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Abstract

The novel intermetallic compound of MgCu with a CsClI-type structure has been prepared under high pressure, and its energetics including
the enthalpy of formation has been discussed by means of density functional calculations. The MgCu phase with a lattice constant o
a = 0.3161 nm was prepared by using cubic anvil-type apparatus at@B0ader 6 GPa. For the first-principles calculation, a full potential
linearized augmented plane wave (FPLAPW) technique was used. The lattice constant obtained as a result of volume optimization showe
a good agreement with the observed value with an accuracy of less than 0.3%. From the calculation of the total energy, the enthalpy o
formation of the novel MgCu phase was estimated te-i8.4 kJ/mol. In addition, the MgCu phase decomposed intgQ¥igand MgCuy
phases at around 520 K withH = —2.2 kJ/mol (exothermic). The calculatedH (—6.4 kJ/mol) also showed a fairly good agreement with
the observed value.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction For example, novel hydrides of MyinH; and REMgHg
(RE=La, Ce) have been prepared by using either of anvil-

Mg-based alloys and their hydrides have been extensively or autoclave-type apparatugés?]. Moreover, M@NizHz 4,
studied because of their promising applications as hydrogen(Ca, MgypNiH,, and MgY>H7 g, MgsREHy (RE=La, Ce,
storage media. However, it is well known that the Mg-based Pr) have been prepared in our previous wfgk8]. As an
hydrides need high operating temperatures, especially for de-another approach, novel Mg-based intermetallic compounds
hydrogenation. To improve their hydrogenation and dehydro- without hydrogen have been also prepared by under high-
genation properties, it is important to explore new Mg-based pressure in Mg—Cu and Mg—Ni systems. For example, MgCu
hydrides and intermetallic compounds. with a CsCl-type structure, MgCuyo with an Mgs1Zn2o-

For that purpose, a high-pressure synthesis technique hasype structure, and MgNi with an FCC structure have been
been increasingly utilized. Under high pressure on the or- reported[9]. Among them, the MgCu phase with ordered
der of GPa, the atomic radius of metallic elements changesstructure is of interest, since the chemical composition of
in the range of a few percent to more than 10%, depend- MgCu is the middle of MgCu that shows disproportiona-
ing on elements, and the chemical potential of hydrogen tion reaction with hydrogen and Mg@that is difficult to be
can be enhanced. These advantages make it possible to prdiydrogenated.
pare novel hydrides that are unstable under ambient pressure. This paper focuses on the novel intermetallic compound

of MgCu with a CsCl-type structure. The enthalpy of for-
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text of energetics calculated by means of the local den- Mg Xat% Cu

sity approximation of the density-functional theory. The 6 GPa, 800 °C, 8h ¢ MgCu,
possibility of the formation of its hydride phase is also © Mg,Cu
examined. . * MgCu (B2)

2. Experimental procedure X=55

The sample of MgCu with a CsClI-type structure was pre-
pared by a cubic anvil-type apparatus at 8CQunder 6 GPa
for 8 h. The details of preparation was described elsewhere
[9]. The crystal structure of MgCu was determined by pow-
der X-ray diffraction (XRD). The temperature and enthalpy . . »
of decomposition were measured by a differential scanning A N\ N W | .
calorimeter (DSC) under argon gas flow. .
To date, the first-principles calculations based on the
density functional theory were widely adopted for hydrogen
storage materials; it is well known that the calculated en-
thalpies of formation and hydrogenation for those materials - g i x=45
show a good agreement with observed vali€s-14] The Q 00 L5 S U - N
first-principles calculations for the novel MgCu intermetallic 20 30 40 50 60 70 80 90
compound were performed by means of the full potential 26 (Cu-Kaov)
linearized augmented plane wave (FPLAPW) method. The
same calculation was conducted for theJ@g and MgCy Fig. 1. X-ray diffraction patterns of Mg—X at.% Cu prepared at 80Qinder
phases in order to compare the phase stability. The programeGPa'

