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Using hydrogenography, we recently mapped the thermodynamic properties of a large range of compositions
in the quaternary Mg-Ti-Ni-H system. The enthalpy of hydride formation of Mg-Ni alloys is significantly
altered upon Ti doping. For a small range of compositions, we find a hydrogenation enthalpy AH=-40 kJ
(mol H,)™!, which is the desired enthalpy for hydrogen storage at moderate temperature and pressure. This
enthalpy value is surprising since it is significantly less negative than the AH of the Mg-Ni and Mg-Ti
hydrides. The nanostructure of the Mg-Ti-Ni-H films hinders a direct determination of the hydride phases
involved by x-ray diffraction. Using density functional theory calculations for various hydrogenation reaction
paths, we establish that the destabilization of the Mg-Ni-H system by Ti doping is due to the formation of
Mg,Ni and Ti-Ni intermetallics in the as-deposited state, which transform into a metastable Ti-doped Mg,NiH,
phase upon hydrogenation. The Ti-doped Mg,NiH, phase can be considered as a heavily doped semiconductor.
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I. INTRODUCTION

The use of hydrogen as an energy carrier in mobile appli-
cation requires a suitable storage system. Solid state storage
in the form of (complex) metal hydrides receives a lot
of attention, since hydrogen can be stored reversibly in
these materials with high volumetric and reasonable gravi-
metric density at a relatively low cost.! MgH,, for example,
has an excellent theoretical hydrogen storage capacity
of 7.6 wt %. However, the enthalpy of hydrogenation is
AH=-74 kJ (mol H,)~!, which means that a temperature as
high as 570 K is required to desorb hydrogen at atmospheric
pressure. The high stability and slow absorption and desorp-
tion kinetics make this material unsuitable for application
with current polymer electrolyte membrane fuel cells that
operate around 350 K.

There have been many efforts to destabilize MgH, by
alloying Mg with transition metal (TM) elements.> Very
recently, metastable Mg-Ti compounds have received a lot of
attention because of their good kinetics and large hydrogen
storage capacity.>” However, the addition of Ti does not de-
stabilize MgH, significantly. The most extensively studied
Mg-TM composite is the ternary hydride Mg,NiH,. This ma-
terial has been investigated by experimentalists>®~!! and
theorists.!>'4 Mg,NiH, can theoretically store 3.6 wt % of
hydrogen reversibly. The hydride formation kinetics is sig-
nificantly improved compared to MgH,, but the enthalpy of
formation AH=-64 kJ (mol H,)™" of this hydride is still too
negative. In order to destabilize Mg,NiH,, it has been al-
loyed with other transition metals (Ti, Cr, Mn, Fe, Co, Ni,
Cu, and Zn).">!® Yang et al.'® show in a comparative experi-
mental study that Ti is perhaps the most promising candidate
as a dopant to destabilize Mg,NiH,.

The remarkable properties of the Mg-Ti and the
Mg-Ni systems, in addition to the work of Yang et al.,'®
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motivated us to explore the Mg-Ti-Ni-H system using
hydrogenography,'”!8 which is a new combinatorial method
to study the hydrogenation properties of thin films with a
compositional gradient. It exploits the large changes in opti-
cal transmission of metal alloys when they absorb
hydrogen'®?° to measure optically the equilibrium pressure
of hydride formation [see Fig. 1(b)]. By doing this for sev-
eral temperatures on a compositional gradient film, we can
map simultaneously the enthalpy of hydride formation over
thousands of alloy compositions.

Figure 1(a) shows the enthalpy of formation AH for the
Mg-Ti-Ni-H system as measured with this technique.'” This
mapping allows us to quickly identify a range of Mg-Ti-Ni
compositions with a hydride formation enthalpy of AH=
—40 kJ (mol H,)™!, commonly accepted as a desirable value
for applications. The high destabilization of Mg-Ni com-
pounds by Ti is surprising, since Ti itself forms a very stable
hydride. Moreover, Ti doping of Mg,NiH, reduces the hy-
drogen storage capacity only marginally. We determined
electrochemically that 3.2 wt % (Ref. 17) of hydrogen can be
stored reversibly for a compound with the composition
Mgy 69Ti0.0sNig 26-

Although hydrogenography is a powerful method, it
is based on thin films that are very often x-ray amorphous
because of their nanoscale grains. It is, thus, difficult to
determine experimentally the phases that are formed in the
as-deposited and hydride states of the system. The destabili-
zation mechanism of Ti has, therefore, been elusive.

