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Influence of selected alloying elements on the stability of magnesium dihydride for hydrogen
storage applications: A first-principles investigation
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MgH, is a promising compound for hydrogen storage. Its relatively high stability has been the main obstacle
for practical applications. Here, first-principles calculations of Magiid MgH,-X (X=Al, Ti, Fe, Ni, Cu, or
Nb) were carried out to investigate the influences of selected alloying elements on the stability of the magne-
sium hydride. The full-potential linearized augmented plane-wave method within the generalized gradient
approximation was used in the present study. The influence of alloying elements on the stability of magnesium
dihydride was investigated through calculations of the total energy of the considered systems. It was shown
that the alloying elements considered here decrease the heat of formation of)fg+i.e., destabilizing the
hydride—with decreasing order of effect from Cu, Ni, Al, Nb, and Fe to Ti. The destabilization of the
magnesium hydride by the alloying elements was due to a weakened bonding between magnesium and hydro-
gen atoms. Hence, the dehydrogenation properties of Mgkl expected to be improved to a different extent
by the addition of alloying elements.

DOI: 10.1103/PhysRevB.69.094205 PACS nuniber61.50.Ah, 61.66.Dk

I. INTRODUCTION It is desirable to understand the intrinsic mechanisms of

alloying effects on the properties of the magnesium hydride.

A desirable material for “on-board” vehicular storage of In the present study, we intend to investigate the influences

hydrogen should possess a high hydrogen density and rap@f selected alloying elements on the hydrogen storage prop-

discharge kinetics at a sufficiently low temperature to utilizeerties of magnesium hydride, particularly the stability of the

exhaust-gas waste heat. Magnesium alloys exhibit some outompound. To this end, we have calculated the total energy
standing features for such applications. The hydrogen storagé'd, then, the heat of the formation of the Mglnd
capacity of pure Mgkl is 7.6 wt%, with a formation en- (M@,X)H, (X=Al, Ti, Fe, Ni, Cu, or Nb with the full-

thalpy of — 76 kJ/mol . However, its slow hydriding and Potential linearized augmented plane-waveP-LAPW)

dehydriding kinetics and high dissociation temperature curMethod. As a result of the calculation, it is noted that

rently limit its practical applications for hydrogen stordge. the calculated heat of formation of MgHeproduces the

The main objective of many current studies has been to r experimental value. From a detailed analysis of the calcu-
. . ; e Sated heat of formation and the electronic structure of the
duce the high Mg-H binding energy by alloying additions, 9considered systems, it is noted that the bonding between

as to reduce the gorptlon temperaturg. . ., _magnesium and hydrogen atoms was weakened by the
Numerous studies have been carried out in order to 'denédditional elements

tify a suitable alloy that absorbs hydrogen close to room
temperature and desorbs hydrogen at a temperature low
enough to use the waste heat of exhaust’gas has been

reported experimentally that mixing magnesium with cata- The thermodynamic aspects of hydride formation from
lytic transition elements, such as Ti, V, Fe, Co, and Ni, ef-gaseous hydrogen are described by pressure-composition
fectively improves the hydriding and dehydriding kinetics of isotherms. The host metal initially dissolves some hydrogen
magnesium at high temperaturés573 K).>® Ti and V, to form a solid solutior(e phase. As the hydrogen pressure
when mixed with the magnesium hydride by ball milling, are together with the concentration of H in the metal is in-
better catalysts than Ni for magnesium hydrifl@dthough  creased, interactions between hydrogen atoms become lo-
Ni is commonly used for hydrogen absorption in Mg and itscally important and then lead to the formation of the
alloys, it is not as good a catalyst as Ti and V. This has beehydride (B8) phase. While the two phases coexist,
attributed to the effect of oxygen. Titanium and vanadiumthe pressure-composition isotherms show a flat plateau, the
have very strong affinities to oxygen, and their oxides cannolength of which determines how much,Han be stored

be reduced by hydrogen under normal conditions, while NiGreversibly with small pressure variations. The plateau
can be readily reduced by hydrogen to form nickel clusterr equilibrium pressure depends strongly on temperature and
on the surface§This is the reason that Ni has better catalyticis related to the changes of enthalpgH) and entropy
effects than Ti and V in conventional Mg-based alloys. Me-(AS).

