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A detailed structural analysis of Mg-Ti-H thin films reveals the presence of a chemically
partially segregated but structurally coherent metastable phase. By combining X-Ray
Diffraction and Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy on Mg,
Ti;_yH, thin films we find non-zero Chemical Short-Range Order (CSRO) parameters for all the
compositions measured. Despite the positive enthalpy of mixing of Mg and Ti the degree of
ordering does not increase upon loading and unloading with hydrogen. The robustness of this
system and the fast and reversible kinetics of hydrogen loading and unloading are caused by
the formation of nanoscale compositional modulations in the intermetallic alloy. This
microstructure is responsible for the exceptional properties of Mg, Ti;_yHy thin films. It also
shows that reversible metastable metal-hydrides offer new possibilities for hydrogen storage,
beyond the limits imposed by thermodynamic equilibrium.
© 2008 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

greatly enhances the kinetics of hydrogen uptake and release.
A 65 nm thick film of Mgy ;Tis 3, exposed to 5% H, in Ar at room

The Mg-Ti-H system is currently attracting a lot of attention,
with potential applications in very different fields. Niessen
et al. [1] proposed the use of Mg-Ti thin films as high-capacity
hydrogen storage materials for batteries. By means of elec-
trochemical loading of MgygTio, thin films they found
a gravimetrical storage capacity of 6.53 wt% H: ~4 times
higher than the commercially available NiMH batteries. In our
group we demonstrated the possibility of gas loading of Pd-
capped Mg,Ti;_, thin films. These films, when exposed to
hydrogen gas exhibit fast and reversible transitions from the
metallic to the hydrogenated state. The Ti doping of Mg
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temperature, hydrogenates completely in ~10s; if it is then
exposed to 20% O, in Ar, it fully desorbs in less than 3 min,
returning to its original metallic state [2]. The role of Ti is to
favor the formation of a face-centered cubic hydride phase of
Mg, Ti,_,H, (for y < 0.87 [3]) instead of the tetragonal MgH,-like
phase.

The hydrogenation of Mg, Ti;_, thin films is also accom-
panied by dramatic optical changes, which make them suit-
able for application as hydrogen sensors [4] and smart coating
for solar collectors [5]: when exposed to hydrogen gas, they
exhibit fast and reversible (>100 cycles) optical transitions
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from a shiny metallic state to a black, strongly light-absorbing,
hydrogenated state [2].

In order to explain these properties and eventually to
control and tailor them, we need to fully understand the
microstructure of these materials. Mg and Ti are immiscible
elements in thermodynamic equilibrium, as their enthalpy of
mixing, AHpmix, 1S positive. For a MgysoTioso mixture,
AHpix = 20 kJ/g-atom [6]. The synthesis of Mg-Ti alloys has
nevertheless been achieved both in bulk and in thin films via
non-equilibrium processes such as physical vapor deposition
[7], e-beam deposition [1,8], sputtering [2,9,3] and mechanical
alloying [10].

In a previous work we measured the optical, structural and
electrical properties of Mg, Ti; yH, (y=0.7, 0.8 and 0.9) thin
films [3]. The XRD patterns and the TEM plane-view and cross-
sectional images of the as-deposited metallic films showed
crystalline hexagonal close-packed structures for all compo-
sitions, with an almost perfect Vegard’s law [11] dependence
of the average lattice spacing. This suggests at first sight
a microstructure made of a single-phase supersaturated solid
solution of randomly dispersed Mg and Ti atoms. However,
the optical and electrical properties of these films hint to
a more complex microstructure, consisting of partially
segregated Mg-rich and Ti-rich nanosized domains, within
large structurally coherent grains [3].

Standard X-ray diffraction techniques are, however, not
sufficient to prove the validity of this model [12]: nanoscale
short-range deviations from a random solid solution would
also produce a Vegard’s law dependence, provided that the
coherence is maintained [13]. Such deviations can arise
because of incipient phase separation during the synthesis of
the alloy.