We present in this paper a theoretical approach in which
we model likely hydrogenation scenarios in the Mg-Ti-Ni-H
system with density functional theory. By calculating the for-
mation enthalpy AH for each case and by comparing these
calculations with the experimental results, we aim to single
out a scenario that is most likely responsible for the observed
destabilization.
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FIG. 1. (Color) (a) Hydride formation enthalpy of the Mg-Ni-
Ti-H system. These results were obtained by hydrogenography
(published recently by Gremaud et al.'”). The dark blue region rep-
resents alloys with desirable thermodynamic properties for applica-
tion as hydrogen storage materials. The pink dots indicate the com-
positions we describe in the present work with a DFT model. (b)
The pressure-optical transmission isotherms of the composition
Mg ¢oNig26Tig o5 for five different temperatures. The plateau is a
signature of a first-order phase transition between the low-
transmission metal phase and the high-transmission hydride phase
and, thus, allows us to determine the equilibrium pressure of hy-
dride formation. This particular composition is chosen because it
corresponds to a destabilized hydride with an enthalpy of formation
of —40 kJ (mol H,)™! and is representative of the compositions con-
sidered in the present work.

In order to do this, we perform calculations for the com-
positions MgzNil_yTiy and Mgz_),NiTiy, with y=0, 1/8, 1/4,
and 1/2. These are the compositions that are indicated with
pink points in Fig. 1. Various scenarios are considered for the
transformation from the as-deposited Mg-Ti-Ni system to
Mg-Ti-Ni-H. In the as-deposited state, Ti can substitute Mg
or Ni in the Mg,Ni intermetallic, or a phase separation into
Mg,Ni and a Ti-Ni intermetallic occurs. In the hydrogenated
state, mixtures of the well known phases Mg,NiH,, TiNiH,
and TiH, are investigated in addition to a hypothetical mixed
Mg-Ti-Ni-H phase.

Comparing calculations with the experimental results en-
ables us to determine the phases that are likely to be formed
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during hydrogenation. We find that the as-deposited state is
stabilized by the formation of strong Ti—Ni bonds. These
bonds prevent the formation of TiH,. In the hydride state, the
Ti dopant substitutes Mg or Ni in a metastable monoclinic
Mg,NiH, phase without reducing the energy significantly.
This scenario explains the destabilization effect of the Ti
dopant. In addition to the stability calculations, we also dis-
cuss the optimized structures and the electronic structures of
the Ti-doped Mg,NiH, phases.

II. COMPUTATIONAL DETAILS

The calculations are done within density functional theory
(DFT) at the generalized gradient approximation (GGA)
level,”! using the PBE functional.’> We employ the projector
augmented wave®>?* formalism and a plane wave basis set
with the Vienna ab initio simulation package (VASP).2*-2® For
Mg,NiH, and all Ti-doped Mg,NiH, structures, we use a 2
X 6 X 6 Monkhorst-Pack?’ k-point mesh for sampling the
Brillouin zone. For Mg,Ni and Ti-doped Mg,Ni, we use a
gamma centered 8 X 8 X4 mesh. For other structures, the
spacing of the grid is at most 0.3 A~'. In all cases, the cutoff
energy of the plane wave basis is chosen to be 700 eV. This
relatively high value is used to ensure convergence within
1 meV per unit cell.

Ionic relaxations are performed by the residual minimiza-
tion method with direct inversion in iterative subspace, an
implementation of the quasi-Newton algorithm. Atomic po-
sitions and all cell parameters are optimized. We require the
forces to be smaller than 0.05 eV/A as a criterion for relax-
ation. For most of the hypothetical Ti-doped Mg,Ni and
Mg,NiH,, a relaxation with the conjugate-gradient algorithm
was needed to achieve convergence.

It is possible that the original lattice symmetry is pre-
served upon Ti substitution. An appropriate DFT model
would then require the use of a supercell construction
to randomize the substituents and to calculate the energy
while keeping the lattice symmetry fixed. However, such an
approach is computationally impractical, since there are al-
ready 56 atoms in the unit cell. Our approach does not re-
quire a supercell construction and is, therefore, computation-
ally more feasible, although it may only be an approximate
description of the system. However, we do not expect this
approximation to alter any of the composition dependent
trends in the results.

To model the structure of the Ti-doped Mg,Ni intermetal-
lic, we substitute either Mg or Ni by Ti. For the single phase
hydrides with compositions Mg,_,NiTi,H4, we substitute the
Mg atoms by Ti and, for Mg,Ni;_,Ti,Hy, we substitute Ni
atoms by Ti. In all cases, we have chosen to maintain the 4:3
[H]/[metal] ratio. It is conceivable that Ti substitution of Ni
increases the hydrogen capacity of the material, since Ti
forms a stable hydride in contrast to Ni. However, electro-
chemical measurements on the Mg-Ti-H system by Ver-
meulen et al.?® demonstrate that a Mgg,Ti,, compound only
absorbs up to 1.6 [H]/[metal], which is significantly lower
than the 2 [H]/[metal] absorbed by pure Mg. In this system,
Ti apparently does not enhance the hydrogen capacity. In
addition, we determined electrochemically that the Mg-Ti-Ni
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TABLE 1. Experimental (Ref. 33) and calculated structures of
Mg,Ni with space group P6,22 (180).

a c
(A) (A)
Cell parameters (expt.) 5.205 13.236
Cell parameters (calc.) 5.218 13.212
Atoms X y Z
Mgl (expt.) 6i 0.1620 0.324 0
Mgl (calc.) 0.1638  0.3276 0
Mg2 (expt.) 6f 0.5 0 0.1187
Mg?2 (calc.) 0.5 0 0.1168

films have a hydrogen storage capacity of 1.1 [H]/[metal],'”
which is lower than the 4/3 [H]/[metal] absorbed by pure
Mg,Ni. On the basis of the experimental results on Mg-Ti
and Mg-Ti-Ni films, we decided not to increase the amount
of hydrogen atoms in the unit cell.