chanical milling of MgH with Ti or V leads to titanium or As the entropy change corresponds mostly to the change
vanadium hydrides, which could protect Ti or V from oxida- from molecular hydrogen gas to dissolved hydrogen, it is
tion, and therefore the catalytic effect towards hydrogen isoughly 130 JK*mol~* for all metal-hydrogen systems un-
preserved. der consideration. The enthalpy terid, the heat of forma-

II. METHOD OF CALCULATION
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tion of a hydride, characterizes the stability of the metal-

hydrogen bond. There are many models to estimate the heat  (a) (b) “&Mg‘;
of formation of a hydrid€~*! One of the most successful is M 3 @ P

that of Bouten and Miedenfabased on Miedema'’s original Q ® 29 3 )‘.‘:3"2
approach to the heat of formation of two transition metals, * D o T

and was generalized to ternary metal hydrid&s,H,,,, using H - ‘ ,‘?LM 2
the rule of reversed stability, where the transition métas iis ? o R @D 9
assumed to have a stronger affinity to hydrogen than the : ’ﬁ:)
transition metalB and, as a result, hydrogen atoms are at- H1

tracted to theA atoms in theAB,, compounds and “shield” ] _ _ _
the A atoms from the surrounding atoms!3 By means of FIG. 1. Schematic of atomic cells used in the calculati@):

this approach the heat of formation AB,H,, hydrides is unit cell of MgH, and (b) supercell, where the nonequivalent
approximately given by ntem atomic positions are denoted by 1, 2, and 3.

to Weinert etal? In all calculations, self-consistency

AH(ABH,)=AH(AH,,) + AH(B,H,) — AH(AB,). was achieved with a tolerance in the total energy of
(1) 0.1 mRy.

The breaking of theA-B bonds is accounted for by the last lll. RESULTS

term in Eq.(1). Generally speaking, the first term on the A. Stability

right-hand side of Eq(1l) is negative and has the largest

absolute value, whereas the second term is relatively smajl M9H- has a tetragonal symmetry?4,/mnm group No.
and may be positive. Therefore, the sum of the first and-30- The Mg atom occupies theaz0,0,0) site and the H
second terms is almost a constant for any alloy that has th&lom the 4(0.304,0.304,0) site, Fig(d). The lattice param-
same hydrogen-absorbing metal. This means that if the la&§€rs area=0.4501nm andc=0.301 nm™ In this study
term in Eq.(1) becomes more negative—i.e., the allag,  We employgd a supercell 5 times the size of_the unit cell in
is more stable—the left-hand side of El) is more the c axis, Fig. Ib)_. Due to Fhe symmetry requirement, there
positive—i.e., the hydride is less stable. Therefore, the hy@'€ three nonequivalent sites for magnesium and hydrogen
dride stability decreases when the stability of the alid, atoms in the supercell, as detailed in Table I. To investigate
increases. This model can be applied to the casetiarB the influence of the alloying elements on the stability and on

form a compound only. In some cases—for example thdhe total energy and the electronic structure of the hydrides,

MgH,-Ti system—there exists no compound between MgtWo Mg atoms in the supercells were replaced by alloying

and Ti. Then Eq(1) cannot be used to estimate the heat ofatomMs: _ .
formation of such systems. The influence of alloying elements on the stability of the

In principle, theoretical evaluation of the hydride stability Magnesium hydride was studied by calculation of the total
can be made directly from the total energy of the anoysenergy' of t.he alloyed magnesium dihydride. To cons@er the
involved in the hydrogenation reaction. There are sahe 'claxation induced by the alloying elements, geometric opti-
initic calculations of the heat of formation for the Mizations of the magnesium dihydride with and without al-
LaNis, 1726 Mg,NiH,,}” and KPtCl-type intermetallic loying elements were performed by first varying the super-

hydridest® CsCl-type titanium compoundg,and transition cell volume while fixing thec/a ratio as a constant. The
metal dihydride® No similar studies have been carried out Variation of the total energy against the lattice paramaier

on the MghH system.