In the present work we study the local atomic ordering in
sputtered Mg, Ti; ,H, thin film by means of X-Ray Diffraction
(XRD), Extended X-ray Absorption Fine Structure (EXAFS)
spectroscopy and X-Ray Absorption Near Edge Structure
(XANES) spectroscopy. EXAFS spectra of Mg,Ti; , thin films
with various compositions are measured both for the as-
deposited state and for the samples after one cycle of loading
and unloading with hydrogen. XANES spectra are measured
continuously during hydrogenation and de-hydrogenation of
the films, in order to follow the phase transitions that occur
during these processes.

From the analysis of the EXAFS data of Mg, Ti; _, thin films
with different compositions we derive the coordination shells
for Ti and the corresponding chemical short-range order
parameter, s. All the measured compositions have positive s
values, indicating that partial chemical segregation has
occurred during the film deposition. The degree of ordering is
maintained upon cycling with hydrogen. Such reversibility is
particularly unexpected considering the positive enthalpy of
mixing of Ti and Mg and the hydrogen-induced phase sepa-
ration observed in many other Mg-based binary systems
[14,15].

Similar metastable structures with short-range composi-
tional modulations can in general be obtained in bulk via non-
equilibrium processes such as mechanical alloying and liquid
quenching [12]. A metastable Mg;TiH, powder with gravi-
metric hydrogen storage capacity of 5.5 wt% has been
prepared by high-pressure synthesis [16]. However, the

microstructure of this compound, an atomically ordered
CayGe-like superstructure, is very different from the one
found in Mg, Ti;_, thin films. High-pressure Mg, TiH, releases
4.7 wt% of hydrogen at 332 °C decomposing in Mg and TiH; o,
but the process is not reversible, although several attempts to
produce destabilized bulk Mg-Ti-H alloys, with reversible
hydrogen sorption properties, are currently under way [17].
Our study on thermodynamically metastable but reversible
Mg, Ti;_, thin film alloys shows the existence of a new class of
hydrogen storage system that is not restricted by conven-
tional thermodynamic equilibrium considerations and has
excellent kinetic properties.

2. Experimental section

Mg, Ti;_, films are deposited in an UHV system (base pres-
sure = 10 ® mbar) by DC/RF magnetron co-sputtering of Mg
and Ti targets in argon atmosphere, on glassy carbon SIGRA-
DUR® substrates of 100 um thickness, kept at room tempera-
ture. The films are covered with 20 nm of Pd to prevent
oxidation and promote hydrogen dissociation. Typical depo-
sition rates are 0.22 nm/s for Mg at 150 W (RF), 0.02-0.18 nm/s
for Ti at 60400 W (DC) and 0.11 nm/s for Pd at 50 W (DC). In
order to obtain a homogenous composition the substrates are
continuously rotated during sputtering. The characteristics of
the films used in this work are given in Table 1.

Film composition and thickness are measured ex-situ by
Rutherford Backscattering Spectrometry (RBS) and profilom-
etry, respectively. X-ray diffraction patterns are measured in
a 6-20 configuration, with a Bruker D8 Discover diffractometer
equipped with a two-dimensional detector for real-time data
collection over a large area with high sensitivity and low
background. A typical diffraction pattern is recorded in 1 h. A
beryllium dome allows in-situ diffraction measurements
during hydrogenation of the films at room temperature in
a hydrogen pressure of 10° Pa.

Titanium K-edge (4966 eV) EXAFS spectra are recorded at
beamline E4 of the DORIS III storage ring at the Deutsches
Elektronen-Synchrotron (DESY), Hamburg. The beamline is
equipped with a Si [11] double-crystal monochromator, which
is detuned to 60% of the Bragg peak intensity to suppress
higher harmonics, and two mirrors: an Au coated toroidal
mirror and a plane Ni mirror for optimum higher order
harmonics reduction at the energies used. Samples are
measured in transmission at room temperature, in He flow
(for as-deposited and de-hydrogenated films) or in a 5% H,/He

Table 1 - Alloy composition, film thickness and
deposition rates of the samples used.

