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Effect of the Deposition Technique on the Metallurgy and

Hydrogen Storage Characteristics of Metastable Mg, Ti

Thin Films

-y)

P. Vermeulen,” R. A. H. Niessen,” D. M. Borsa,® B. Dam, R. Griessen,® and

P. H. L. Notten™"*

Emdhoven University of Technology, 5600 MB Eindhoven, The Netherlands
Phlltps Research Laboratories, 5656 AE Eindhoven, The Netherlands
“Vrije Universiteit, 1081 HV Amsterdam, The Netherlands

Mg, Ti(_y) alloys with 0.50 <y <

1.00 were prepared by electron beam deposition and magnetron co-sputter deposition. The

effects of the deposition technique are discussed in two ways; the metallurgy of the as-deposited films and the hydrogen storage
characteristics. In spite of the fact that for both preparation methods similar unit cell dimensions are found, the broader X-ray
diffraction peaks of e-beam deposited alloys indicate a relatively small grain size. Electrochemical characterization of the com-
pounds upon (de)hydrogenation shows that the deposition method does not significantly influence the hydrogen capacity and
kinetics. Moreover, essentially the same cycle-life behavior is found for both types of alloys.
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The development of solid-state materials capable of storing hy-
drogen with a high volumetric and gravimetric energy density is
required for the use of hydrogen as energy carrier in a future hydro-
gen economy. Solid-state hydrogen storage materials, with a gravi-
metric storage capacity of 1.1 wt % of hydrogen are already being
used on a large scale as metal hydride (MHP electrode in recharge-
able nickel-metal hydride (NiMH) batteries. "~ Much research effort
is still aimed at improving properties of this electrode material, such
as corrosion resistance, rate-capability, and reversible hydrogen stor-
age capacity.S'5 A storage capacity of at least 6 wt % of hydrogen
was set by the U.S. Department of Energy to accomplish essential
breakthroughs in the field of gas-phase and electrochemically-driven
devices.® As the commercially available MH materials mentioned
above do not satisfy this requirement, new materials must be found.
These are often based on Mg, as it is lightweight, cheap, and can
reversibly store up to two hydrogen atoms per Mg atom. From a
gravimetric point of view, it would be advantageous to use pure Mg
as hydrogen storage material. However, several disadvantages re-
lated to the extremely poor hydrogen d1ffu91on in the hydrided form
prevent pure Mg from being employed

Several methods have been proposed to circumvent this problem.
Wagemans et al. showed that the hydrogen storage properties of
Mg can be enhanced by decreasing the particle size of the
crystallltes They calculated that decreasing the grain size of mag-
nesium hydride below ~ 1.3 nm results in a substantial decrease of
the hydrogen desorption enthalpy. Another method to enhance the
hydrogen storage properties of Mg is to substitute part of the atoms
by another element, preferably also lightweight to retain its high
energy density. It is well known that alloying magnesium with a
transition metal (TM) can result in a significant enhancement of the
kinetics, like for example Mg,Ni. Unfortunately, TMs such as Ti, V,
and Cr are immiscible with Mg and alloys can therefore not be
prepared by conventional methods.” However, Mg was successfully
alloyed with Ti, V, and Cr using a complex anvil-cell technique that
requires extreme temperatures and pressures.m'l

Quite surprisingly, it was recently found that similar Mg-alloys
could also be prepared by electron beam deposition at room
temperature.13 'S These alloys were found to be crystalline and
single-phase. Electrochemical (de)hydrogenation showed that their
hydrogen storage characteristics were enhanced with respect to
MgH,. The reasoning behind this was that the crystal structure of
the alloying metal (Sc, Ti, V, and Cr) could be stabilized even up to
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very high Mg-contents, resulting in more favorable hydrogen trans-
port properties. ~ The experiments indicated that for hydrogen stor-
age purposes the Mg-Ti alloy revealed superior characteristics. Re-
cently, Borsa et al. found that the remarkable optical properties of
Mg, Ti(;_,)H, offer also possibilities for the application of these al-
loys as switchable smart coating in solar collectors. 1

In this paper, we show that the relevant properties of MgTi alloys
do not depend significantly on the deposition technique by compar-
ing sputtered and e-beam deposited (EBD) films.

