 K, Py,= 1.5 MPa
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Figure 4. Hydriding (a) and dehydriding (b) after activation
of magnesium-salt mechanical alloys

As it has been mentioned above, the further progress in improving
hydrogen storage properties of magnesium-based mechanical
alloys can be reached by decreasing particle size of both
magnesium and catalyst.

Magnesium, being very soft and ductile, is quite difficult to be
disintegrated by mechanical alloying. The special surface-active
additions capable of impeding aggregation processes are desired
for obtaining fine magnesium powder. Some organic compounds
and graphite have been used for this purpose [30-38].

Interesting results have been obtained when inorganic salts were
used as additives to magnesium in the course of mechanical
alloying [39-41]. Salts have been shown to promote comminution
of metal during mechanical alloying. Surprisingly even salts
containing non-transition metals (NaF, NaCl and MgF, = which
hardly can show catalytic activity in the hydrogen chemisorption
processes) have a positive influence on the hydriding properties of
magnesium due to modification of surface of metal particle
[40,41]. The acceleration of hydriding and dehydriding reactions
at first and subsequent cycles has been observed and quite high
hydrogen capacity (about 5.5-6 wt.%) has been reached for these
mechanical alloys (Fig. 3 and Fig. 4).

It has to be noted that magnesium-based mechanical alloys
fabricated under inert gas atmosphere usually are quite stable in
air. It is possible to operate with samples in air without any
precautions and this is very convenient from practical point of
view.

Mechanical Alloying under Hydrogen Atmosphere

Another very successful method of obtaining fine composites
consists in mechanical alloying under hydrogen atmosphere (so-
called “reactive mechanical alloying” or “reactive mechanical
milling”) [42,43], with magnesium hydride being used as original
reactant instead of magnesium [44-56]. Mechanical alloying of
magnesium hydride which is more brittle than metal magnesium
leads to formation of nanostructured composites of MgH, with
additives. These composites after preliminary dehydriding very
easy react with hydrogen even at temperature as low as 373-473 K
(Fig.5) [45]. Hydrogen desorption also can occur at relatively low
temperature (~473 K), but in this case hydrogen pressure in a
reactor must be lower than 0.1 MPa (Fig. 6) [45]. The good
hydriding properties of such materials were being preserved
during long cycling (more than 200 cycles [49]).
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Figure 5. Hydriding of nanostructured composites formed in a
result of mechanical alloying of MgH2 with transition metal
additives, T=473 K, Py,=1.0 MPa [45]
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Figure 6. Dehydriding of nanostructured composites formed in a
result of mechanical alloying of MgH?2 with transition metal
additives, T=573 K, P,=0.015 MPa [45]

From kinetic and hydrogen capacity point of view, the best results
have been obtained by mechanical alloying of MgH, with
additives of compounds of transition metals (oxides, hydrides or
salts) [45, 56, 57-64]. It can be explained by relatively high
brittleness of compounds and by the formation of nanosized
clusters of metals as a result of reduction of salts and oxides
during mechanical alloying. This leads to uniform distribution of
clusters over particles of magnesium hydride (Fig. 7) and increase
of both reaction rate and hydrogen capacity (Fig. 5 and Fig. 8, for
example).

Figure 7. TEM image of nanostructural composite
MgH2+3%FeF; formed as the result of mechanical alloying [61]

Thus, mechanical alloying of magnesium (or better, magnesium
hydride) with catalytic additives and/or additives modifying
particle surface considerably improves the reaction rate of
hydriding and dehydriding. It becomes possible to carry out the
hydriding at a reasonable rate at a temperature of about 373-473
K. The hydrogen capacity close to 7 wt.% can be achieved at
elevated temperature (623 K) (Fig. 8), but at mild conditions
(temperature of about 373 K) the hydrogen content in the
composites did not exceed very much 4 wt/%. We explain this
phenomenon by hampered nucleation of magnesium hydride in
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Figure 8. Hydriding of nanostructural composite obtained in
the result of mechanical alloying of MgH2 wit the addition of
2 wt.% VH, P=1.0 MPa

nano-sized particles of magnesium at mild conditions. Moreover
the reasonable rates of dehydriding at hydrogen pressures higher
than 0.1 MPa can be achieved only at elevated temperatures and it
is connected with thermodynamic properties of magnesium
hydride.