Sample  Composition Thickness Mgrate Tirate
Number [nm] [nm/s]  [nm/s]
1 Mgo.53Tio.a7 250 0.22 0.18
2 Mgo.59Tio.41 310 0.22 0.13
3 Mgo.70Ti0.30 360 0.22 0.09
3a Mgo_nTio_zg 2000 0.36 0.12
4 Mgo.81Tio.19 410 0.22 0.05
5 Mgo_goTio,w 460 0.22 0.02
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mixture flow (for hydrogenated films). XANES spectra are
recorded while loading the films in 5% H,/He mixture at room
temperature and unloading in 20% O,/He mixture between
room temperature and 100 °C, depending on film’s composi-
tion. In each measurement a pile of 8-12 films, with the same
composition and deposited in the same run, are inserted into
the beam, in order to obtain sufficient absorption and a high
signal to noise ratio. Three consecutive ionization chambers
allow to simultaneously measure the absorption spectra of
both the sample and a reference Ti foil.

In order to calibrate the Ti-Ti and Ti-Mg references we use
a 5um thick Ti foil (99.99%) and TiAl; (99.5%) powder,
respectively.

The EXAFS data are extracted from the measured absorp-
tion spectra with XDAP [18]. At least five scans for each sample
are averaged together. The edge-energy is determined from
the maximum of the first derivative of the spectrum and
calibrated with the reference Ti foil. A smooth atomic back-
ground function, represented by a cubic spline, is used to
extract the EXAFS oscillation from the absorption spectrum
[19]. The obtained data are normalized by the background
height 50 eV after the edge. Experimental data are fitted in
k-space with k* weighting, using the difference file technique
in real space [20].

3. Results

X-ray diffraction patterns are measured for the as-deposited,
hydrogenated and de-hydrogenated states of samples 1, 2, 3, 4
and 5. As previously reported [3], in the as-deposited state
Mg, Ti,_, thin films have a hexagonal close-packed structure
with an almost perfect Vegard’s law dependence of the
interplanar distances, while upon hydrogenation the alloys
undergo phase transitions to a fluorite (y <0.87) or a rutile
(y>0.90) structure (Fig. 1a).

In Fig. 1b the XRD patterns for sample 3 in the as-deposited,
hydrogenated and de-hydrogenated states are shown. The
only visible metallic peak is the 002 reflection arising from the
hexagonal Mg-Ti alloy. In the as-deposited states of the Ti-rich
compositions (samples 1, 2 and 3) a much smaller peak,
similar to the 002 reflection for pure Ti (26 = 38.42°; hexagonal),
is also present. This peak is not recovered after one hydroge-
nation/de-hydrogenation cycle and it is likely to be a satellite
peak, rising from the coexistence of Ti and Mg domains with
coherent boundaries [13]. The diffraction peaks at higher 26’s
are the 111 reflections of Pd and PdH,, due to the palladium cap
layer, in the metallic and hydrogenated states, respectively.

Fig. 2 shows the k'-weighted background-subtracted
EXAFS signal (k) for the as-deposited states of samples 1, 2, 3,
4 and 5, measured in He at room temperature. In all cases the
measured edge-energy is equal to the edge-energy for the Ti
reference (4966 eV), indicating a pure metallic state of the
films. The inset in Fig. 2 shows the raw absorption data for
sample 1, before background subtraction.

An example of fitted data is shown in Fig. 3 for sample 1
(Mgo.53Tip.47). For all the samples the fits are optimized with
Ak=3-11A"! and AR=2.0-3.4 A. Table 2 summarizes the fit
parameters obtained for all the compositions measured in the
as-deposited state. The number of independent parameters

30 a [] As-deposited
(O Hydrogenated O--
I /\ De-hydrogenated
< 30 tetr-MgH, 110
©
(8]
C
2 2.8
(2] ol
° p ) S O
5 cc-TiH, 111 ——’@@
o -
S -
= 26k - - -
o - 4
5 g ARNAS 7
= 1A
oal ST hcp-Mg 002
RO ERE
hcp-Ti 002
22 1 1 1 1 1 1
0.0 0.2 04 0.6 0.8 1.0
yin ngTi 1y
N b —0O—  As-deposited
—O-—  Hydrogenated :
— 24— De-hydrogenated
M B hep-MgTi 002 \.%
= 3 i@
3 o I fec-Pd 111
s I o' .
s r il !
g
2 L foeMgTi B % . .
= - fce-MgTiH_111 ? : fce Pdl-!X 111 y
g " ' !
E i ; : C(1‘) :
‘zmzzf&@qq%@ccm@mmcalm; (el CQTCKCCK (e