In the present work we emplogb initio calculations TABLE I. Structure of the supercell used in the present

based on the FP-LAPW method to study the energies an%""lcuIat'oné'i

evolution of the electronic charge density of the magnesium Atom N y 5 Number of atoms
hydrides with and without alloying addition. The full-

potential linearized augmented plane-wave coglEN2K Mgl (X) 0 0 0 2

(Ref. 21 was used in the present work. In brief, this is an  mg2 0 0 0.2 4
implementation of the density functional theory with differ- Mg3 0 0 0.6 4

ent possible approximations for the exchange and correlation 1 0.304 0.304 0 4
potential. The Kohn-Sham equations are solved using a basis 0.196 0.804 0.1 8

of linearized augmented plane  wa?s. The H3 0.304 0.304 0.2 8

Perdew-Burke-Ernzerhtf generalized gradient approxima-
tion (GGA) exchange and correlation potential was used®The space group of the supercell B}, /mnm (No. 136 with
in the calculations. A muffin-tin radius was chosen as lattice parameters ai=0.4501 nm,c’ =5c=1.503 nm. The non-
1.8 bohr for both Mg and alloying atoms and 1.5 bohr for equivalent atoms are denoted by the numbers 1, 2, ardy3and
the hydrogen atom. The self-consistency procedure wag are atomic coordinates in terms of lattice vectarsh, andc,
performed with 1000k points in the irreducible part of respectively. The symbaK denotes that the Mgl atom will be
the Brillouin zone. The total energy was computed accordingreplaced by an alloying ato in the MgH,— X systems.
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FIG. 2. Total energy curves against the lattice parameeteith a constant ratio o€, /a, of the MgH,-X systems.

plotted in Fig. 2, where the data are fitted to a third-orderfor computational efficiency. The dependence of the accu-
polynomial. Accordingly, the lattice parameters were esti-racy of the calculated total energy with the points was
mated from the minimized total energy points of the consid-estimated. For example, the total energy of Mghb is
ered systems. The estimated lattice paramedeasid c of —18510.696526 (Ry) for the 100 k points and
MgH, are 0.4535 nm and 0.3033 nm, respectively, which are-18 510.698 84ZRy) for the 1000k points. The relaxation
very close to the experimental valuesaf 0.4501 nm and was performed by changing the lattice paramegend ¢
c=0.301 nm?® Then the full geometric relaxation was car- independently. Therefore the lattice parameteasidc of the

ried out for the alloyed systems using the lattice parametersonsidered MghtX systems were reestimated from the
estimated from Fig. 2 as the starting point with 20@oints  minimum area of the energy surface d@andc. The values
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TABLE II. Lattice parameters andc in nm, relative change of the atomic coordinates=z—z,, AXx=Xx—Xq, and the total energies
of the MgH, and MgH,— X systems after the full geometry optimization of the supercell.

Lattice parameters

Total energyE

a (nm) ¢ (nm) Az(Mg2) Az(Mg3) Ax(H2) AX(H3) (Ry)
MgH, 0.4535 0.3033 —806.089126unit cell)
Al 0.4515 0.3020 0.0001 0.0001 0.0006 0.0112 —4200.040855
Ti 0.4475 0.2994 0.0001 0.0002 0.0008 0.0006 —6644.177974
Fe 0.4333 0.2850 0.0000 —0.0001 0.0007 0.0231 —8319.915554
Ni 0.4379 0.2993 0.0000 —0.0001 0.0006 0.0124 —9311.834185
Cu 0.4420 0.3171 0.0000 0.0006 0.0008 0.0008 —9848.619694
Nb 0.4487 0.3049 0.0002 0.0000 0.0004 0.0007 —18510.698842

of the lattice parametemsandc are listed in Table Il. Analy- creases in the order of Ti, Nb, Cu, Al, and Ni to Fe. Partial
sis of the forces shows théd) the force on the alloying atom densities of states show that the bonding betweenl tHlec-

is F(X)=0, (b) the forces on the Mg2, Mg3, and H1 atoms trons and H3s electrons is much stronger in the Mgiffe

are zero in thex andy directions, but nonzero in the  and the MgH-Ni than that in the Mgh-Ti and MgH,-Nb
direction, andc) the forces on the H2 and H3 atoms are zerosystemgFigs. 4—6. This is the reason why the influence of
in the z direction, but nonzero in the& andy directions. the Fe and Ni atoms on the position of the H3 atoms is much
Using these lattice parameters, internal relaxation of thetronger than that of the Ti and Nb atoms.