Searching for New Hydrogen Absorbing Phases

The other significant disadvantage hampering wide use of
magnesium-based materials for hydrogen storage is relatively
high thermal stability of magnesium hydride (equilibrium
hydrogen pressure 0.1 MPa is achieved at a temperature ~ 550 K).
This disadvantage is very difficult to overcome. The
thermodynamic characteristics of metal hydrogen system have to
be changed with the aim to bring the parameters of P-T-C
(pressure-temperature-composition) diagram to desirable values.

The classical mechanical activation of magnesium and
magnesium hydride does not lead to a great success because its
influence disappears after several hydriding-dehydriding cycles
due to relaxation processes which develop very intensively at
elevated temperatures.

In principle, the change the thermodynamic parameters can be
achieved by partial substitution of one element by another in the
intermetallic compounds as it was shown, for example, in works
[65-68]. But usually the influence of such substitution is not very
considerable.

The more promising way seems to be search for new phases and
compounds capable of reversibly absorb a large quantity of
hydrogen under mild conditions.

There are very few intermetallic compounds absorbing hydrogen
reversibly without decomposition in Mg-based systems. As a rule,
only Mg,Ni was regarded as a candidate for practical application.
One of the possible explanations of this fact may be immiscibility
of magnesium with a large number of elements of Periodic
system, in particular with many transition metals. It makes
difficult but not impossible search for new magnesium-based



systems for hydrogen storage. For example, it was shown that
hydriding (at definite experimental conditions) of mixture of
immiscible Mg and Fe led to the formation of ternary hydride
Mg,FeHs [7,69]. Two ternary hydrides (Mg,CoHs and
MgeCo,H,;) and one intermetallic compound were found in the
case of Mg and Co [70-72] in spite of the absence of hydride
forming intermetallic compound in magnesium-cobalt equilibrium
phase diagram. These ternary hydrides proved to be thermally
more stable than MgH,, but they possess higher hydrogen
capacity than Mg,NiH, and very high hydrogen density by
volume (more than 7-10** atoms H/cm?).

These examples show a principle possibility of finding new
hydrogen storage systems. It should be noted that new
intermetallic compound Mg,Co formed in the result of
decomposition of magnesium-cobalt ternary hydrides or of
prolonged mechanical alloying can absorb hydrogen at room
temperature and it is reasonable to pay attention to a more detailed
investigation of its properties.

The search for new hydride phases can be significantly facilitated
by using the methods of mechanical alloying which allow to
produce very fine composites consisting of two, three and more
components including immiscible ones. These methods were
successfully applied to the synthesis of ternary hydrides in Mg-Fe
and Mg-Co systems both for formation of precursors (mechanical
alloys) of subsequent hydrogenation [7,71,73,74] and for direct
synthesis of hydride phases in the course of mechanical alloying
under hydrogen pressure [75-78].

The fine morphology of mechanical alloys allowed to reveal that
ternary hydride can be formed directly from magnesium, iron
(cobalt) and hydrogen under conditions when MgH, is not formed
[7,71,79,80] (Fig. 9).
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Figure 9. Temperature dependence of equilibrium hydrogen
pressure for MgH, and Mg,FeH phases. The direct synthesis
of ternary hydride from Mg, Fe and H, accordinf to reaction
2Mg+Fe+3H, = Mg,FeHg is possible in the region between
these two lines

Reactive Mechanical Alloying

Mechanical alloying under hydrogen atmosphere (reactive
mechanical alloying) usually is carried out at hydrogen pressures
of several atmospheres. Very specific nonequilibrium processes
can develop under these conditions during mechanical alloying.
For example, the process similar to self-propagating high-
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temperature synthesis (SHS) has been shown to occur in the
course of mechanical alloying of Mg and Co under hydroden
pressure of about 0.5 MPa [80].