Fig. 1 - (a) Interplanar distances obtained from X-ray
diffraction patterns for samples 1, 2, 3, 4 and 5 in the as-
deposited (squares), hydrogenated (circles) and de-
hydrogenated (triangles) states. Full squares and circles are
literature values for Mg, Ti, MgH, and TiH,. The dashed
lines are a guide to the eye. (b) X-ray diffraction patterns for
sample 3 in the as-deposited (squares), hydrogenated
(circles) and de-hydrogenated (triangles) states.

used in the fitis in all cases lower than the maximum value set
by the Nyquist theorem [21]. The coordination shell of Ti is
composed of both Ti and Mg atoms. For all Mg, Ti;_, thin films
the total coordination number, given by the sum of the Ti-Ti
and Ti-Mg coordination numbers, is close to the ideal value for
an hexagonal geometry (N=12). However, their relative
amount changes with composition and is different from what
would be expected for a completely random solid solution.
From the Ti-Ti and Ti-Mg coordination numbers in a Mg, Ti;_,
alloy, the Chemical Short-Range Order (CSRO) parameter, s,
can be calculated as follows [22]

Niz
s=1—--—_ ‘""Mg (1)
(NTi—Ti + NTi—Mg)y
where s =0 would correspond to a random distribution of Mg
and Ti atoms, while s =1 to a complete segregation into pure

phases of Mg and Ti.
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Fig. 2 - k*-weighted background-subtracted x(k) for
samples 1, 2, 3, 4, and 5 (see Table 1) in the as-deposited
states. All spectra are measured in He at room
temperature. In the inset the absorption spectrum around
the K-edge for sample 1 is shown.

The measured s values are reported in Table 2. The error in
s is calculated assuming a +10% error in the coordination
numbers [23] while the error on the composition y, as
measured with RBS, is negligible.

XANES spectra are continuously recorded during the
hydrogenation and de-hydrogenation of the films. For all the
compositions the Ti absorption edge is identical to the one
measured for the reference Ti foil, indicating a purely metallic
state of the as-deposited samples. Fully hydrogenated films
are obtained by exposure of the as-deposited films to a 5% Hy/
He mixture for few minutes at room temperature, the end of
the hydrogenation being indicated by a stable XANES spec-
trum. Upon exposure to a 20% O,/He mixture for ~1h at
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Fig. 3 - (a) k*-weighted background-subtracted (k) and

(b) Magnitude and Imaginary part of the phase-uncorrected
Fourier transformed x(k) for sample 1. The fit (dashed line)
is optimized with Ak =3 — 11 A~' and AR = 2.0 — 3.4 A.

Table 2 - Fit parameters for samples 1, 2, 3, 3a, 4 and 5 in the as-deposited states: coordination number N, Debye-Waller

factor A¢?, distance R and inner potential correction AE,.

Sample Shell N Ad® (1072 A?) R (A) AE, (eV) y in Mg, Ti; CSRO, s

1 as-deposited Ti-Ti 7.7 12.6 2.90 1.97 0.53 0.18 +0.05
Ti-Mg 5.9 9.6 3.02 -1.02

2 as-deposited Ti-Ti 7.5 12.2 2.89 2.61 0.59 0.27 £0.05
Ti-Mg 5.7 8.1 3.02 -0.31

3 as-deposited Ti-Ti 6.7 12.1 2.89 1.87 0.70 0.32+0.04
Ti-Mg 6.1 12.7 3.03 -0.47

3a as-deposited Ti-Ti 6.1 11.0 2.89 2.11 0.72 0.38 +0.04
Ti-Mg 5.0 10.1 3.03 -0.17

4 as-deposited Ti-Ti 5.0 15.9 2.90 4.73 0.81 0.29 +£0.03
Ti-Mg 6.8 12.7 3.09 1.50

5 as-deposited Ti-Ti 5.0 18.3 2.93 224 0.90 0.35+0.03
Ti-Mg 7.1 8.9 3.09 1.76

1 de-hydrogenated Ti-Ti 6.8 13.4 2.89 3.44 0.53 0.16 £0.05
Ti-Mg 5.5 10.3 2.96 1.52