code used was WIEN2k dev_eloped by_ Blaha et[#5]. .___js considered to be CsCl-type (B2). The lattice constant was
For the exchange and correlation potentials, the generahzecfrefineol and found to be 0.3161 nm

graf(:.lerj[.t apEroxm?r?on (GCf;A) g{vas ut|I|ze[16](.j 'g?'de h The thermal stability of the MgCu intermetallic com-
muffin-tin Spneres, the wave functionwas expanded in sp er'pound was examined by DSC under Ar flow atmosphere.

|(;:al h?rmomcs thtfti_max - 1th for the pgteptlalll and chargte fAs shown inFig. 2, an exothermic peak with approximately
ensity representations, while non-spherical components of y - _ 5 5 i 3/mol was observed between 480 and 560 K.

the density and potentials are included uggy = 6. For

) ) The XRD pattern of the sample after the DSC measurement
thef;nti.rme?!“ighﬁs: of hggZCu, MGu, and (l\jﬂ%Cldt.htheth was plotted inFig. 3 along with that for the original sam-
muthin-tin radii ot 9. nm (2.2a.u.) were used. On the other ple before DSC. Irig. 3, the equilibrium phases of M@u

hand, for a hydride phase, the muffin-tin radii of 0.095nm and MgCu appeared after the DSC measurement. From

(T.Ba.ui) anoclihoaOSO nm (l.5a.tg.?ﬂ were use}q fg: rge:)talhc these observations, it can be said that the exothermic peak
€ e_lr_T]ent staln ydrogen, rfespti_c v meITxWIaS IXed 10 9. .I of —2.2 kd/mol inFig. 2 corresponds to the decomposition
e fotal energies as afunction of cell volumes were calcu- ., ion of MgCu as follows:

lated around the equilibrium volumes to obtain the minimum
energy. For the hydride phase, in addition to the volume op- MgCu = 1/3Mg,Cu+ 1/3MgCu, (1)
timization, the optimization of c/a ratio was performed. The

criterion of energy convergence was set to be 0.1 mRy. This  This also implies that the MgCu phase newly developed is

criterion of convergence ensures that the error of the enthalpy@ semi-stable phase. The energetics of MgCu, including the
of formation is less than 1 kJ/mol. relations to equilibrium phases of MGu and MgCuy, were

then examined by using first-principles calculations.

Intensity (a.u.)

3. Results and discussion 3.2. Energetics of Mg—Cu-based intermetallic
compounds
3.1. High-pressure synthesis and thermal stability of
MgCu In order to obtain precise minimum total energies for the
intermetallic compounds in Mg—Cu system, first of all, total
Fig. 1shows X-ray diffraction patterns of Mg—X at.% Cu energies were calculated as a function of lattice volume. For
prepared at 800C under 6 GPa for 8 h. As can be seen, a sin- exampleFig. 4shows the total energy of MgCu as a function
gle phase of intermetallic compounds, MgCu, was preparedof an unit cell volume. The volume of unit cell was varied
at X = 50. Judging from the presence of a (1 00) reflection in the range of—10 to 10% with respect to the observed
around 28, the crystal structure of the novel MgCu phase value. As can be seen, the total energy of MgCu showed a
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Fig. 2. The curve of differential scanning calorimetric measurement for
MgCu.

minimum value at 211.506 ad)corresponding to the lattice
constant ofz = 0.31530 nm. This calculated value shows a
good agreement with the observed value=(0.3161 nm at
room temperature). The difference is less than 0.3%. This

MgCu
6 GPa, 800 °C, 8 h
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Fig. 3. X-ray diffraction patterns of MgCu (a) before DSC and (b) after
DSC.
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Fig. 4. Total energy of MgCu as a function of lattice volume.

good agreement suggests that the crystal structure of MgCu
may be same as the calculation model, i.e., CsCl-type. The
volume optimization for MgCu and MgCy phases, and raw
materials (Mg and Cu) was performed in the same manner.

