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bstract

Novel hydrides were synthesized in Mg–Ni–H and Mg–Ni–Cu–H systems by high-pressure technique using a cubic-anvil-type apparatus. Crystal
tructure and thermal stability of the hydrides were studied. The novel hydride with a composition of MgNi2Hy was synthesized at 973 K for 2 h
nder the pressure of over 2 GPa. This hydride could be synthesized from each starting material, such as MgNi2(C36) and mixture of MgH2–x mol%
i (x = 65–70). From fusion analysis, hydrogen content of the sample of MgH2–67 at.% Ni prepared with hydrogen source at 973 K for 2 h under
GPa was estimated to be 2.23 mass% and chemical formula was corresponding to be MgNi2H3.2. The novel hydride was found to exhibit the
ody-centered tetragonal structure (space group I4/mmm, No. 139) with lattice parameters of a = 0.327(3) nm, c = 0.878(9) nm. Moreover, crystal
tructure of novel hydride was distorted with varying Ni content, then it was found to exhibit C-faced based-centered orthorhombic structure (space
roup Pmmm, No. 47) with lattice parameters of a = 0.460(1) nm, b = 0.468(1) nm, c = 0.893(1) nm. In Mg–Ni–Cu–H system, crystal structure

nd thermal stability of Mg(Ni1−xCux)2Hy (x = 0.05, 0.10, 0.15, 0.20) were investigated. The sample of Mg(Ni0.95Cu0.05)2 prepared with hydrogen
ource at 973 K for 8 h under 5 GPa was dehydrogenated at 446 K, which is 15 K lower than that of MgNi2H3.2. Moreover, Mg(Ni0.95Cu0.05)2

repared with hydrogen source at 973 K for 2 h under 5 GPa,which did not react hydrogen sufficiently, was decomposed at 409 K.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Mg-based alloys will be good candidate for hydrogen stor-
ge media because of their high hydrogen capacity. But there are
ome problems of high working temperature and low kinetics.
o overcome the problems, a number of studies exploring new
g-based alloys and hydrides have been conducted with con-

entional metallurgy techniques such as melting, sintering and
all milling [1,2]. It seems to reach their limits to develop new
ompounds by conventional studies.

As another method, high-pressure synthesis is known to be
n effective method to explore novel compounds. In the field of

ydrogen storage media, many new hydrides have been obtained
y using this technique. The high-pressure synthesis can be
ainly classified into two groups according to manner of gen-
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rating pressures, those are, autoclave-type with gas media and
nvil-type apparatus with solid media. For example, CsMgH3
3], LaMg2H7 [4], CeMg2H7 [4] have been prepared under a
igh pressure of around 10 MPa by using the autoclave appara-
us. On the other hand, Mg3MnH7 [5] and Sr6Mg7H26 [6] and so
n were reported to be synthesized under a high pressure up to
Pa range by using anvil-type apparatus. In our previous work,
g2Ni3H3.4 [7,8], Mg3MnHy [9], MgY2H8 [10–13] Mg6Ni

14], MgCu [14] and Mg54Cu17 [14] have been obtained by
sing anvil-type apparatus. The author group has conducted two
pproaches to explore new hydrides by using the high-pressure
ynthesis. One of the approach is exploring new hydrides by
sing high-pressure synthesis from the hydrides as raw mate-
ials with or without hydrogen source. An another approach
s that high-pressure compounds which were synthesized from
etals were tried to be hydrogenated under less than the pres-
ure of MPa order. In this study, as a new approach, intermetallic
ompounds that were not hydrogenated under atmospheric pres-
ure were tried to be hydrogenated under a high pressure of
Pa range. In our previous study, it was reported that novel
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ydride was obtained from MgNi2(C36) by using high-pressure
ynthesis [15]. In this study, we investigated structural and
ydrogenation properties of this novel hydride.

To improve property of MgNi2H3.2, third element was substi-
uted for Ni site. In this study, Cu was selected as a third element.
t was reported that Cu substitution decreased dehydrogenation
emperature of Mg2NiH3.2 [16] which is the same system as the

gNi2H3.2. In this study, we investigated thermal stability of
g(Ni1−xCux)2Hy.

. Experimental procedures

Raw materials were MgH2 (90 mass%, the major impurity was metallic Mg),
g (99.9 mass%) and Ni (99.9 mass%), Cu (99.9 mass%) powder. The powders
ere mixed at nominal composition and pressed into pellets and put into BN

ontainers. On the other hand, NaCl container was used in the case of synthe-
is with hydrogen source. High-pressure hydrogen was generated by thermal
ecomposition of an internal hydrogen source (NaBH4 + Ca(OH)2). The NaCl
ontainer was expected to work as a gas-sealer and electrical insulator. Sam-
les were heated with or without hydrogen source at 973–1073 K for 2 h under a
igh pressure up to GPa order range and then quenched. Phase identification was
erformed by powder X-ray diffraction (XRD) using Cu K� radiation. Then,
attice parameters were refined by CELL program. Thermal stability was inves-
igated using a differential scanning calorimeter (DSC) under Ar-gas flow. The
ydrogen content was measured by means of fusion extraction analysis (LECO).