Zero point motion (ZPM) has a significant contribution to
the total energy for the hydrogen atoms. This contribution is,
however, expected to be similar for Mg,NiH, and the various
Ti-doped Mg,NiH, compounds. As we are mainly interested
in energy differences, we neglect ZPM effects in the present
calculations.

The enthalpy of formation AH is calculated by taking the
difference in total electronic energy of the products and the
reactants:

AH= X E,- X E,. (1)

products reactants

In the case of the formation of Mg,NiH, from Mg,Ni and
H,, for example, AH is calculated per H, using

1 1
AH = EE(MgzNiH4) - EE(MgzNi) - E(H,). )

III. CRYSTAL STRUCTURE

We use standard room temperature structures for the el-
emental solids.2’ The H, molecule is modeled using a 10 A3
cubic unit cell. To calculate the total energy of the Ti-Ni
intermetallics, we relax the experimental structures of cubic

Ti,Ni [space group: Fd3m (227)],° martensite B19 TiNi
[space group: P2,/m (11)],*' and hexagonal TiNi; [space
group: P65/ mmc (194)].3% The optimized structures are all in
close agreement with the experimental structures.

A. Ti-doped Mg,Ni

First, we optimize the experimental structure of Mg,Ni.*
This hexagonal structure has space group P6,22 (180). Table
I shows the experimental and calculated structural param-
eters of Mg,Ni. The calculated parameters are in good agree-
ment with the experiment. Using this optimized structure as
a starting point, we substitute Mg or Ni by Ti, depending on
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FIG. 2. (Color online) The optimized crystal structure of (a)
MgzNiH4, (b) Mg2Ni7/8Ti]/8H4, and (C) Mgz,]/gNiTi1/8H4. We also
show an enlarged picture of (a) the Ni-H and (b) and (c) the Ti-H
polyhedra above the unit cell.

the composition we wish to model. Subsequently, the doped
structure is relaxed.

We model the compositions y=0.08, 0.17, 0.33, and 0.5 in
Mg,_,NiTi, and Mg,Ni,_,Ti,. These compositions corre-
spond to substituting an integer number of atoms in the 18
atom unit cell. A linear interpolation is used to obtain the
total energies for y=1/8 and 1/4, which are needed to cal-
culate the enthalpy of formation of the hydrides. When sub-
stituting Mg by Ti, the volume per formula unit (f.u.) de-
creases from 51.76 A3 (y=0) to 49.60 A* (y=1/2), in
reasonable agreement with Vegard’s law. In the case of Ni
substitution, we observe a volume increase to 58.74 A3 (v
=1/2), in contradiction with Vegard’s law.

B. Ti-doped MgzNiH4

The low temperature phase of Mg,NiH, has a monoclinic
structure with space group C2/c¢ (15), which has been deter-
mined by Zolliker et al. on Mg,NiD,.3* We take the experi-
mental structure as a starting point and relax the structure to
minimize the electronic energy. The optimized structure is
shown in Fig. 2(a). We also show an enlarged image of the
NiH, complex. This complex lies in the center of a distorted
simple cubic arrangement of Mg atoms. The complexes are
formed by a Ni atom surrounded by four H atoms in a nearly
perfect tetrahedral arrangement. In this structure, all Ni
atoms are equivalent and there are three inequivalent Mg
sites. The experimental and calculated structural parameters
are given in Table II. The calculated structure is in good
agreement with the experimental structure and previous
calculations.'>!* Using the optimized structure of Mg,NiH,,
we substitute either Mg or Ni by Ti and relax the resulting
structure.

1. Ti substitution of Ni: Mg,;Ni;_,Ti,H,4

The optimized structures of Mg,Ni,_,Ti,H, with y=1/8,
1/4, or 1/2 correspond to replacing one, two, or four out of
the eight Ni atoms in the unit cell. For y=1/4, there are
several ways to substitute two out of eight Ni atoms by Ti.
We have chosen to investigate the two extremes; we place
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TABLE II. Experimental (Ref. 34) and calculated structures of
low temperature Mg,NiH, with space group C2/c¢ (15).