Experimental

Electron beam deposited, 200 nm thick, Mg, Ti(;_) thin films
with 0.05 = y < 1.00 were prepared on thoroughly cleaned quartz
substrates (@ 20 mm) at low base pressures (1 X 1078 to 1
X 1077 mbar). The Mg, Ti(;,) alloys were coated with 10 nm Pd to
prevent oxidation. Moreover, Pd catalyzes the charge transfer reac-
tion during electrochemical (de)hydrogenation. Direct current (dc)/
radio frequency (rf) magnetron co-sputtered Mg, Ti(;_,) (v = 0.70,
0.80, and 0.90) thin films with a nominal thickness of 200 nm were
prepared on similar substrates. Similar to the EBD films, the
ngTi(l_y) layers were covered with 10 nm Pd. Rutherford back-
scattering spectroscopy (RBS) was used to determine the thickness
and composition of the as-deposited thin films which are used to
calculate the hydrogen storage capacity. Here, the influence of the
Pd layer was not taken into account as the maximum deviation that
can occur was limited to 3%. X-ray diffraction (XRD) measure-
ments were performed using a Panalytical X’Pert MPD PRO diffrac-
tometer, equipped with a Cu source and a X’Celerator detector.
Electrochemical characterization of the metallic films at room tem-
perature in a strong alkaline environment (6 M KOH) was carried
out using an Autolab PGSTAT30 (Ecochemie, The Netherlands).
Special care was taken to avoid oxygen in the electrolyte as it is
known that it can affect, among other thlngs the electrochemical
potential and hydrogen storage capa01ty ¥ The electrochemical po-
tential was measured vs a Hg/HgO reference electrode (Koslow
Scientific Company, USA). ' The cutoff potential was set to 0 V in
all electrochemical experiments.

Results and Discussion

The crystallographic orientation of the thin films prepared by
magnetron co-sputtering and EBD was determined by means of
XRD. The XRD spectrum of a sputtered Mg goTipoo thin film is
depicted in Fig. 1. A very intense peak was observed at 26
=35.4° and is associated with a hexagonal close-packed (hcp)
Mg-Ti unit cell. The 002 reflection shifted with respect to the posi-
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Figure 1. XRD spectrum of an as-deposited Mg goTip,o thin film with a
thickness of 200 nm and a 10 nm thick Pd topcoat prepared by means of
dc/rf magnetron co-sputtering. Inset: the XRD spectrum of a similar compo-
sition prepared by means of electron beam deposition. Note the difference of
the vertical intensity scales.

tions of both pure Mg (34.4° 20) and Ti (38.4°20) due to a solid
solution of Ti in Mg. The shift of the position of the 002 peak to
larger angles (smaller interatomic distances) with respect to pure Mg
is a direct consequence of the smaller molar volume of Ti as com-
pared to Mg.20 In contrast to these findings, Richardson et al. and
Farangis et al. determined that Mg-Ti thin films, within a similar
composition range and also prepared by magnetron co-sputtering,
were amorphous. Apparently, the deposition conditions (tem-
perature, deposition rate, etc.) influence the crystallography of the
films significantly. As a comparison, the XRD spectrum of a
Mgy goTigoo alloy prepared by EBD is depicted in the inset in
Fig. 1.7 It is apparent that the intensity of the peaks is different for
the two deposition methods. The 002 refection is very intense for the
co-sputtered compounds, whereas the EBD thin films show a much
weaker reflection. This is discussed in more detail below.

The 002 peaks for EBD and magnetron co-sputtered Mg, Ti(;_y)
alloys are shown in Fig. 2. Note that the peaks of the EBD
Mg 50Tig 50 and Mg 7¢Tig 39 alloys are not included in this figure as
their intensities were extremely low. Due to the intensity difference
of the 002 reflections for both deposition techniques, the scale of the
y-axis is adjusted to depict the peaks appropriately. The most notable
observation is that the peak positions seem to be almost independent
of the deposition method used, which implies that the geometries of
the unit cells of the alloys are very similar. However, the width of
the peaks is clearly dependent on the deposition technique. Electron
beam deposited Mg, Ti(;_,) layers reveal relatively broad peaks in
comparison to sputtered films, indicating a difference in grain size.
To quantify the difference, we used the Scherrer equation

D = K\/By, cos 6 [1]

where D is the diameter of the particle, K is the shape factor (typical
value is 0.9), N is the wavelength of the incident beam (1.54 A),
By, is the linewidth in radians at half-maximum peak intensity, and
0 is the Bragg angle.23 B, must be corrected for broadening origi-
nating from the instrument (Bj,,) and takes the form

B%/2 = B(Z)bs - Biznstr [2]
where B, is the observed width. However, as in our case
Bobs > Binslr [3]
Eq. 1 simplifies to
D = K\/Bg cos 0 (4]
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Figure 2. Evolution of the 002 reflection as a function of Ti-content for (A)
e-beam deposited and (B) magnetron co-sputtered Mg, Ti,_,) alloys.