atoms within the supercell was carried out for the alloyed Using these structural parameters, we recalculated the
systems. As required by group symmetry, the ato¥s electronic structure and total energy of the alloyed magne-
and H1 were fixed during the relaxatiofig. 1(b)]. Then  sium hydrides with 1000k points. The resulting total
the internal relaxation was performed in two steps. First, theenergies are also listed in Table Il. The lattice parameters
Mg2 and Mg3 atoms were relaxed independently alongzthe in Table Il show that the unit cell volume of MgHwas
direction, while the H2 and H3 atoms were kept at theirreduced by the alloying elements considered in the present
initial positions. The variation of the atomic coordinateswork. The level of the reduction of the unit cell volume
of the Mg2 or Mg3 atoms was defined az(Mg2/Mg3) increases from Cu, Al, Nb, Ti, and Ni to Fe. The variation
=z—124, Wherez, is the initial atomic coordinate of the Mg2 of the unit cell volume influences the hydrogen storage
or Mg3 atom(Table ). The energy surface as a function of properties of magnesium dihydrides as will be discussed
the Az(Mg2) and Az(Mg3) was constructed and the below.

final values ofAz(Mg2) andAz(Mg3) were estimated from The heats of formation of hydrogen in solution and in the
the minimum area of the energy surface and are listediydride were calculated by subtracting the total energies of
in Table Il. The changes of the position of the Mg2 andthe host alloy and the absorbed hydrogen molecule from that
Mg3 atoms in thez direction are very small due to the of the final state:

addition of the alloying elements, owing to the fact that the
Mg2 and Mg3 atoms are the second nearest-neighbor atoms,
resulting in a small energy difference between the relaxed

and unrelaxed positiongvithin 0.3 mRy for the considered
alloyed systems Second, the Mg2 and Mg3 atoms The total energy of the hydrogen molecule was calculated

were fixed at their new positions, and the H2 and H3 atom&!SINg the same code as used previously with an equilibrium

were relaxed along the direction independently, with the PONd length of 0.74 nm. The result is2.324 803 Ry, very
change ofAx=x—xo, wherex, is the initial atomic coordi- close to the value of-2.320 Ry obtained by using the von

; Barth—Hedin exchange-correlation potentfalhe resulting
nate of the two atoms in the supercélbble ). The H2 and : ) .
H3 atoms were maintained inj 8symmetry &=y) in the heat of formation of MgH is —71.i49 kJI/moII-ZI, which
supercell during the relaxation. Again, the final values of thdS Very CIIIOSGe to —76.15-9.2kJ/mol measured
Ax(H2) andAx(H3) were estimated from the total energy €XPerimenta yooo . .
surface and are listed in Table I. The value of the(H2) is In order to investigate the influence of alloying elements
smaller than that of thax(H3). This is consistent with the on the St?b"'ty of the magnesium d'hyd.”de’ a .p'arameter
fact that the H3 atom is the nearest neighbor of the alloyin E; was introduced to estimate the relatlvg stability of the
atom in the present supercéfig. 1). lloyed magnesium dihydrides compared with that of MgH

In brief, from the relaxation study, it is noted that the 1"€ definition ofAE, is

alloying elements mainly influence the position of the matrix

AHpgh2 = Eio MgH3) — Eio Mg) — Eqoi( Ha).- (2

atoms in their vicinity: i.e., only the positions of the nearest- AE, =Eo(MggXsH20) — 10E o MgH,)
neighbor H3 atoms were significantly changed. The influence . .
of alloying elements on the position of the H3 atoms in- —2[E;(X) —Eio(MQ) ], )
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TABLE IlI. Total energy of pure metal considered in the present  TABLE IV. Total energyEg,, heat of formatiorAH, and sta-
study, E¢,;, and the parametekxE, defined by Eq(3), which de-  bility parameterAE, of MgCu,, TiH,, Mg,NiH,, and MgFeH;,
scribes the relative stability of alloyed MgH X compared to in comparison with experimental values.

MgH..

AH (kJ/molHy,)

e F—

Fro (Ryfatom A (Wimolfy) Er (Ry/unit cel) Present Expt. AE; (kJ/molH,)
Mg —400.665547 0
Ti _1707.618998 2201 TiH,  —1710.076807 -174.68 —164 43.60
Fe 9545 527570 33.34 Mg,NiH, —3847.687365 —59.35 —62.7 63.17
Ni 3041.616215 6788 Mg,FeH; —3354.126006 —124.15 —79.2 67.54
Cu —3310.016085 69.12 anit: kJ/mol.
Nb —7640.927552 35.53

bReference 30.
‘Reference 28.

where the first two terms on the right-hand side are the total
energy of the Mgh-X with the current supercell and that of
e

MgH,, respectivelyE(X) denotes the total energy of the
elementX and was calculated using the same code as for the As mentioned above, we estimated the influence of the