3a de-hydrogenated Ti-Ti 6.4 13.8 2.89 3.42 0.72 0.33+£0.04
Ti-Mg 5.9 10.6 3.03 0.61

5 de-hydrogenated Ti-Ti 5.8 22.1 3.00 2.88 0.90 0.37 £0.03
Ti-Mg 7.7 8.2 3.11 3.30




1454

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 34 (2009) 1450-1457

temperatures between room temperature and 100 °C,
depending on film composition, the hydrogenated films
release hydrogen and return to a metallic state. The compar-
ison between the as-deposited and the de-hydrogenated
metallic states, for three different compositions, is shown in
Fig. 4, together with the fitted s values. The slight differences
between the two metallic states (before and after hydroge-
nation) are mainly due to small changes in the coordination
numbers and to an increase in the amount of disorder of the
Ti-Ti shells.

4, Discussion

EXAFS data show that Mg, Ti;_, thin films do not form random
solid solutions and that a certain degree of atom rearrange-
mentis already present in the as-deposited films. The amount
of rearrangement does not depend strongly on composition:
a chemical short-range order of s ~0.3 is found for a broad
range of compositions. The slightly lower s values obtained for
the Ti-richer compositions are probably due to the higher total
deposition rates during sputtering (Table 1).

As shown in Fig. 5 the non-zero chemical short-range order
leads to ‘“‘spinodal-like” structures in the Mg,Ti;_, alloys.
Experimental evidence of such ‘“spinodal-like” structures,
characterized by compositional modulations with nanometer
wavelengths [22], with similar values for the chemical short-
range order parameters, has been reported both for amor-
phous [24] and crystalline [25] immiscible binary systems.
The pictures in Fig. 5 are indicative of the degree of decom-
position that occurs during films deposition and are generated
via 3D Monte Carlo simulations, assuming only nearest-
neighbor interactions and including periodic boundary
conditions.

The chemical short-range order arises during the high-
energy non-equilibrium deposition process, resulting in the
partial segregation into Mg-rich and Ti-rich domains which is
driven by the positive enthalpy of mixing of the two elements.
Such ordering is also responsible for the fast kinetics and the
exceptional robustness of these systems.

Comparison between the EXAFS spectra measured on the
as-deposited and the de-hydrogenated films indicates a high
structural reversibility of the Mg,Ti;_, alloys, even at an
atomic level. This result is particularly unexpected given the
strong segregating effect of hydrogen on many Mg-based
alloys, such as Mg-V [26], Mg-Sc [27], Mg-Y, Mg-La, Mg-Ce,
and Mg-Gd [14]. Furthermore RBS results and the analysis of
the absorption edge energies in the EXAFS spectra rule out
the hypothesis that the stability upon hydrogen cycling of the
Mg, Ti;_, films, is due to the presence of impurities in the
alloys or due to partial oxidation of the films.

The structural model developed to interpret the optical
and electrical properties of Mg, Ti; ,H, thin films [3] hypoth-
esized the coexistence of Mg-rich and Ti-rich nanosized
domains, within large coherent grains. This model is nicely
and quantitatively confirmed by the positive chemical short-
range order parameters measured by means of EXAFS (see
Fig. 6).

As already suggested by Borsa et al. [3], once a spinodal
coherent microstructure is formed upon film deposition, a key
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Fig. 4 - Magnitude and imaginary part of the phase-
uncorrected Fourier transformed x(k) for Mg 55Tio 47,
Mgo.72Tio.28 and Mgo.ooTio.10 both in the as-deposited (solid
line) and de-hydrogenated (dashed line) states. The
numerical values indicate the chemical short-range order
parameters obtained upon fitting.

ingredient for its stability is the similarity in the molar
volumes of Mg (13.97 cm®/mole) and TiH, (13.30 cm®/mole). Ti
has a more negative enthalpy of hydride formation than Mg,
thus forming a hydride at lower pressures. Given the presence
of chemical short-range order, the hydrogenation of our films
proceeds in the following way (see Fig. 6): at very low hydrogen
pressures a hydrogen solid solution forms in the Mg,Ti;_,
alloy producing a small expansion of the host lattice; with
increasing pressure the Ti-rich parts hydrogenate and the
internal lattice strains are substantially released by the coex-
istence of Mg and TiH, domains, thanks to the accidental
equality of the molar volumes of the two components;
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yin Mg, Tiq,