B a b c

(deg) (A) (A) (A)
Cell parameters (expt.) 11352 14343 64038  6.4330
Cell parameters (calc.) 113.62  14.346 6.403 6.4849
Atoms X y z
Mgl (expt.) 8f 02652 04827 0.0754
Mgl (calc.) 0.2632 0.4882  0.0772
Mg2 (expt.) 4e 0 0.0144 0.25
Mg2 (calc.) 0 00190 025
Mg3 (expt.) 4e 0 0.5130 0.25
Mg3 (calc.) 0 0.5208 0.25
Ni (expt.) 8 01194 02308 0.0832
Ni (calc.) 0.1201  0.2309  0.0829
HI (expt.) 8/ 02113 02995 0.3037
H1 (calc.) 0.2112  0.3032  0.3045
H2 (expt.) 8/ 01360 03163 0.8811
H2 (calc.) 0.1370  0.3185  0.8760
H3 (expt.) 8f 0.0105 0.2868  0.0537
H3 (calc.) 0.0089  0.2854  0.0513
H4 (expt.) 8f 0.1306  0.9950  0.0815
H4 (calc.) 0.1268  0.9885  0.0771

them either as closely or as distantly as possible. The choice
for two neighboring Ti atoms is 27.1 kJ (mol f.u.)~! more
stable. For y=1/2, there are four Ni atoms in the unit cell
that are replaced by Ti. A structure with two distant pairs of
neighboring Ti atoms is most stable, albeit only
5.8 kJ (mol f.u.)~! more stable than a structure where all Ti
substitutes are adjacent.

The optimized structure of Mg,NiygTi;sH, is shown in
Fig. 2(b) together with an enlarged image of the Ti-H poly-
hedron. For y=1/8 and y=1/4, the Ti atoms are coordinated
by six hydrogen atoms in a distorted octahedron, and for y
=1/2, the coordination increases to 7.

Table III shows several structural parameters of the re-
laxed structures. Substituting only one Ni atom in the unit
cell by Ti (y=1/8) leads to a triclinic structure with space
group P1 (1). The right angles of the monoclinic cell a and
B are slightly distorted to 90.39° and 90.80°, respectively,
and the volume increases by 3.5%. The angle distortions are,
however, not significantly larger than the uncertainty of the
method.>> By further increasing the Ti-doping level to y
=1/4 and y=1/2, we regain a monoclinic symmetry, namely,
symmetry groups Pc (7) and Cc (9), respectively.

The substitution of Ni by Ti causes the unit cell volume to
increase. The volume, which is slightly smaller for y=1/4
than for y=1/8, increases again significantly up to
71.44 A3 (f.u.)™" for y=1/2. We observe no systematic be-
havior in the monoclinic angle S.
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TABLE III. Selected structural parameters for the optimized
structure of low temperature Mg,NiHy, Mg,Ni;_,Ti,H,, and
Mg, ,NiTi,H, for y=1/8, 1/4, and 1/2.

Space VIZ  Lattice parameters Lattice

Compound group (A%) A) angles

Mg,NiHy;  C2/2 (27) 68.22 a=14.3464
b=6.4026 B=113.62°
¢=6.4849

MgzNil_),Ti},H4

y=1/8 P1(1)  70.67 a=15.0176 a=90.39°
b=6.3291 B=112.87°
¢=6.4570 v=90.80°

y=1/4 Pc (7) 70.30 a=15.1455
b=6.2318 B=112.43°
c=6.4464

y=1/2 Cc (9) 71.44 a=16.0453
b=6.0111 B=112.84°
¢=6.4299

Mgz_yNiTin4

y=1/8 P2 (3) 67.45 a=14.2479
b=6.3970 pB=113.11°
¢=6.4365

y=1/4 P2/C (13) 66.70 a=14.1561
b=6.4186 B=112.55°
¢=6.3460

y=1/2 P2/c (13) 63.46 a=14.3191
b=6.2507 B=115.79°
¢=6.2998

Table III reveals a remarkable feature. As the Ti-doping
level increases, the unit cell swells monotonously in the di-
rection of the a axis, while it shrinks monotonously in the b
and c directions. Figure 2 helps to understand this behavior.
The Ti atom strongly attracts the closest hydrogen atom of
the nearby NiH, complexes. This causes the unit cell to con-
tract in the bc plane. Consequently, the average H-H distance
decreases from 2.6 to 2.55 A. The Ti-H clusters are consid-
erably larger than the Ni-H complexes, since the Ti-H dis-
tance is 20%—-25% larger than the Ni-H distance. As a result,
the Mg planes above and below the complex are pushed
apart, leading to an increase of the lattice constant along the
a axis.

2. Ti substitution of Mg: Mg, ,NiTi,H,

There are three inequivalent Mg sites in Mg,NiH,.
The Mgl(8f) and Mg3(4f) sites are found to be
2.9 kJ (mol f.u.)~! more favorable for Ti substitution than the
Mg2(8f) site. There are several ways in which two or more
Ti atoms can substitute the Mg1(8/) and Mg3(4f) sites in the
unit cell. For y=1/4, the two Ti substitutes are placed closely

024204-4



HIGHLY DESTABILIZED Mg-Ti-Ni-H SYSTEM...

together since this is 8.7 kJ (mol f.u.)~! more stable. As in
the case of Ni substitution (for y=1/2), placing two pairs of
neighboring Ti atoms far apart is more stable than placing all
Ti substitutes together. In this case, the difference in energy
between the two configurations is 9.7 kJ (mol f.u.)~".