MgH,-X. The values oE{(X) andAE; are listed in Table  gjioying elements on the stability of MgHby assuming that

Ill. The data in Table Il show that the stability of the mag- the additions do not form a compound with the host element
nesium dihydride was reduced by the alloying elements: foMg or H. In fact, some alloying elements, such as Ti, Fe, and
example, an increase in energy of 22.91 kJ/mplddie to can form compounds with either magnesium

alloying with titanium is noted. The amount of reduction (lvi ; ;
. : . ; . g,FeH;,Mg,NiH,) or hydrogen (TiH). In the parallel
increases in the order of Ti, Fe, Nb, Al, and Ni to Cu. It is experiments carried out in our group, it was found that some

noted that theAE, values for the MgNi and MgH,-Cu- oo 0 phases were formed during ball milling. For example,
systems are very close to the absolute value of the heat gt . e i
iH, compound was identified in the MgHIi system,

formation of MgH,, implying the two alloyed systems are . . ;

more destabilizgel_db. In f?ét, gsome aIoningy elerr¥ents considlvIgcuz n the I;/IYgI-b—C_u system, and N@\I'H4 n th_e
ered here can form compounds with Mg and hydrogen, 0}\/Igl—_|2-N| system:’ Considering these expenmental findings,
form complex magnesium hydrid@&The influence of alloy- the m_fluence of compound—f_ormmg aIonlng elements on the
ing elements on the stability of MgHshould be addressed Stability of MgH, was reestimated according to the forma-
by considering the formation of these second phases as didon of the second phase as follows:

cussed below.

B. Formation of the second phase and stability of the
compounds

Etotl Mg TizHz0) — 8E i MgH2) — 2E( TiH5) for MgH,-Ti,

AE/ = Etot( MOgNizH20) — 6E o MgH2) — 2E10( Mg, NiH,) + 2Ei(Mg)  for MgH,-Ni, @)
Etot MggF&H20) — 4E o MgH;) — 2E (Mg Fehk) for MgH,-Fe,
Etot(MggCliHz0) — 10E o MgH;) — Eo( MgCL,) for MgH,-Cu.

To estimate the value ofE;, one needs to calculate the suggest that the assumed structure for which Mg atoms were
total energy of the second phases involved, and it was calcueplaced by alloying atoms is unstable. The system may de-
lated with the present code using the experimental latticéompose to Mghl and a second phase through structural
parameters, but no geometry optimization was performed fofelaxation. The dehydriding behavior of the considered sys-
these second phases. The calculated total energies and hi&ps Will then be influenced by the formation of the second
of formation of these compounds are listed in Table IV. AlsoPhase.
the experimental values of the heat of formation of these
phases are listed in the table for comparison. The calculated C. Electronic structures
heat of formation of these compounds is in good agreement The total and partial densities of stat&0S) of the mag-
with the experimental values, except for pgH;, the the-  nesium hydride are shown in Fig. 3. The total DOS shows
oretical value of which is about 60% larger than the experifive bonding peaks in the energy range between the Fermi
mental data. The values &E,; also shown in Table IV level and—6.0 eV. The three main peakisetween—2.0 and
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5] E. bution of the Tid electrons to the bonding peaks. The

MaH, electron bonding between magnesium and hydrogen appears
in the energy region from—5.5 eV to —7.0 eV. For
MgH,-Nb, the partial DOS of magnesium are similar to
21 those for the Mgh-Ti. Thes-pbonding between magnesium

14 and hydrogen in Mgkt Nb is stronger, while the-sbonding
between them is weaker than in MgHi. The weak bond-

ing between magnesium, hydrogen, and titanium around the
Fermi energy may be the reason for the reduced stability of
MgH, alloyed with elements Ti or Nb.

Total

%1 i A 2. Aland Cu

009+ . The total and partial DOSs of Mgl-Al are shown in Fig.