The mechanical alloying of magnesium and cobalt powders under
hydrogen atmosphere leads to mutual comminution of metals,
creation of large Mg/Co interface and hydrogen adsorption on this
interface. When the magnitude of interface and the concentration
of adsorbed hydrogen reach the definite values the exothermic
reaction begins. The heat being evolved leads to “ignition” of
rapid self-sustaining reaction in all volume of composite.

The product formed as a result of SHS-like process contains
hydrogen and seems not to be a mixture of phases. Only one
rather broad peak can be observed in DTA curve at decomposition
of this product (Fig. 10). More probably this product is an
amorphous phase containing hydrogen in various positions with
different bonding energy.

MgH2 | |
B
100 200 300 400 500
T,°C
(b)
100 200 300 400 500
T.°C

Figure 10. DSC curves obtained at decomposition (a) of
separately hydrided 2Mg+Co mechanical alloy obtained
under inert atmosphere and (b) of 2Mg+Co sample
mechanically alloyed in hydrogen atmosphere at acceleration
40g for 50 min. - Mg,CoHs, y- Mg¢Co,Hy;

Subsequent absorption of hydrogen by this phase either in the
course of mechanical alloying or in separate hydriding leads to the
formation of Mg,CoHjs hydride.



It should be noted that this intermediate phase begins to desorb
hydrogen at lower temperature (about 500 K) than the temperature
of MgH, or Mg,CoHs decomposition. The intermetallic
compound Mg,Co is crystallised in the result of the
decomposition. Mg,Co is able to reabsorb hydrogen at room
temperature with the formation of solid solutions and at elevated
temperatures with the formation of magnesium-cobalt ternary
hydrides.

The hydrided phases formed in the result of reactive mechanical
alloying as a rule are metastable in their nature. They tend to be
transformed into thermodynamically stable phases in particular at
elevated temperature. But the formation in the result of such
transformation of new thermodynamically stable phases (as it was
in Mg-Co system) can not be excluded. And the hope that these
phases will possess good hydriding properties also exists.

Conclusions

1. The composites with homogeneous phase distribution and
high interface area (so called “mechanical alloys”)
possessing improved reactivity towards hydrogen are
formed at the initial stages of mechanical alloying of
metal powder mixture or mixture of metal with other
additives. It takes a few minutes and sufficiently decreases
time and energy consumption for material fabrication. The
high temperature and long homogenizing annealing are
not required. It is especially important in the case of
components with very different specific gravity.
Mechanical alloying is almost unique method of
fabrication of composites from immissible components.

2. The first hydriding of mechanical alloys starts at maximal
rate without any induction period. This sufficiently
facilitates the activation process.

3. The specific structure of the surface of mechanical alloy
makes catalytic additives accessible to hydrogen, but it is
proof against oxygen. It is possible to operate with
samples in air without any precautions.

4. The rates of hydriding and dehydriding at second and
subsequent cycles depend on the nature of catalyst but
always exceed reaction rate of pure magnesium.

5. Surface-active  additives to magnesium promote
pulverization of metal and increase of hydrogen capacity.

6. The comminution of the material and modification of its
surface take place simultaneously in the course of the
mechanical alloying with salt addition. The salts of
transition metals as well as salts containing non-transition
metal can positively affect hydrogen storage properties of
magnesium and magnesium-based alloys.

7. Mechanical alloying of magnesium hydride which is
more brittle than metal magnesium leads to formation of
nanostructural composites of MgH, with additives. These
composites after preliminary dehydriding very easy react
with hydrogen even at temperature as low as 373-473 K.

8. It is possible to achieve hydrogen capacity higher than 4
wt/% at a temperature of 373 K and close to 7 wt.% at 623
K in nano-composites obtained by mechanical alloying of
magnesium hydride with hydride of transition metal under
hydrogen pressure.