The optimized structure of Mg,_;,gNiTi;gH, is shown in
Fig. 2(c) together with an enlarged image of the Ti-H poly-
hedron. The coordination of H atoms around the Ti substitute
increases from 6 for y=1/8 and y=1/4 to 7 for y=1/2.

Several structural parameters for Mg, [NiTiH, are
shown in Table III. For all doping levels, a monoclinic unit
cell is found. For y=1/8 in Mg,_,NiTi,H,, we obtain the
symmetry group P2 (3). Both for y=1/4 and 1/8, we find
the symmetry group P2/c (13). No systematic behavior is
observed in the monoclinic angle.

As the Ti-doping level increases, the volume per f.u. de-
creases monotonously from 68.22 A3 (fu)™' (y=0) to
63.46 A3 (f.u.)”! (y=1/2). This volume decrease is accom-
panied by a significant decrease in the average H-H distance
from 2.61 to 2.33 A.

IV. ELECTRONIC STRUCTURE

We calculated the total and local densities of states
(DOSs) for undoped and Ti-doped low temperature
Mg,NiH,. The structures of these compounds are discussed
in Sec. III. The local DOSs of Mg,Ni;_,Ti,H, are shown as
gray filled graphs in Fig. 3 for (a) y=1/8 and (c) y=1/2, and
the local DOSs of Mg, ,NiTi,H, are shown as gray filled
graphs in Fig. 3 for (b) y=1/8 and (d) y=1/2. The DOS of
the Ti-doped structures are plotted with respect to the Fermi
level, which is displayed as a solid vertical line. To facilitate
a comparison between doped and undoped Mg,NiH,, we
show the DOS of Mg,NiH, (unfilled black curve) with re-
spect to the Fermi level of the doped compounds. The Fermi
level of Mg,NiH, is indicated by the dotted vertical line. The
DOSs for y=1/4 in Mg,Ni;_,Ti,H, and Mg, NiTi,Hy
closely resemble the DOS for y=1/8 and are, therefore, not
shown.

The DOS of Mg,NiH,; is similar to previous
calculations'*!* and contains a band gap of 1.6 eV. Band
structure calculations show that this gap is indirect and the
optical gap is 1.7 eV, in good agreement with the experimen-
tal value.!" This success is most probably fortuitous, since
density functional theory at the GGA level is notorious for
significantly underestimating band gaps.

The DOS of Mg,NiH, is not effected significantly for the
compounds Mg,Ni,_,Ti,H, and Mg, ,NiTi,H, with y<1/4.
Therefore, we expect that the optical properties of the Ti-
doped compounds are similar to the undoped compound. Ti
doping is, however, expected to affect the optical properties
to a certain extent, which will be discussed below separately
for Mg,Ni,_,Ti,H, and Mg,_/NiTi H,.

The Ti dopant introduces additional states in the gap be-
tween the Ni d band and the Mg s band for Mg,Ni;_,Ti,H,
[see Figs. 3(a) and 3(c)]. However, the system remains semi-
conducting for a doping level as high as y=1/4 and the gap
closes for y=1/2. Transitions between the Ti d states and the
Mg s states are expected to affect the optical properties in the
near infrared.
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Next we discuss the effect of Ti doping on the DOS of
Mg, NiTi,H, [see Figs. 3(b) and 3(d)]. A fraction of the
Tid states appears as a narrow band just below the Mg s
band. The Fermi level is located in the middle of the doping
band, indicating metallic behavior. This seems to be in con-
tradiction with the experiment, which has shown that thin
films of these alloys become transparent upon hydrogena-
tion. There is, however, no contradiction if the plasma fre-
quency is sufficiently low.3¢

The plasma frequency w), for free electrons in a semicon-
ducting environment can be estimated by the expression

n€2

= , 3
“p eeom* ®)

where 7 is the density of charge carriers, e is the elementary
charge, € is the dielectric constant of the semiconductor, €, is
the permittivity of vacuum, and m" is the effective mass of
the charge carriers.

Band structure calculations (not shown) for y=1/8 in
Mg,_,NiTi H, along the reciprocal lattice vector correspond-
ing to the long axis a and along the reciprocal vector along
the monoclinic axis ¢ show that the doping band appearing in
the gap is composed of three overlapping Tid bands. The
first band is completely filled. The Fermi level is located in
the middle of the second band, which is only half filled.
Thus, there are at most three conduction electrons per unit
cell, which corresponds to a charge density n=5.5
X 10" m™. We estimate the effective mass by fitting the
band at the Fermi level with a parabola, which gives m =6
X 1073 kg. The dielectric function of Mg,NiH, has
been measured by Lohstroh et al.!! for energies 0.5 eV<E
< 6.5 eV. An extrapolation to zero energy leads to €=6.7.
Inserting these values in Eq. (3) gives w,=0.4 eV. We, there-
fore, conclude that the conduction electrons introduced by
the Ti doping do not contribute significantly to the optical
properties of the compound in the visible part of the spec-
trum.