10 Hs 5(a). There is a weak bonding peak in the total DOS near the
081 Fermi energy, contributed by Ad and Mgs electrons. The
0:6_ peaks in the total DOS of MgHAl in the energy range

0] between—10.0 eV and—4.0 eV are similar to the total DOS
' of MgH, (Fig. 3). These peaks are the result of the interac-

Density of States

22 P R tions between Al, Mg, and H. The highest peak located at

10 8 6 4 2 0 2 4 6 8 10 12 14 18 —4.5 eV below the Fermi energy is due to the interaction of

Mg2 p, Mg3 p, H2 s, H3 s, and Al p electrons. The second
bonding peak, located at4.25 eV, is dominated by the Al

FIG. 3. Total and partial densities of states of the Mgiistem.  Md S, p, and Hs electrons. Considering the fact that the Al

atom was surrounded by four H1 and H3 atoms in the super-

0 eV) are the result of the bonding betweersilectrons and ~ Cell used in the present work, the partial DOS of Al, Mg, and
the Mg p and s electrons. The other peakbetween—6.0 H show that the bonding between Al and H3 is &pinter-
and —2.5 e\) are caused by the bonding of $fand Mgs  action, while Al-Mg2 bonding is controlled by the-p and
electrons. There is a gap of about 4 eV between the bondingS interactions. The interaction between Mg and H atoms
and antibonding states. The total DOS in Fig. 3 shows that/as weakened by the addition of Al as the partial DOS of
the highest bonding band possesses the characteristic of sigoth Mg and H atoms near the Fermi energy were signifi-
nificant s-p hybridization, contributed by the hydrogen Ccantly reduced. .
and magnesiunp ands electrons. This leads to a relatively _ The total and partial DOS of the MgHCu are plotted in
high formation energy of Mgkl This aspect was changed Fig. 5(b). Four bonding peaks appeared in the total DOS in
in the alloyed (MgX)H, (X=Al, Ti, Fe, Ni, Cu, or N the energy range frqm the F_erml er!ergyif@ﬂ.o eV. The
systems. peak near the Fermi energy is contributed by €;Mg p,

The alloying elements considered here may be classifie@nd H's electrons. The contribution of the H2electron to
into three groupstl) Ti and Nb, (I1) Al and Cu, and(ll) Fe the peak is s'maller than that of the other two H atoms. The
and Ni, according to experimental findinfs?In group 1,  highest bonding peak, located &@.0 eV, shows the charac-
Ti and Nb do not form compounds with Mg, but can form teristics of Cud electrons, while it also contains the contri-
hydrides Tith and NbH,, respectively. For group II, Al and butions of_MgZp and H2s electrons. The other two p_eaks
Cu can form compounds with Mg, but no stable hydrideswere dominated by Mgd, Mg3 p, H1 s, and H3s, with
were found experimentalff. The elements Fe and Ni can Some level of the Cul electrons.

form hydrides with Mg. These features are determined by the Comparing the partial DOS of the MgHCu with that of
electronic structure. the MgH,-Al, we identified that the bonding between Mg

and H atoms is stronger in the MgHCu than that in the
1. Tiand Nb MgH,-Al, due to the presence of a blelectron peak near

Figure 4 shows the total DOSs of the MgHi and the Fermi energy in the MgHCu, while in Mgh-Al sys-

MgH,-Nb systems. The common features of the total DOS%eemi’g::ie%eak due to Belectron near the Fermi energy can
of the two systems are that the major bonding peaks near the '
Fermi energy are mainly controlled by the alloying .
elements—e.g., Ti or Nb—and the host atoms of magnesium 3. Fe and Ni

and hydrogen make only a small contribution. In MgHi Figures 6a) and Gb) are the total and partial DOS of the
[Fig. 4@)], the bonding peak near the Fermi energy is con-MgH,-Fe and MgH-Ni, respectively. In Fig. &), the bond-
tributed by the Tid, the main part, and a weak Mgand H  ing peaks of the total DOS in the energy range freth.0 eV
selectrons, implying that the bonding between Ti, Mg, and Hto —0.5 eV show an Fé electron characteristic, while Mg2

is weakened. Thes-p bonding peaks between magnesiump, Mg3 p, and H1s electrons also contributed, to some ex-
and hydrogen appear in the energy range betwe2rd eV  tent, to the highest bonding peak in the total DOS at about
and —5.0 eV in the total DOS. Also there is a weak contri- —1.0 eV below the Fermi energy. This feature implies that

Energy relative to the Fermi energy (eV)
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FIG. 4. Total and partial densities of states of the MgHl (a) and MgH,-Nb (b) systems.

there is a relatively weak bonding between Fe, Mg, and H infween Mg3 and H1 atoms are enhanced as confirmed by the
the MgH,-Fe system. The other bonding peaks in the totakharge distribution on the_(ID) plane[Fig. 10b)].

