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a b s t r a c t

An infrared imaging set-up and our own data treatment methodology have been developed to investigate
hydrogen storage properties of combinatorial metallic thin-film libraries in situ. The technique has been
tested by analysing the kinetics of hydrogen sorption and desorption in pure metallic magnesium films
and in compositional-spread Mg–Ti libraries. Thermography was used to screen the surface emissivity
of the libraries, since hydrogenated and dehydrogenated phases present very different values of this
eywords:
nfrared thermography

gTi
ydrogen storage
ombinatorial or high throughput

property. The proposed data treatment allows for direct visualisation of onset reaction temperatures
(Thydrogenation and Tdehydrogenation) in function of composition which, in the present case, clearly reveals the
catalytic influence of titanium on the kinetic properties of magnesium film dehydrogenation.

© 2011 Elsevier B.V. All rights reserved.
hin films
inetic analysis

. Introduction

One of the main drawbacks for moving towards a clean hydro-
en energy economy is the lack of efficient, safe hydrogen storage
echnology. Nowadays, solid state storage is seen as one of the
ossible alternatives to high pressure gas tanks, which are con-
idered to have safety concerns. Solid hydrides presenting high
olumetric and gravimetric densities are needed to provide all the
echnical and economic requirements for the real development and
mplantation of such technology. In order to speed up efforts to
nd lightweight metal and complex hydrides as promising stor-
ge materials, a great deal of work has been done in recent years
o develop combinatorial synthesis and high-throughput screening

ethodologies, mainly based on the thin-film approach [1–11].
Unfortunately, standard characterization methods of gas/solid

nteractions in bulk samples, such as volumetric (e.g. Sieverts) and
ravimetric (e.g. thermogravimetric analysis – TGA) techniques,
annot be used in such low-volume systems. The development
f in situ screening techniques for spatially controlled or compo-

itionally graded thin-film libraries has become a key factor for
he success of the combinatorial approach. Optical methods have
ecently been confirmed as powerful techniques due to their appar-
nt simplicity and low cost. In 1996, Huiberts et al. [12] observed

∗ Corresponding author. Tel.: +34 935811481; fax: +34 935812155.
E-mail address: gemma.garcia@uab.cat (G. Garcia).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.03.118
real-time transition from metallic to semiconducting states dur-
ing hydrogen absorption in several thin films. Since then, the
large optical property changes observed during hydrogenation of
thin films have been used in a large number of high-throughput
screening applications such as catalysts for hydrogen production
[13], localised hydrogen sensors using optical fibres [14], switch-
able mirrors [15,16] and solar cell collectors [17,18]. Based on
these optical reflective changes, Griessen et al. developed the
hydrogenography technique [3,5] which allows the simultane-
ous determination of hydrogenation enthalpies of thousand-alloy
compositions [4,19], thus enabling the combinatorial study of ther-
modynamics and kinetics of novel hydrogen storage alloys. While
hydrogenography is based on optical transmission/reflection vari-
ations during hydrogenation, the infrared (IR) imaging initially
proposed by Olk et al. [1,2] detects changes in emissivity. In conven-
tional bulk samples hydrogenation and dehydrogenation reactions
are also accompanied by changes in temperature, due to large reac-
tion enthalpies (�H), which can be detected by thermography.
Nevertheless, in the case of thin films, especially when deposited
on highly conducting substrates such as silicon or sapphire, the
temperature variation induced by the energetics of the transfor-
mation is much lower than the apparent temperature shifts due

to surface emissivity variations, thus making screening of emissiv-
ity changes a more effective and precise methodology. Successful
infrared screening of in situ alloy hydrogenation has already been
reported by Olk et al. [1,2] in the multicompositional Mg–Ni–Fe
system, more recently by Guerin et al. [7] and Oguchi et al. [8,9] in

dx.doi.org/10.1016/j.jallcom.2011.03.118
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he Mg–Ni system, and by our group in the Mg–Al and Mg–Fe–Cu
ystems [11]. Apart from the studies where the effect of alloy com-
osition and microstructure on the hydrogenation properties have
een thoroughly analysed, other studies have also recently demon-
trated the use of IR imaging to characterise heterogeneous growth
rocesses of the hydride phase on solid-state hydrogen storage
aterials such as Mg–Ti [20] and solving multiple phase transi-

ions that can be found during hydrogen cycling, as in the case of
ttrium film [21].