V. STABILITY PROPERTIES

Table IV shows the total energy calculated for the elemen-
tal metals, the undoped intermetallics, and the undoped hy-
drides. We also give the DFT total electronic energy of the
H, molecule. These values are used for the stability analysis
given below and for the calculation of the formation enthalpy
of Ti-doped Mg,NiH,.

The compound Mg,NiH, is formed by the following re-
action:

Mgle + 2H2 — Mg2N1H4 (4)

The hydrogenography experiments on Mg-Ti-Ni (Ref. 17)
have shown that Ti doping has a dramatic effect on the AH
of hydride formation in Mg-Ni alloys. In this section, we
discuss the various ways in which Ti doping can affect both
the left-hand side (as-deposited state) and the right-hand side
(hydride state) of Reaction (4).
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A. As-deposited state

Our films are made by sputtering on a substrate at room
temperature. The as-deposited state can be viewed as the
solidification of hot, highly energetic atoms on a cold sub-
strate. The two possibilities for the phases present in the
as-deposited state are shown in Fig. 4. (i) The Ti dopant
substitutes for Mg or Ni in the hexagonal Mg,Ni without
causing large structural changes. We refer to this case as a
Ti-doped Mg,Ni phase. (ii) The Ti atoms bind to Ni, forming
a Ti-Ni intermatallic in addition to Mg,Ni. For the latter
case, we consider all three known crystalline Ti-Ni interme-
tallics, namely, Ti,Ni, TiNi, and TiNij.

4

Energy(eV)

tal and local densities of states of
Mg,NiH, are also shown as an
unfilled black curve with respect
to the Fermi levels of the doped
compounds. The Fermi level of
Mg,NiH, is indicated with the
vertical dotted line.

-2 0 2 4 6

We calculate the total energy for the two possibilities.
Figures 4(a) and 4(b) show the energy with respect to the
elements for the various possible phases present in the as-
deposited state for the compositions Mg,Ni,_,Ti, and
Mg,_,NiTi,, respectively. The most striking feature of these
figures is the rapid destabilization of the Ti-doped Mg,Ni
phase for increasing y in Mg,Ni,_,Ti,, which is in contrast to
Mg,_,NiTi,, where only a weak destabilization is observed.

Surprisingly, there is not a significant difference between
the energies of the as-deposited state for the various Ti-Ni
intermetallics. The stability of the Ti-Ni intermetallics in-
creases with the Ni fraction. However, when a Ti-Ni inter-

024204-6



HIGHLY DESTABILIZED Mg-Ti-Ni-H SYSTEM...

TABLE IV. Calculated total energy for the pure metals, interme-
tallics, and hydrides. The energy is given in eV per f.u.

Energy
Compound (eV/f.u.)
Ti -7.891
Mg ~1.554
Ni -5.718
H, -6.774
Mg, Ni -9.503
TiNi; -27.163
TiNi —14.464
Ti,Ni -22.405
Mg,NiH, -24.233
MgH, -8.911
TiH, -16.127
TiNiH -18.195

metallic is formed with a higher Ni content, less Mg,Ni can
be formed. The gain in forming the most stable intermetallic
TiNij is roughly compensated by the loss due to the decrease
in Mg,Ni amount.

Our calculations show that the formation of TiNi in addi-
tion to Mg,Ni is energetically most favorable for all compo-
sitions. We may expect that in our sputtered films, mostly
TiNijy is present for low Ti doping, and for higher Ti doping,
more TiNi and Ti,Ni are expected. Although the exact Ti-Ni
intermetallic formed will depend on composition, for sim-
plicity, we suppose TiNi for all doping levels.

A phase segregation into Mg,Ni and the Ti-Ni intermetal-
lics is energetically most favorable. Nevertheless, it is pos-
sible that for the compositions Mg,_ /NiTi, (y$%) and for
Mg,Ni,_,Ti, (y S é), the metastable Ti-doped Mg,Ni phases
are formed. Therefore, we still consider this possibility for
the calculation of the enthalpy of formation.

B. Hydride state

Our samples are hydrogenated by slowly increasing the
hydrogen pressure to ~10° Pa at temperatures ranging from
313 to 363 K. The three possibilities for the phase content of
the hydride state are shown in Fig. 5. (i) Mg,NiH, is formed
together with the interstitial hydrides TiNiH (Ref. 37) and
Ti, NiH.® (ii) A Ti-doped Mg,NiH, phase is formed. (iii)
Mg,NiH, is formed together with TiH,.

Possibility (i) is unlikely to explain the experimental data
as TiN3, which does not form a stable hydride, is most likely
to be formed in the as-deposited state for low Ti-doping lev-
els. The other Ti-Ni intermetallics TiNi and Ti,Ni can absorb
hydrogen. However, as the Ti content increases, the AH of
the Ti-Ni-H type hydrides becomes more negative, which
cannot explain the destabilization effect of Ti found in the
hydrogenography experiment.