DOS are located in the energy range frer8.0 eV to—2.5

eV below the Fermi energy. These peaks are the result of the

interactions between Mg and H. Compared with Fig. 3, the D. Bonding and charge density distribution

amplitudes of the partial DOS of Mgand Hs electrons are In order to understand the microscopic origin of the bond-

reduced, implying that the interactions between Mg and H in,g and the influence of alloying elements on the stability of
MgH,-Fe are weaker than that in MgH MgH,, a charge density analysis was carried out on the

Figure @b) shows the total and partial DOS of the . T
. . ) . . F 7 sh the ch distribut th
MgH,-Ni. There is a bonding peak near the Fermi energy |n(£1o) plane. Figure 7 shows the charge distribution on the

the total DOS dominated by the Ni Mg s, and H's elec- (110) plane of MgH. The bonds between Mg and H atoms

trons. Again, the highest peak in the total DOS was domi2'e clearly seen in the diagram. The influence of alloying

nated by the Nid electrons. In the partial DOS, the magni- €/éments on the charge density within th_q.();l plane of the
tude of the Mgp electron peaks in the energy range from considered systems was analyzed and is presented in Figs.

near—4.0 eV to—2.0 eV below the Fermi energy is reduced ™ —. o

in the MgH,-Ni system compared with that in MgH This Figure 8 shows the charge distribution of the MgH
leads to a relatively weak interaction between Mg and HFig. 8@] and the MgH-Nb [Fig. 8b)] on the (110), re-
atoms. The bonding peak at4.0 eV in the partial DOS of SPectively. The Ti-H1 bonds can be identified in Figa)8
Mg2 s, Mg3sandp, H1s, and H3s electrons constitutes the While Mg2-H2, and Mg3-H3 bonds are similar to the case of
second highest bonding peak in the total DOS. This featurdgHz, but slightly reduced. The feature of Figh3 which
suggests that the interactions between Mg atoms, and bshows the charge density of MgHNb on the (1.0) plane, is
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FIG. 5. Total and partial densities of states of the Mgl (a) and MgH,-Cu (b) systems.

similar to that of Fig. 8). Due to more valence electrons of by the addition of the alloying elements. After 10 h, about
NDb, a high charge density around the Nb atom was found. 2.0 wt% hydrogen was released from the MgM (X
The charge density of MgiHAI and MgH,-Cu on the =Cu, Nb, or Tj, 4.0 wt% from the MgH-Fe, 5.0 wt%
(110) plane is shown in Figs.(8 and 9b), respectively. In  from the MgH-Al, and 7.0 wt% from the Mgh-Ni sys-
Fig. 9a), the bonds between Mg2-H1, Mg2-H2, andtems. The dehydrogenation rate is reasonably high
Mg3-H3 were weakened by the addition of Al atoms, whilein the MgH,-Al system and most of the 5.0 wt % hydrogen
in Fig. Ab), the distributions of electrons between Mg and Hwas already released after £hThe present first-principles
atoms are similar to that in the MgHsystem. Only the calculations are in agreement with those experimental
Mg2-H2 bonds were slightly weakened compared with thefindings.
case of MgH (Fig. 7). o For the MgH-Ti system, although the stability of MgH
Figures 10a) and 1@b) show the charge distributions \yas reduced by the addition of titanium, due to the formation
of the MgH,-Fe and MgH-Ni on the (110) plane, respec- of the second phase TiH the hydrogen atoms were held by
tively. The bond strength between Mg and H atoms wasTj atoms. However, the DOFFig. 4@)] and the charge dis-

reduced by the addition of Fe or Ni atoms. This conclusiontribution on the 610) ;
X A plane[Fig. 8a)] of the system show
agrees with the analyses of the DOSs shown in Figa). 6 that the bonding strength between Mg and H atoms was

and 6b). slightly reduced, compared with that of MgHand the unit

cell volume was also reduced in this systéhable Il). The

dehydriding properties should then be slightly improved. The
The influence of selected alloying elements on the dehyalloying element Nb shows a similar effect to Ti due to their

driding kinetics of MgH was investigated experimentafly.  similar electronic structural features shown in Fig&)4nd

It was shown that the dehydriding properties were improved(b).

E. Dehydriding properties
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FIG. 6. Total and partial densities of states of the MgFe (a) and MgH,-Ni (b) systems.