Before determining the grain size it must be noted that the 002
peaks of the films have a double-peak structure, which is most pro-
nounced for the sputtered films due to their relatively narrow peaks.
This structure is caused by the fact that Cu radiation used in the
XRD measurements consists of two characteristic lines, viz. Cu Ko
(N = 1.5404 A) and Cu Ka, (A = 1.5443 A). Keeping in mind that
the linewidth at half-maximum peak intensity (B),,) is related to one
of the peaks, we obtain, on average, a particle diameter of 28 nm for
EBD compounds and 52 nm for sputtered alloys. This difference
must be due to the deposition technique and the associated deposi-
tion conditions as the chemistry is the same.

To determine the effects of the deposition technique on the hy-
drogen storage properties, electrochemical measurements are per-
formed to (de)hydrogenate the metallic films. In general, two reac-
tions are involved in (de)hydrogenation. Starting from the as-
deposited state, H,O is reduced at the metal (M) surface to form
adsorbed hydrogen atoms (H,q) and hydroxyl ions. This reaction can
be represented by

M + H,0 + e~ & MH,, + OH™ [5]

Hereafter, H,y is absorbed into the crystal lattice of the host
metal and forms absorbed atomic hydrogen (H,,) according to

MHad A4 MHabs [6]

During dehydrogenation the reverse reactions take place.
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Figure 3. CVs of (A) e-beam deposited and (B) magnetron co-sputtered
Mg Ti3 films in the range O to — 1.2 V using a scan rate of 0.5 mV/s. The
specific features of the curves are denoted (a) to (e).

Figure 3 shows the cyclic voltammograms (CVs) of the first two
cycles of Mg 70Tig30 films in the range —1.2 to O V using a scan
rate of 0.5 mV/s. This particular range is chosen because previous
galvanostatic measurements showed that within this range the
(de)hydrogenation reactions of MgTi alloys take place.M’15 Starting
from the as-deposited state of the e-beam deposited alloy at 0 V
(Fig. 3A, black curve), there is nearly no current flowing down to a
potential of —0.7 V. Hereafter, the current decreases toward more
negative values and reaches a local minimum at —0.88 V denoted by
(a). This peak, which is also observed during galvanostatic measure-
ments, has been attributed to the irreversible hydrogenation part of
the compound.m’I5 Decreasing the potential beyond —0.88 V results
in a small plateau, however, it quickly declines again down to
—11 A/g at —1.04 V (peak b). The corresponding reaction is further
hydrogenation of the Mg, 70Tip30 alloy and a phase transition is
most likely involved. After the maximum H storage capacity is
reached, the current increases, only to decrease rapidly at more
negative potentials due to the formation of hydrogen gas according
to

2MH, & 2M + H,y(1) [7]

During scanning toward less negative potentials, the first peak (c)
observed is related to a broad (3-solid solution, commonly found for
Mg, Ti(_y) alloys.M’15 Also, a small peak is observed and can be
related to the dehydrogenation of the Pd topcoat. Hereafter, the
Mg 70Tig30H, transforms from 3 to the o phase which manifests
itself at —0.51 V (peak d). During the second hydrogenation (gray
curve), the first cathodic peak (e) corresponds to hydrogenating the

Electrochemical and Solid-State Letters, 9 (11) A520-A523 (2006)
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Figure 4. Discharge capacity (Qy) vs the Mg-content in Mg, Ti(_,) alloys.
A distinction is made between the discharge capacity obtained using
high-rate discharging (+0.12 mA; closed symbols) and low-rate discharging
(+0.012 mA; open symbols). The data corresponding to electron beam de-
posited thin films are represented by triangles, whereas magnetron co-
sputtered compounds are indicated by diamonds.

MgTi alloy. Note that in line with the comments above, the second
hydrogenation does not show any features that resemble peak (a) in
the first hydrogenation, illustrating its irreversible nature. The irre-
versibility of the hydrogenation leads to a lower hydrogenation ca-
pacity during the second hydrogen insertion. Moreover, it is evident
that the overpotential necessary for the second hydrogenation reac-
tion to proceed steadily is significantly decreased in comparison to
the first cycle. In contrast, the peak positions and peak areas during
the first and second dehydrogenation are not significantly changed
illustrating that the rate-capability as well as the reversible H storage
capacity are approximately constant. Figure 3B shows that very
similar voltammograms are observed for the magnetron co-sputtered
Mg 70Tig 30 thin film, stressing that the electrochemistry of both
layers is approximately analogous.