Figure 6 shows the stability of Ti-doped Mg,NiH,. In this
graph, the energy of Ti-doped Mg,NiH, is plotted with re-
spect to Mg,NiH, and the remaining elements, and with re-
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FIG. 4. (Color online) The energy with respect to the elements
of the various possibilities discussed in the text for the as-deposited
state for (a) Mg,Ni;_,Ti, and (b) Mg,_,NiTi,.

spect to Mg,NiH, and the stable hydrides including TiH, for
the compositions Mg, Ni;Ti;H, and Mg,Ni,_,Ti,;H, (y
<1/2). The compounds Mg,_,Ni, Ti,H, and Mg,Ni,_,Ti,H,
are both stable with respect to Mg,NiH, and the elements.

(i) Ti-doped Mg, Ni

(ii) Mg,Ni + TiNi

(V) 5 :

0 J A (O ()

Energy

(ii) Ti-doped Mg,NiH, e

(i) Mg,NiH,+TiNiH (iii) Mg,NiH,+TiH,

FIG. 5. Energy scheme of the various possibilities for the phase
content of the as-deposited and hydride states. We also show the
four considered scenarios for the reaction from the as-deposited to
the hydride state with solid arrows indicated with capital roman
numbers. The other reaction paths (shown with dotted arrows) can-
not explain the Ti induced destabilization of Mg,NiHj,.
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FIG. 6. (Color online) Stability of the hydride state for the com-
positions Mg,_,Ni;Ti,Hs and Mg,Ni,_,Ti,;H, (0<y=1/2). The
energy of the Ti-doped Mg,NiH, phases is shown with respect to
the energy of Mg,NiH, and TiH, (red circles and blue triangles),
and with respect to the energy of Mg,NiH, and Ti (black squares
and green diamonds).

DFT calculations do not incorporate temperature effects.
We expect that the metastable Ti-doped Mg,NiH, phases be-
come more stable at a finite temperature due to the entropy
of mixing. In addition, since the experiments are carried out
around room temperature, a full segregation of the system
may be kinetically hampered. We can, therefore, not rule out
that the metastable Ti-doped Mg,NiH, phase [possibility
(iii)] forms in our hydrogenated films.

C. Calculated enthalpy of hydrogenation compared
to experiment

The various possibilities for the phase content of the as-
deposited and hydride states of the system give rise to dif-
ferent scenarios for the hydride formation (see Fig. 5). We
calculate the enthalpy of formation for each likely scenario.
These calculations are compared with the experimental re-
sults to see which scenario fits best. As an example, we show
how we compute the enthalpy of hydride formation for the
case where Mg,Ni and Ti,Ni react with H, to form the Ti-
doped Mg,NiH, phase:

1 1
AH = SE(Mg> \NiTi,Hy) - 5(1 - %)E(MgzNi)

- Ay—lE(TizNi) _ E(Hy). (5)

We consider four different scenarios: (I) Metastable Ti-
doped Mg,Ni reacts to form metastable Ti-doped Mg,NiH,.
Alternatively, the as-deposited state containing a mixture of
Mg, Ni and Ti-Ni intermetallics reacts to form (II) metastable
Ti-doped Mg,NiH, or (III) Mg,NiH, and TiH,. It is ques-
tionable whether the reaction for scenario (III) occurs in a
single step or in two steps, forming first the more stable
hydride TiH, and then Mg,NiH,. In the case of a multiple
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FIG. 7. (Color online) Enthalpy of formation measured by “hy-
drogenography” (purple stars) and calculated with density func-
tional theory for the various scenarios discussed in the text for the
compositions (a) Mg,Ni,_,Ti, and (b) Mg,_,NiTi,. The calculated
points are connected as a guide for the eye.

step reaction, we expect the presence of several plateaus in
the pressure-composition isotherms. The measurements [see
Fig. 1(b)], however, only exhibit a single plateau pointing in
the direction of a single step reaction. This may be attributed
to the large destabilization of TiH, due to the formation of
strong Ti-Ni bonds in the as-deposited state. We, therefore,
assume that the hydride formation reaction for scenario (III)
occurs in a single step. We also consider a scenario (IV),
where Mg,Ni and a Ti-Ni intermetallic form a Ti-Ni hydride
and Mg,NiH,. Such a calculation is, however, not straight-
forward since the type of Ti-Ni intermetallic and hydride
formed depends on y. We assume, for simplicity, that for all
compositions, the intermetallic TiNi and the hydride TiNiH
are formed. This calculation results in a AH, which forms an
upper bound because Ti,Ni forms a more stable hydride.
Figure 7 shows the enthalpy of formation of (a)
Mg,Ni,_,Ti;H, and (b) Mg,_,Ni;Ti,H, measured with hy-
drogenography (stars), and for the four scenarios calculated
with density functional theory. The enthalpy of formation of
undoped Mg,NiH, we calculated, AH=—-57.3 kJ (mol H,)™!,
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agrees reasonably with the measured bulk value
—64.3 kJ (mol H,)~'.3 Figure 7(a) shows that for composi-
tions Mg,Ni;_,Ti,H,, only scenario (II) (TiNi and Mg,Ni
— Ti-doped Mg,NiH,) exhibits an increasing trend in AH, in
quantitative agreement with the experimental data. For the
compositions Mg,_,Ni; Ti,Hy, we also find that scenario (II)
(TiNi and Mg,Ni— Ti-doped Mg,NiH,) agrees best. In this
case, scenario (IIT) (Ti-doped Mg,Ni— Ti-doped Mg,NiH,)
also shows a small increasing trend, but the quantitative
agreement with experiment is poor in comparison to scenario
(I.