. Results and discussion

.1. Mg–Ni–H system
Fig. 1 shows the X-ray diffraction (XRD) patterns of
gH2–x at.% Ni prepared at 973 K for 2 h under 5 GPa. Two

ifferent kind of unknown peaks are observed for the sample of
= 65 and 67, and for x = 70. The crystal structure of the new

ig. 1. XRD patterns of MgH2–x at.% Ni (x = 60–75) prepared at 973 K for 2 h
nder 5 GPa.

b
c
fi
w
M
c
s
a
o
f
c

p
h
T
(
c
M
s

t
s
b
f
b
d
t
s
M

ig. 2. XRD patterns of MgNi2(C36) phase prepared at 973 K for 2 h under 2
r 5 GPa with or without hydrogen source in comparing with MgNi2.

ompound will be sensitive to Ni content, and some diffracted
eaks of MgH2–70 at.% Ni split. Fig. 2 shows XRD patterns
f MgNi2 prepared from Mg and Ni metals, or ones of Mg
nd Ni synthesized with or without hydrogen source under 2
r 5 GPa. Figure indicated that the sample prepared under 5 GPa
ith hydrogen source has different diffracted peak, which will
e resulted from hydrogenation. It is well known that MgNi2
annot be hydrogenated under atmospheric pressure. But this
gure suggests that MgNi2 can be hydrogenated under 5 GPa
ith hydrogen source. This unknown peaks agree with that of
gH2–x at.% Ni in Fig. 1. Therefore, this MgNi2Hy hydride

an be formed by high-pressure under 5 GPa with hydrogen
ource starting from either metals or hydride as raw materi-
ls. From Fusion analysis, the hydrogen content of the sample
f MgH2–67 at.% Ni prepared with hydrogen source at 973 K
or 2 h under 5 GPa was estimated to be 2.23 mass%. So the
hemical formula of novel hydride was described to MgNi2H3.2.

Fig. 3 shows result of Rietveld analysis of the hydride pre-
ared from MgH2–67 at.% Ni. The metal sublattice of the
ydride is found to be MoSi2-type in our previous study [15].
he new MgNi2H3.2 has body-centered MoSi2 type structure

I4/mmm, No. 139) with lattice parameters of a = 0.327(3) nm,
= 0.878(9) nm and Z = 2. It implies that the new hydride
gNi2H3.2 has the metal atomic positions and fitting parameters

hown on the inset table in Fig. 3.
With increasing Ni content, some diffracted peaks of

he hydride split. Probable unit cell of the hydride with
plit patterns was found to have orthorhombic structure
y using ITO13. Lattice constants of the hydride prepared
rom MgH2–70 mol% Ni was refined to be a = 0.460(1) nm,
= 0.468(1) nm, c = 0.883(1) nm by CELL. Structure model was

etermined in order to form similar structure of hydride with
etragonal structure obtained from MgH2–67 mol% Ni. Fig. 4
hows results of Rietveld analysis of the hydride obtained from

gH2–70 mol% Ni. So the metal sublattice of the hydride was
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ig. 3. Result of Rietveld analysis of the new hydride with a tetragonal structure.

ound to exhibit primitive orthorhombic structure (Pmmm, No.
7) with lattice parameters of a = 0.460(1) nm, b = 0.468(1) nm,
= 0.883(1) nm and Z = 4. It implies that the new hydride pre-
ared from MgH2–70 mol% Ni has the metal atomic positions
nd fitting parameters shown on the inset table in Fig. 4.
Fig. 5 shows XRD patterns of synthesized samples of
gH2–67 at.% Ni before and after DSC measurement up

o 573 K. After DSC measurement, MgNi2(C36) phase was

ig. 4. Result of Rietveld analysis of the new hydride with an orthorhombic
tructure.
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ig. 5. XRD patterns of MgNi2Hy before and after DSC measurement up to
73 K.

bserved. This means that MgNi2Hy hydride was dehydro-
enated and some defects are introduced.

Since MgNi2Hy dehydrogenated into MgNi2, MgNi2Hy will
how reversal absorption–desorption reaction as far as hydro-
enation of the compound was done under 5 GPa. Consequently,
gNi2Hy was found to be able to reversibly absorb hydrogen

nder the pressure of GPa order.

.2. Mg–Ni–Cu–H system

To decrease dehydrogenation temperature of MgNi2H3.2, Cu
as substituted for Ni site, as third element. Enthalpy of hydro-
enation of Cu has negative value, which is higher than that of Ni.
t was reported that dehydrogenation temperature of Mg2NiH4
ecreased by Cu substitution. Therefore, it is expected that Cu
ubstitution affects the temperature of decomposition of MgNi2
ydride.