Random Alloy

As measured
with EXAFS

s=0.27

5=0.32

Fig. 5 - 3D-representation of Mg,Ti, _, alloys with compositions as in samples 1, 2, 3, 4 and 5 and chemical short-range
order parameters, s, as measured with EXAFS. For comparison the same compositions are shown for completely random

distribution of Mg and Ti atoms (s = 0).

a further increase of hydrogen pressure eventually causes Mg-
rich areas to form the di-hydride, MgH,. The coherency with
the fcc TiH, forces the MgH, to form in the fcc instead of the
rutile phase. The same steps are followed in reverse order
during unloading. As evidenced by XRD data the coherence of
the alloy is maintained in the whole process.

Hydrogen atoms in a Mg, Ti;_, alloy can occupy different
tetrahedral MgTi,_; interstitial sites, with 0 <j <4. Takinginto
account the different site energies and including the effect of
both short-range ordering and lattice distortions, Gremaud
et al. [28] have successfully fitted the pressure-optical-trans-
mission-isotherms measured by hydrogenography [29] on
Mg, Ti;_, thin films. The fitted values of the chemical short-
range order parameter are in excellent agreement with the
values measured in the present work with EXAFS and confirm
the reversibility of these systems upon several hydrogen
loading/unloading cycles.

Our measurements neatly confirm the structural picture
which was deduced on the basis of the optical transition
observed on hydrogenation. Note, that the thermodynamics
of the hydrogenation of Mg is hardly affected [29]. This can be
understood from the fact that the energy difference between
the fcc and rutile phases is small [30]. The advantage for
storage applications is that the fcc crystal structure allows for
a favorable kinetics of hydrogen diffusion [31].

The nanoscale short-range deviations from a random solid
solution measured in Mg, Ti, _yH, thin films make it possible to
understand quantitatively the hydrogen loading and unload-
ing mechanisms. They also provide an interpretation of the
non-trivial optical black state observed in the hydrogenated
state of Mg, Ti; ,H, thin films: the origin of this black state
cannot be explained within a simple effective medium
approximation. Recent ab initio density functional theory
calculations by van Setten et al. [32] reproduce the observed

Fig. 6 - Enlargement of the Mg, ;Tio 3 sample in Fig. 5, highlighting the “cluster-like” structure of the Mg, Ti,_, thin films.
(a) Schematic representation of a coherent crystalline grain consisting of a Mg and a Ti region,; (b) the same crystalline grain
after hydrogen uptake in the Ti sites, at low hydrogen pressures; (c) and in the fully hydrogenated state [3]. Note that the
cartoons are only meant as an illustration of the stress-releasing intermediate state (b), when Ti has formed TiH, but Mg is
still in its metallic state. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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optical reflection and transmission spectra, taking into
account a certain degree of ordering in the distribution of
atoms in Mg, Ti;_,H, super cells and including both inter-band
and intra-band contributions to the dielectric function.

5. Conclusions

As standard X-ray diffraction techniques alone are inadequate
for systems of immiscible elements [12], we combined XRD
and EXAFS to study the local structure of Mg-Ti-H alloys. We
show that in Mg, Ti;_, thin films the distribution of Mg and Ti
atoms is not random and that a certain level of local chemical
segregation occurs, without affecting the long-range struc-
tural coherence of the film. The amount of segregation
depends weakly on composition and is stable upon cycling
with hydrogen. The “spinodal-like” distribution of atoms,
suggested by Monte Carlo simulations, allows to understand
the robustness of the system in terms of an accidental
equality in the molar volumes of Mg and TiH,. This kind of
microstructure is of particular technological interest in the
synthesis of new metastable materials, with high hydrogen
storage capacities and fast hydrogen absorption and desorp-
tion kinetics. By applying the proper synthesis techniques one
may thus aim to stabilize crystal structures not feasible
according to basic thermodynamics. Our work shows that the
possibilities to optimize the properties of hydrogen storage
materials are more abundant than previously envisaged.
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