The effect of the Ti-content in Mg, Ti(,_,) alloys on the discharge
capacity (Qq) is determined by first hydrogenating the metallic
layers with a current of —0.6 mA. Hereafter, a high-rate current
(+0.12 mA) and additionally a low-rate current (+0.012 mA) are
used to extract the hydrogen atoms. The corresponding H discharge
capacities are shown for e-beam deposited and sputtered films in
Fig. 4. For both preparation methods, the Mg gyTi,9 composition
exhibits the highest reversible hydrogen storage capacity of
~6 wt % of H. Moreover, its reversible H capacity using high-rate
discharging, i.e., within 2 h at room temperature, is superior to the
other compositions, indicating a good rate-capability. This is espe-
cially desirable for high-drain applications where the need of a high
current is vital for the device to work properly. In Fig. 4 the depen-
dence of the composition reveals two specific regions; for
Mg, Ti(;_,) with 0.85 < y < 1.00 an extremely poor rate-capability
is found whereas below 85 atom % Mg the rate-capability is excel-
lent. A possible explanation can be found in the crYStallography of
these alloys, as has been reported in the past.13’15’ ® There, it was
shown that hydrided Mg-based alloys with a Mg-content below 85
atom % have a fluorite-type structure, whereas for higher Mg-
contents they crystallize in the rutile-type structure, commonly ob-
served for MgH,. Research is currently in progress to monitor the
crystallography in situ as a function of H and Mg-content.

Finally, apart from a high gravimetric energy density, a good
cycle-life performance is one of the main requirements for future
applications. The electrochemical cycle-life behavior is measured by
applying a high-rate and, subsequently, a low-rate discharge current
of 0.12 mA (~1000 mA/g) and 0.012 mA (~ 100 mA/g), respec-
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Figure 5. Discharge capacity (Q,) determined by high-rate (+0.12 mA) and
additionally low-rate (+0.012 mA) dehydrogenation vs cycle number for (a)
electron beam deposited and (b) sputtered Mgg,Tiy, thin films.

tively. The results of Mg g9Ti( - alloys prepared by both deposition
techniques are depicted in Fig. 5. Up to 11 cycles the EBD films
reveal a nearly constant reversible hydrogen storage capacity which,
hereafter, slowly decreases (curve a). However, the declining revers-
ible H capacity is by no means related to the intrinsic storage ca-
pacity as the metallic films were delaminating after 11 cycles as
reported before." For the sputtered compounds (curve b), the re-
versible capacity is approximately constant up to 15 cycles. Beyond
15 cycles, delamination also causes the reversible hydrogen storage
capacity to decrease. The somewhat better cycle-life of the sputtered
films compared to that of the e-beam deposited alloys is related to
their stronger adhesion to the substrate. Aside from this observation,
gas phase (de)hydrogenation has shown that the cycle-life of sput-
tered Mg-Ti alloys easily surpasses 100 cycles, indeed revealing the
perfect intrinsic recz/cle-ability properties of these MgTi hydrogen
storage compounds.™

Conclusions

The influence of the preparation method (sputtering and EBD) on
the metallurgy and electrochemical hydrogen storage properties of
metastable Mg, Ti(_,) has been studied in detail. Only minor differ-

ences in the crystallography of the as-deposited films have been
found. Although the unit cell dimensions are identical, for sputtered
films the grain size is found to be larger and the preferred orientation
is somewhat stronger.

The hydrogen storage properties of EBD and co-sputtered alloys
have been studied electrochemically. In spite of the fact that the
overpotential is somewhat lower in the case of sputtered films, the
overall response is found to be independent of the deposition tech-

nique. Moreover, a very similar compositional dependence on the
rate-capability is found, indicating two specific regions that could be
related to a fluorite-type structure for Mg, Ti(;_,) with y < 0.85
atom %. Above this critical composition, the diminishing rate-
capability indicates the formation of the rutile-type MgH, structure.
Finally, an analogous cycle-life behavior is found for the two meth-
ods. The diminishing discharge capacity of the compounds after
about 12 cycles is related to the delamination of the metallic films
from the substrate.
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