Table 1summarizes the results of volume optimization for
Mg, Cu, Mg Cu, MgCuw and the novel MgCu intermetallic
compound. Inwhich, the equilibrium lattice constant, the cor-
responding minimum total energies, and bulk modulus that
can be calculated by fitting the equation of status to the re-
sults of volume optimization are listed. As can be seen, the
deference between calculated and observed lattice constants
was less than 1% for all cases. In addition, bulk modulus of
Mg and Cu showed a relatively good agreement with the ob-
served values. These agreements suggest that the calculation
conditions used in this study are appropriate and it is possible
to discuss about the enthalpy of formation for intermetallic
compounds in Mg—Cu system.

Based on the minimum total energies listedable 1 the
enthalpy of formation of each intermetallic compound was
calculated by using the following relationships:

AH(Mg,Cu) = E(Mg,Cu) — 2E(Mg) — E(Cu) (2)
AH(MgCuw,) = E(MgCu,) — E(Mg) — 2E(Cu) 3)
AH(MgCu) = E(MgCu) — E(Mg) — E(Cu) 4)

The enthalpy of formation for these compounds was sum-
marized inTable 2 For the equilibrium phases of MGu
and MgCuy, the calculated values of the enthalpy of for-
mation were slightly larger than reported values; however,
differences between them are less than 10kJ/mol. Com-
pared to the error of enthalpy of formation obtained by us-
ing the same technique for other materials such as 4.aNi
[10-12,14] this difference seems to be within the acceptable
range. For the novel MgCu phase, the enthalpy of forma-
tion was estimated to be 18.4 kJ/mol. Based on Edl),
the MgCu phase is considered to be a semi-stable phase
compared to the mixture of equilibrium MGu and MgCu
phases, since the value ¢f3{A H(Mg,Cu)+ A H(MgCu,)}
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Table 1

375

Calculated lattice constant, total energy, and bulk modulus for Mg, CugMgCu, and MgCu

Space group Lattice constants Total energy Ry/f.u. Bulk modulus
Calculated (hm) Difference (%) Calculated (GPa) Observed (GPa)
Cu 225 Fm3m) 0.36296 —0.40 —33100648 1519 140
Mg 194 (P63/mmc) 0.31875; 0.51760 0.67; 0.67 —400.6697 365 45
Mg2Cu 70 Fddd) 0.90700; 0.52840; 1.82500 0.000.02;-0.05  —41114283 571 -
MgCuw, 227 (Fd3m) 0.70433 0.05 —70208321 916 -
MgCu 221 Pm3m) 0.31530 0.25 —37107486 687 -

1Ry=13.6058eV; 1eV=96.485kJ/mol.

Table 2 Table 3

The enthalpy of formation for MgCu, MgCw and MgCu (kJ/mol) The optimized lattice constant and total energy for MgCéH X = 0.5)
AHcalc. A Hoog Lattice constant (nm) Total energy,(Ry/f.u.)

Mg.Cu —31.6 —29.497 E(Mg2Cu)—2E(Mg)— E(Cu) MgCu a = 0.31530 —371Q07486

MgCuw, —43.0 —35.14% E(MgCuw,)— E(Mg)—2E(Cu) H> - —2.3270

MgCu —18.4 - E(MgCu} E(Mg)— E(Cu) MgCuH a = 0.30437¢ = 0.37071 —37118665

@ Kubaschewski, Termochemistry of Mg-alloys, NPL-DCS, Rep.2, 1968.

is lower than that for MgCu by-6.4 kJ/mol. This mutual
relation of the enthalpy of formation among raw materials
(Mg + Cu), the equilibrium MgCu and MgCuy phases, and
the MgCu phase is schematically illustrated=ig. 5. From