This paper describes the optimisation of infrared thermography
s a time-resolved monitoring tool for analysis of the hydrid-
ng/dehydriding kinetic properties of a magnesium–titanium
ombinatorial thin-film library. A specific data treatment, enabling
apid screening of the hydrogen sorbing and desorbing tempera-
ures during heating ramps as a function of the library composition,
as been developed in order to generate reaction temperature maps
hich could directly identify superior hydride or hydride-promoter

ombination formulations. The Mg–Ti system was chosen due to
he fast hydrogen reaction kinetics demonstrated in bulk [22] as
ell as in thin films [23–25].

. Experimental

.1. Infrared screening technique

The principle of infrared thermography is based on the physical phenomenon
hat any body at a temperature above absolute zero emits electromagnetic radiation.
y determining its radiation power (W), the temperature of an object can thereby
e determined in a non-contact way using the Stefan–Boltzmann law Eq. (1):

= �εT4 (1)

The radiated power is thus proportional to the fourth power of the temper-
ture and varies linearly with the emissivity (ε), where the Stefan–Boltzmann
onstant � = 5.7 × 10−8 W m−2 K−4. In addition, in the mid-to-far infrared range, the
agen–Rubens relation Eq. (2) can be applied, which links the emissivity of a body
ith its resistivity:

= 2(2ε0ω�)1/2 (2)

here ε0 is the vacuum dielectric constant, ω is the angular frequency of the elec-
romagnetic wave and � is the resistivity of the material. From this equation, we
an conclude that insulators or semiconductors will generally have higher emissivi-
ies than metals. Consequently, as metal hydrides usually present higher resistivities
han their corresponding pure metals, emissivity analysis can be successfully applied
o monitor their hydrogenation and dehydrogenation.

Since infrared imaging is a non-contact procedure, the radiation travels over a
ertain distance and through several media before reaching the detector. Actually,
large part of the radiation emitted by the sample is partially reflected by the IR

amera lenses and is partially reabsorbed either by the atmosphere either inside or
utside the experimental chamber or by the screening window. Thus, the effective
easured radiation (W′), is automatically converted via the camera software into

n apparent temperature (Ta) defined as:

a =
(

W ′

�

)1/4

= T(ε)1/4 (3)

Any change in the measured Ta will be directly related to variations in sam-
le emissivity and thus will be used to detect hydrogenation or dehydrogenation
eactions in combinatorial samples.

.2. Hydrogenation chamber

Hydrogenation treatments and in situ thermographic characterisations are per-
ormed in a chamber where pressure can vary from high vacuum to 1 bar of pure
r mixed He and H2 atmosphere and from room temperature to 300 ◦C (Fig. 1). An
nfrared camera, Jenoptik IR-TCM 384, was mounted above a ZnSe chamber view-
ort to record the sample IR images (388 × 284 data point/image) during thermal
reatments. Before the experiments, the main chamber was purged with helium

hree times to minimize the presence of oxygen and moisture. IR image acquisi-
ion and thermal treatments were lumped together to assign a temperature/time
orrespondence during constant heating and isothermal treatments. Irbis 3.0 soft-
are provided by JENOPTIK allows visualization and basic feature analysis of IR

mages such as determination of the single point apparent temperature, average
emperature over a selected surface and temperature profiles of any path.
Fig. 1. Scheme of the infrared thermography experimental set-up.