9. The possibility of synthesis of new ternary hydrides by
means of hydriding of mechanical alloys of immissible
metals (Mg-Fe) has been demonstrated.
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10. The carrying out mechanochemical processes under
hydrogen atmosphere at definite conditions may lead to
the formation of hydrides directly in the course of
mechanical alloying (the so-called “reactive mechanical
alloying”). As a rule the phases formed in such a way are
metastable in their nature and possess properties

interesting and different from conventional phases.
Acknowledgements
This work was performed in the framework of INTAS project

(reference number INTAS 05 — 1000005 —7669) and PICS
program

References

1. K.B. Gerasimov, E.L. Goldberg, E.Yu. Ivanov, J. Less-
Common Met., 131 (1987) 99.

2. R. Wiswall, Hydrogen storage in metals, in: Topics in

Applied Physics, (Eds.) G.Alefeld and J.V6lkl, Springer-
Verlag, Berlin, Heidelberg, New York (1978), v. 29.

3. K.B. Gerasimov, E.Yu. Ivanov, Materials Lett., 3(1985)
497.

4. E. Ivanov, B. Darriet, I. Konstanchuk, A. Stepanov, K.
Gerasimov, P. Hagenmuller, Mater. Sci. Monogr., 28B
(1985) 787.

5. E. Ivanov, I. Konstanchuk, A. Stepanov, V. Boldyrev, J.
Less-Common Met., 131 (1987) 25.

6. A. Stepanov, E. Ivanov, I. Konstanchuk, V. Boldyrev, J.
Less-Common Met., 131 (1987) 89.

7. 1. Konstanchuk, E. Ivanov, B. Darriet, M.Pezat, V.
Boldyrev, P. Hagenmiiller, J. Less-Common Met., 131
(1987) 181.

8. A.A. Stepanov, A.l. Boronin, /zv. SO AN SSR, ser. khim
nauk, 5(2) (1986) 44 (in Russ).

9. E. Yu. Ivanov, B .Darriet, A.A. Stepanov, K.B.

Gerasimov, 1.G. Konstanchuk, Izv. SO AN SSR, ser. khim
nauk, 15 (1984) 30 (in Russ).

10. M. Terzieva, M. Khrussanova, P.Peshev, D.Radev, Int. J.
Hydrogen Energy, 20 (1995) 53.

11. S. S. Raman, O.N. Srivastava, J. of Alloys and Comp., 241
(1996) 167.

12. M. Terzieva, M. Khrussanova, P. Peshev, J. Alloys Comp.,
267 (1998) 235.

13. G. Liang, S. Boily, J. Huot, A. Van Neste, R. Schulz, J.
Alloys Comp., 268 (1998) 302.

14. D.J Davidson, S.S.S. Raman, O.N. Srivastava, J. Alloys
Comp,. 292 (1999)194-201.

15. G. Liang, E. Wang, S. Fang, J. Alloys Comp., 223 (1995)
111.

16. M. Khrussanova, E. Grigorova, I. Mitov, D. Radev, P.
Peshev, J. Alloys Comp., 327(2001) 230.

17. P. Wang , AM. Wang, B.Z. Ding, Z.Q. Hu, J. Alloys
Comp., 334 (2002) 243.

18. M. Khrussanova, M. Terzieva, P. Peshev, E. Ivanov,
Mater. Res. Bull., 22 (1987) 405.

19. P. Peshev, M. Khrussanova, D. Chakarov, M. Terzieva,
T.Marinova, Mater. Res. Bull., 24 (1989) 207.

20. M. Khrussanova, M. Terzieva, P. Peshev, 1. Konstanchuk,
E. Ivanov, Zeitschrift fiir Phys. Chem. N.F., 164 (1989)
1261.

21. M. Khrussanova, M. Terzieva, P. Peshev, 1. Konstanchuk,

E. Ivanov, Mater. Res. Bull., 26 (1991) 561.



22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

P. Wang , AM. Wang, H.F. Zhang, B.Z. Ding, Z.Q Hu, J.
Alloys Comp., 313 (2000) 218.

W. Oelerich, T. Klassen, R. Bormann, J. 4Alloys Comp.,
322 (2001) L5.

W. Oelerich , T. Klassen, R. Bormann, J. Alloys Comp.,
315 (2001) 237.

M.Y. Song , J.-L. Bobet , B. Darriet, J. Alloys Comp., 340
(2002) 256.