For the MgH-Al and MgH,-Fe systems, the stability of reduction of the electron density between Mg and H atoms.

the

considered system was reduced by 46.22 and@hese electronic structural features support the experimental

33.35 kJ/mol H, respectively. Weak bonding peaks near thefindings that Al and Fe improve the dehydriding kinetics of

Fermi energy were found in the DOS of both MglAl and
MgH,-Fe system$Figs. a) and &a)]. The charge distribu-
tions on the (10) plane[Figs. 9a) and 1@a)] also show a

[001]

FIG. 7. Charge distribution on the_u)) plane of MgH. The
symmetrically nonequivalent atoms are denoted by 1, 2, and 3.

MgH,.!

For the MgH-Cu system, the paramet&E, is greater
than the absolute value of the heat of formation of MgH
implying that the assumed structure is unstable and will most
likely decompose to Mghkland MgCuy as found in experi-
ments. On the other hand, nonequilibrium processing, such
as mechanical alloying, may embed a certain level of Cu into
the MgH, compound. The DO$Fig. 5b)] show that the
bonding peak near the Fermi energy is contributed bydCu
Mg s, p, and Hs electrons. It also shows that the bonding
between Mg and H2 atoms is weak. This may be due to the
formation of MgCy, in which the Mg atoms were com-
pletely held by the Cu atoms, and the previously engaged H
atoms were released. Therefore, the H atoms can be readily
released from the MgH Cu system, leading to improvement
of the dehydriding properties of MgH

For the MgH-Ni system, the dehydriding kinetics of
MgH, was significantly improved by the addition of Ni as
mentioned above. The stability paramet&is, andAE; are

MgH, (-110) plane

I
0.1

.
i

[-110]
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[001]
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MgH,-Fe (-110) plane

MgH,-Ni (-110) plane

[001]
[001]

(@)

FIG. 10. Charge distribution on the_lm) plane of the MgktFe

(a) and MgH:-Nb (b). The symmetrically nonequivalent atoms are (g and MgH,-Ni (b). The symmetrically nonequivalent atoms are

denoted by 1, 2, and 3.

67.88 and 63.17 kJ/molH respectively, indicating that the
assumed structure is more unstable. The DBF. 6b)]

indicate the possibility of the formation of MyiH, because
the main bonding peaks nearl.2 eV below the Fermi en-

MgH,-Al (-110) plane MgH,-Cu (-110) plane

[001]

- |

(a) [-110}

FIG. 9. Charge distribution on thej.ﬂ)) plane of the MghtAl

denoted by 1, 2, and 3.

ergy were contributed by the Ni, Mg, and H atoms. Improve-
ment of the dehydrogenation properties of the system is ex-
pected due to the following factsi) the bonding between
Mg and H was weakened as evidenced by the reduced bond-
ing peaks near the Fermi enerfgee the DOS of Fig.(6)]

and (ii) the formation of the second phase MgH, with a

heat of formation of—62.7 kJ/molH,?8 larger than that of
MgH, . This means that the H atoms in the mixture of MgH
and MgNiH, compounds can be released more readily than
those in Mgh .

IV. CONCLUSIONS

The influence of several alloying atorXg X=Al, Ti, Fe,
Ni, Cu, or Nb on the stability of the magnesium hydride
MgH, was clearly demonstrated by means of electronic
structure and total energy calculations using the FP-LAPW
method within the GGA. The influence of selected alloying
elements on the stability of MgHwas determined from the
difference between the total energy of Mgl and the total
energies of the magnesium dihydride, the pure metals, and
the hydrogen molecule. Full relaxation of the alloyed sys-
tems was considered. The alloying elements mainly influence
the position of the matrix atoms in their vicinity: i.e., only
the positions of the nearest-neighbor H3 atoms were signifi-
cantly changed. The influence of alloying elements on the
position of the H3 atoms increases in the order of Ti, Nb, Cu,
Al, and Ni to Fe. The stability of the alloyed hydride is
reduced by the alloying elements, the effectiveness of which
decreases from Cu, Ni, Al, Nb, and Fe to Ti. The effect is

(@ and MgHs-Cu (b). The symmetrically nonequivalent atoms are further enhanced due to the formation of a second phase in

denoted by 1, 2, and 3.

the MgH,-Ti, MgH»-Ni, MgH,-Cu, and MgH-Fe systems.
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Analysis of the DOS and charge distribution shows that theinetics—should be improved by the solution of the alloying
bonding between magnesium and hydrogen was weakeneadements into the compound.

by the additional elements, while there exists stronger bonds

between the alloying atom and its nearest-neighbor hydrogen

atoms. The interaction is the strongest between the alloying ACKNOWLEDGMENTS
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