In summary, our calculations show that a reasonable
agreement with experiment is found for a scenario contain-
ing Mg,Ni and TiNi in the as-deposited state and a Ti-doped
Mg,NiH, phase in the hydride phase. The quantitative agree-
ment between theory and experiment is considerably better
for Mg,Ni,_,TiyH, than for Mg, ,Ni;Ti,H,. If the ZPM of
the hydrogen atoms is taken into account, this generally
leads to a more positive AH,3° since the hydrogen is more
confined in the solid than in the gas. The volume increase
due to hydrogen absorption is significantly smaller for
Mg,_,Ni, Ti,H, than for Mg,Ni,_,Ti H,. We expect a greater
ZPM correction for Mg, ,Ni;Ti,H, since the hydrogen is
more confined in this case. Thus, including ZPM may im-
prove the overall quantitative agreement considerably. How-
ever, the temperature dependent energies of the hydrogen
molecule and of the phonons of hydrogen in the metal may
well offset the ZPM contribution. This is, however, beyond
the scope of this work.

The calculations suggest that the large destabilization in
Ti-doped Mg,NiH, is mainly due to the formation of a Ti-Ni
intermetallic in the as-deposited state and a metastable Ti-
doped Mg,NiH, phase in the hydride state. The reversible
and fast transformation from two phases to one phase upon
hydrogenation at the moderate temperatures used in the hy-
drogenography experiments (313 K <7< 363 K) may be en-
abled by the small nanometer-sized grain microstructure of
the system. This beneficial microstructure prohibits us, how-
ever, from measuring the phases using x-ray diffraction tech-
niques.

Size effects may also lead to a destabilization of the hy-
dride. However, previous calculations on the hydrogenation
enthalpy of magnesium hydride clusters showed that there is
no size effect until the size approached ~1 nm.*’ This is 2
orders of magnitude smaller than the thickness of our films,
and 1 order of magnitude smaller than their typical grain
size. Substrate clamping in a thin film can also destabilize
the hydride with respect to its bulk value since it cannot fully
expand toward its equilibrium volume. The amount of desta-
bilization depends on the elastic properties of the system,
which depend only weakly on the Ti-doping level. It is, thus,
still valid to compare the experimentally observed trends
with the DFT results and to draw conclusions about the most
likely reaction path.

The destabilization mechanism of the Ti dopant occurs
probably as follows. Ti stabilizes the as-deposited state sig-

PHYSICAL REVIEW B 77, 024204 (2008)

nificantly by binding strongly to Ni atoms in a TiNi-like way.
When the sample is hydrogenated, the strongly bound Ti
does not separate to form TiH,. The Ti dopant is, therefore,
embedded in the Mg,NiH, structure and substitutes either
Mg or Ni without lowering the energy of the hydride signifi-
cantly. This leads to the more positive enthalpy of formation
of Ti-doped Mg,NiH, than of the undoped compound.

VI. CONCLUSIONS

Ab initio calculations using density functional theory at
the generalized gradient level are used to compute the hy-
dride formation enthalpy of the Ti-doped Mg,NiH, system.
By comparing the calculations with experimental hydrogeno-
graphic results for all likely reaction scenarios, we are able to
single out one scenario.

We considered various scenarios for the transformation
from the as-deposited Mg-Ti-Ni system to Mg-Ti-Ni-H. In
the as-deposited state, Ti can substitute Mg or Ni in the
Mg,Ni intermetallic, or a phase separation into Mg,Ni and a
Ti-Ni intermetallic occurs. In the hydrogenated state, either a
mixture of Mg,NiH,, TiNiH, and TiH,, or a hypothetical
mixed Mg-Ti-Ni-H phase can form. Comparison between ex-
perimental and theoretical results shows that the destabiliza-
tion of Ti-doped Mg,NiH, is due to the formation of a
Mg,Ni and a Ti-Ni intermetallic in the as-deposited state and
a metastable Ti-doped Mg,NiH, phase in the hydride state.

As Mg-Ti-Ni-H compounds have remarkable optical
properties, we also considered the electronic structure of Ti-
doped Mg,NiH, and its implications for the optical proper-
ties. The compositions Mg,Ni;_,Ti Hy (y<1/2) exhibit
semiconducting behavior in contrast to the compositions
Mg, NiTi,H, (y=<1/2), which are metallic, albeit with a
low plasma frequency. This explains why these metal hy-
drides are transparent in the visible part of the spectrum.

The general conclusion of the present work is that a com-
bination of the high-throughput experimental method hydro-
genography and ab initio methods can provide additional and
important insights in complex materials such as the Mg-
Ti-Ni hydrides. This type of combined efforts may be crucial
for a successful and efficient search for new light-weight
hydrogen storage materials.
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