Z. Dehouche, T. Klassen, W. Oelerich, J. Goyette, T.K.
Bose, R. Schulz, J. Alloys Comp., 347 (2002) 319.

J.-L. Bobet, S. Desmoulins-Krawiec, E. Grigorova, F.
Cansell, B. Chevalier, J. Alloys Comp., 351 (2003) 217.

G. Barkhordarian, T. Klassen, R. Bormann, J. Alloys
Comp., 364 (2004) 242.

F.J. Castro, J.-L. Bobet, J. Alloys Comp., 366 (2004) 303.
H. Imamura, N. Sakasai, T. Fujinaga, J. Alloys Comp.,
253-254 (1997) 34.

H. Imamura, Y. Takesue, T. Akimoto, S. Tabata, J. Alloys
Comp., 295 (1999) 564.

H. Imamura, Y. Takesue, S. Tabata, N. Shigetomi, Y.
Sakata, S. Tsuchiya, Chem. Commun., (1999) 2277.

H. Imamura, S. Tabata, Y. Takesue, Y. Sakata, S.
Kamazaki, Int. J. Hydrogen Energy, 25 (2000) 837.

S. Bouaricha, J.P. Dodelet, D. Guay, J. Huot, R. Schulz, J.
Alloys Comp., 325 (2001) 245.

H. Imamura, S. Tabata, N. Shigetomi, Y. Takesue, Y.
Sakata, J. Alloys Comp. 330-332 (2002) 579.

H. Imamura, M. Kusuharata, S. Minami, M. Matsumoto ,
K. Masanarita, Y. Sakata, K. Itoh, T. Fukunaga , Acta
Materialia, 51 (2003) 6407.

J.-L. Bobet, E. Grigorova, M. Khrussanova, M. Khristov,
P. Stefanov, P. Peshev, D. Radev, J. Alloys Comp., 366
(2004) 298.

S. Bouaricha, J-P.Dodelet, D. Guay , J. Huot , R.Schulz, J.
Mater. Res., 16, No 10 (2001) 2893.

Z. Yu , Z. Liu, E. Wang, J. Alloys Comp., 333 (2002)
207.

E. Yu. Ivanov, 1.G. Konstanchuk, B.B. Bokhonov, V.V.
Boldyrev, J. Alloys Comp., 359 (2003) 320.

E.Yu. Ivanov, 1.G.Konstanchuk, B.B. Bokhonov, V.V.
Boldyrev, J. Alloys Comp., 360 (2003) 256.

J-L. Bobet, B. Chevalier, M.Y. Song , B. Darriet , J.
Etourneau, J. Alloys Comp., 336 (2002) 292.

F.C. Gennari, F.J. Castro, G. Urretavizcaya, J. Alloys
Comp., 321 (2001) 46.

G. Liang, J. Huot, S. Boily, A. Van Neste, R.Schulz, J.
Alloys Comp.,291 (1999) 295.

G. Liang, J. Huot, S. Boily, A. Van Neste, R.Schulz, J.
Alloys Comp., 292 (1999) 247.

J. Huot ,G. Liang, S. Boily, A. Van Neste, R.Schulz, J.
Alloys Comp., 295 (1999) 495.

G. Liang, J. Huot, S. Boily, R.Schulz, J. Alloys Comp.,
305 (2000) P.239-245.

H. Reule, M. Hirscher, A. Weisshardt, H. Kronmuller, J.
Alloys Comp., 305 (2000) 246.

Z. Dehouche, R. Djaozandry, J. Huot, S. Boily, J. Goyette,
T.K. Bose, R. Schulz, J. Alloys Comp., 305 (2000) 264.

J. Huot., G. Liang, R. Schulz, Appl. Phys., A 72 (2001)
187.

J. Huot , J.F. Pelletier , G. Liang , M. Sutton , R. Schulz,
J. Alloys Comp., 330-332 (2002) 727.

J. Huot , J.F. Pelletier , L.B. Lurio , M. Sutton , R. Schulz,
J. Alloys Comp., 348 (2003) 319.

184

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

C.X. Shang, M. Bououdina, Z.X. Guo, J. Alloys Comp.,
349 (2003) 217.