(c/a = 1.2180)

mated by using the first-principles calculation as well. As a
calculation model, a super cell with dimensions of 2 x 1
was used. Hydrogen atoms were distributed on a part of O-
sites, i.e., (0, 0, 1/2) and (1/2, 1/2, 0), to BEM = 0.5

these calculations, it is expected that the decomposition of (MgCuH). For the calculation of a partially hydrogenated

MgCu into Mg Cu and MgCud phases is exothermic reaction
with A Hgecomp.= —6.4 kJ/mol. This value shows a fairly
good agreement with the observed value-&.2 kJ/mol in
Fig. 2

3.3. Energetics of hydrogenated MgCu phase (MgCuH;
H/M =05)

phase, the optimization af/a ratio is required in addition

to the volume optimization. To obtain an equilibrium lattice
parameters and the corresponding minimum total energy, the
volume optimization under constanta ratio and thec/a
optimization by fixing the cell volume were repeatedly per-
formed two times. To calculate the enthalpy of hydrogena-
tion, the total energy of an Hmolecule is required. For that
purpose, an limolecule was put in a cell with dimensions

Based on the rule of Miedema’s reverse stability and a of 0.9nmx 0.9 nmx 0.9 nm, and the total energy was cal-

magnitude relation of the enthalpy of formation between
MgCu and MgCy as mentioned above, the newly developed

culated with respect to orkepoint, i.e., only thel"-point.
Table 3summarizes the optimized lattice parameters and

MgCu phase seems to have more possibility to form a hy- the corresponding total energy. The minimum total energy

dride phase than MgGuThe hydrogenation of MgCu phase

of MgCuH was obtained for the crystal structure with=

has been examined at temperature just below its decompo0.30437 nm and = 0.37071 nm {/a = 1.2180). Based on

sition temperature under phbf 7 MPa for 24 h; however,

these total energies, the enthalpy of hydrogenation was cal-

to date, the hydrogenation reaction has not been observedculated as follows:

The enthalpy of hydrogenation for MgCu was therefore esti-

Mg + Cu
\
\
\
\
\
\ -18.4 kJ/mol
\
A}
-24.8 kJ/mol \
\
\
\
‘ MgCu
- ‘ -
! & - -6.4 kJ/mol

1/3 (Mg,Cu+MgCu,)

Fig. 5. Schematic diagram of the enthalpy of formation for MgCu.

AH = 2{E(MgCuH) — E(MgCu) — E(H2)/2} (5)

As a result,AH of 119 kJ/mol-H was derived for the
hydrogenation reaction of MgCu. Judging from this large
positive value ofA H, the hydrogenation reaction seem to
unlikely happen by using a conventional p-c-T apparatus.
However, further calculations, including the use of structure
model with H atoms on T-sites and/or varioB$M ratios,
appear to be required to precisely predict the enthalpy of
hydrogenation for the newly developed MgCu phase.

4. Conclusions

High-pressure synthesis of MgCu with a CsCl-type struc-
ture, and its energetics including the enthalpy of forma-
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tion have been investigated. The MgCu phase with a lattice [2] F. Gingl, T. Vogt, E. Akiba, K. Yvon, J. Alloys Compd. 282 (1997)

constant ofa = 0.3161 nm was prepared by using a cubic
anvil-type apparatus at 80C under 6 GPa. The calculated

lattice constant showed a good agreement with the observed [
value with an accuracy of less than 0.3%. Based on the min-

imized total energies for intermetallic compounds in Mg—
Cu system, the enthalpy of formation for the MgCu phase
was estimated to be-18.4 kJ/mol. In addition, the MgCu
phase decomposed into Mgu and MgCy phases at around
520K with AH = —2.2kJ/mol. The calculated value of the
exothermic reaction{6.4 kJ/mol) also showed a fairly good
agreement with the observed value. The enthalpy of hydro-
genation for MgCu was estimated to be 119 kJ/mejavhen
O-site occupation withH/M = 0.5 was assumed.
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