Fig. 6 shows XRD patterns of Mg(Ni1−xCux)2 (x = 0, 0.05,
.1, 0.15 and 0.2) prepared at 1073 K for 2 h under 5 GPa. MgNi2
hase was obtained in each sample, and secondly phase was
ot observed. This means that Cu can be contains in MgNi2
hase. Fig. 7 shows XRD patterns of Mg(Ni1−xCux)2 treated
ith hydrogen source at 973 K for 2 h under 5 GPa. MgNi2Hy

hase and MgNi2 phase were observed. Although MgNi2Hy was
btained as a single phase in Mg–Ni–H system, small addi-
ion of Cu may retard the hydrogenation reaction of MgNi2.
ig. 8 shows XRD patterns of Mg(Ni0.95Cu0.05)2 treated with
ydrogen source at 973 K for 2 or 8 h under 5 GPa. As a result
f prolonging of synthesis time, MgNi2 hydride with Cu was
btained as a single phase.

Fig. 9 shows DSC curves of Mg(Ni1−xCux)2 (x = 0, 0.05,
.1, 0.15, 0.2) prepared with hydrogen source at 973 K for

h under 5 GPa. The decomposition temperature of MgNi2Hy

s found to be 460 K. Endothermic peaks of the samples of
= 0.05, 0.10, 0.15, 0.20 were observed at about 409, 422, 426
nd 431 K, respectively. Then small addition of Cu decreases
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ig. 6. XRD patterns of the Mg–67 at.% (Ni1−xCux) (x = 0–0.20) prepared at
073 K for 2 h under 5 GPa.

he temperature of dehydrogenation. Dehydrogenation tem-

erature of Mg(Ni0.95Cu0.05)2 sample was the lowest in this
tudy. Secondly phase was included in the samples with 2 h
reatment, and this phase might affect the dehydrogenation of

g(Ni0.95Cu0.05)2 hydride probably due to the decrease of

ig. 7. XRD patterns of Mg(Ni1−xCux)2 (x = 0.05–0.2) treated with hydrogen
ource at 973 K for 2 h under 5 GPa.
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ig. 8. XRD patterns of Mg(Ni0.95Cu0.05)2 prepared at 973 K for 2 or 8 h under
GPa.

ehydrogenation temperature as a catalyst. Fig. 10 shows DSC
urves of Mg(Ni0.95Cu0.05)2 treated at 973 K for 2 or 8 h under

GPa. Decomposition temperature of the sample with 8 h treat-
ent was 446 K, it was about 40 K higher than that of the

ample with 2 h treatment. However, dehydrogenation temper-
ture of Mg(Ni0.95Cu0.05)2 prepared with hydrogen source at

ig. 9. DSC curves of Mg(Ni1−xCux)2 (x = 0–0.20) treated with hydrogen source
t 973 K for 2 h under 5 GPa.
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[

[

[

[14] H. Watanabe, Y. Goto, H. Kakuta, A. Kamegawa, M. Okada, Mater. Trans.
ig. 10. DSC curves of Mg(Ni0.95Cu0.05)2 prepared at 973 K for 2 or 8 h under
GPa.

73 k for 8 h under 5 GPa was lower than that of MgNi2H3.2.
onsequently, Cu substitution might decrease dehydrogenation

emperature of MgNi2H3.2.

. Conclusions

In Mg–Ni–H system, MgNi2Hy was synthesized over 2 GPa
ith hydrogen source either from Mg and Ni metals or from
gH2 and Ni. From fusion analysis, hydrogen content of

ovel hydride was 2.23 mass% and chemical formula was
escribed as MgNi2H3.2. With increasing Ni content, crystal
tructure of MgNi2H3.2 changed from body-centered tetragonal
tructure (MoSi2 type, I4/mmm, No. 139) with lattice parame-
ers of a = 0.327(3) nm, c = 0.878(9) to C-faced based-centered
rthorhombic structure (Pmmm, No. 47). with lattice parameters

f a = 0.460(1) nm, b = 0.468(1), c = 0.883(1) nm. Comparing
ith estimated tetragonal structure, an orthorhombic structure
f the new hydride is regarded as to be distorted with chang-
ng the parameters, such as axis ratio, angle and coordination

[

[

ompounds 446–447 (2007) 142–146

f Ni site. MgNi2Hy was dehydrogenated into MgNi2 at around
60 K. MgNi2 was found to be hydrogenated under the pressure
f GPa.

In Mg–Ni–Cu–H system, dehydrogenation temperature of
gNi2Hy was decreased by Cu substitution. The sample of
g(Ni0.95Cu0.05)2 treated with hydrogen source at 973 K for
h under 5 GPa dehydrogenated at 446 K that was about
5 K lower than that of MgNi2Hy. Moreover, the sample of
g(Ni0.95Cu0.05)2 treated with hydrogen source at 973 K for
h under 5 GPa dehydrogenated at 409 K, although secondly
hase was observed in this sample.
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