Z.Dedouche, J. Goyette, T.K. Bose, R. Schulz, Int. J.
Hydrogen Energ., 28 (2003) 983.

C.X. Shang, M. Bououdina, Y. Song, Z.X.Guo, Int. J.
Hydrogen Energ., 29(2004) 73.

Lai-Peng Ma, Ping Wang, Hui-Ming Cheng, J. Alloys
Comp., 432 (2007) L1.

K.-F. Aguey-Zinsou , J.R. Ares Fernandez, T. Klassen, R.
Bormann, Materials Res. Bull., 41 (2006) 1118.

K.-F. Aguey-Zinsou, T. Nicolaisen, J.R. Ares Fernandez,
T. Klassen, R. Bormann, J. Alloys Comp., 434435
(2007) 738.

O. Friedrichs, T. Klassen, J.C. Sarnchez-Lorpez, R.
Bormann, A. Fernarndez, Scripta Materialia, 54 (2006)
1293.

Seon-Ah Jin, Jae-Hyeok Shim, Jae-Pyoung Ahn, Young
Whan Cho, Kyung-Woo Yi, Acta Materialia, 55 (2007)
5073.

A.R. Yavari,, A. LeMoulec, F.R. de Castro, S. Deledda,
O. Friedrichs, W.J. Botta, G. Vaughan, T. Klassen, A.
Fernandez, A . Kvick, Scripta Materialia, 52 (2005) 719.
L. Xie, Y. Liu, Y.T. Wang, J. Zheng, X.G. Li, Acta
Materialia, 55 (2007) 4585.

G. Barkhordarian , T. Klassen, R. Bormann, J. Alloys
Comp.,407(2006)249.

Y. Luo, P.Wang, L.-P. Ma, H.-M. Cheng, Scripta
Materialia, 56 (2007) 765.

Y. Tsushio , H. Enoki , E. Akiba, J. Alloys Comp., 285
(1999) 298.

N. Terashita , M. Takahashi , K. Kobayashi , T. Sasai , E.
Akiba, J. Alloys Comp., 293-295 (1999) 541.

H. Yang , H. Yuan, J. Ji, H. Sun, Z. Zhou, Y. Zhang, J.
Alloys Comp., 330-332 (2002) 640.

R.G. Gao, J.P. Tu, X.L. Wang, X.B. Zhang, C.P. Chen, J.
Alloys Comp.,356-357 (2003) 649.

J.-J. Didisheim, P. Zolliker, K.Yvon, P.Fisher, J.Schefer,
M.Gubelman, A.F. Williams, lnorg. Chem., 23 (1984)
1953.

P. Zolliker, K. Yvon, J. Schefer, Inorg. Chem., 24 (1985)
4177.

1.G Konstanchuk, E.Yu.Ivanov, A.A.Stepanov,
T.I.Samsonova, Izv. SO AN SSSR, ser. khim. nauk,
3(1989) 93 (in Russ).

Cem}'/, F. Bonhomme, K. Yvon, J. Alloys Comp., 187
(1992) 233.

J.-L. Bobet, E. Akiba, B. Darriet, J. Alloys Comp., 297
(2000) 192.

E. Akiba, H. Hayakawa, J. Huot, J. Alloys Comp.,
248(1997)164.

S.S. Sai Raman, D.J. Davidson, J.-L. Bobet,
Srivastava, J. Alloys Comp., 333 (2002) 282.

C.X. Shang, M. Bououdina, Z.X. Guo, J. Alloys Comp.,
356-357 (2003) 626.

F.C. Gennari, F.J. Castro, J.J. Andrade Gamboa, J. Alloys
Comp., 339 (2002) 261.

F. C. Gennari, F.J. Castro, Journal of Alloys and
Compounds 396 (2005) 182-192

1.G. Konstanchuk, A.A. Stepanov, J. Phys. Chem., 63
(1989) 3123 (in Russ.)

1.G. Konstanchuk, E.Yu. Ivanov, V.V. Boldyrev,
Chemistry for Sustainable Development, 15, Nel-2 (2007)
73 (in Russ).

O.N.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