2.3. Preparation of thin-film magnesium–titanium libraries

The Mg–Ti libraries were prepared on 3 cm × 3 cm Si substrates using DC sputter-
ing in the co-deposition compositional-graded approach. The combinatorial growth
is based on the natural thickness gradient ensured by an off-axis tilting of the metal-
lic target guns and non-rotation of the substrate. Mg (200 W) and Ti (150 W) were
co-evaporated simultaneously at 2 × 10−2 mbar of Ar, to obtain a mixture of Mg and
Ti which produced a library with a thickness of 130 ± 20 nm. Finally, the library was
capped with a uniform 10 nm Pd (25 W) layer. All films were deposited at room
temperature. The palladium cap layer was added to catalyse the hydrogen molecule
dissociation, thus improving the kinetic properties of the magnesium and drastically
reducing the absorption and desorption temperatures even to room temperature
[14,26–29]. The composition of the library was estimated by energy dispersive X-ray
spectroscopy over 16 points distributed across the sample forming a 4 × 4 matrix.

3. Results and discussion

3.1. Thermography optimization

The feasibility of the experimental setup was first checked by
characterising simple systems such as metallic Cu and Mg thin
films (210 nm) and then comparing their behaviour with that of
a semiconducting sample, i.e. silicon wafer. A cap layer of 10 nm
Pd was used on top of magnesium to ensure atomic hydrogen dif-
fusion while avoiding any further oxidation. To simulate identical
surface conditions, the copper layer was also coated with 10 nm
of palladium. The experiment consisted of heating up the samples
in helium (1 bar) at 10 ◦C/min up to 150 ◦C, consecutively intro-
ducing pure hydrogen in the chamber for 1 h, cooling down the
sample to ambient temperature, followed by a heating ramp up
to 250 ◦C in helium at 10 ◦C/min. These experimental parameters
(temperatures, pressure, gases) were selected in order to check
the conditions that will be used in further analyses to perform
hydrogenation and dehydrogenation reactions. Fig. 2 shows the IR
thermographs acquired for the three representative samples at dif-
ferent times of the whole treatment: (a) at 150 ◦C in 1 bar He; (b)
after 1 h of treatment at 150 ◦C in 1 bar H2, and (c) after helium
annealing at 215 ◦C. As clearly seen in Fig. 1 the samples show
a different, but uniform, apparent temperature over their entire
surface.

At 150 ◦C in He (Fig. 2a), both metallic copper and magnesium
films present a similar apparent temperature, but it is lower than
that of the semiconducting Si substrate, in agreement with the

Hagen–Rubens law. On the other hand, when samples are annealed
in hydrogen (Fig. 2b) only Mg film emissivity, and thus its Ta,
changes due to the formation of semiconducting MgH2 hydride.
As expected, neither the Cu film nor the silicon absorbs hydro-
gen under the studied experimental conditions and their apparent
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ig. 2. Thermal images of silicon substrate, and Cu and Mg thin films coated with
nd (c) after heated at 215 ◦C in He – after dehydrogenation treatment. (For interp
ersion of the article.)

emperatures remain unchanged. Fig. 2c shows the thermograph
aptured during the heating ramp up to 250 ◦C in helium, which
as done in order to force dehydrogenation. As seen in the image

cquired at 215 ◦C, the magnesium sample recovers its initial appar-
nt temperature thus confirming the fact that the dehydrogenation
rocess has taken place by transforming the former hydride into
metallic Mg film. Note that the experimental parameters of

he three selected thermographs correspond to three representa-
ive states: the initial-metallic, hydrogenated-semiconducting and
nal-metallic state of the magnesium sample and not to any tran-
ition condition threshold. The previous experiment also confirms
he negligible effect of thin Pd films (10 nm) on emissivity changes
rising from the formation of the PdHx compound, as was expected
rom the work of Oguchi et al. [8], which sets the critical blocking
hickness at 30 nm.

Although information can be directly extracted from a sin-
le image, the determination of exact reaction temperatures as a
unction of time, and/or sample composition, especially in combi-
atorial libraries, requires detailed data analysis. To this end, image
equences were acquired at 10 images per minute and each of
hem was transformed into an ASCII format matrix of 388 × 284
ixels. Each pixel corresponded to the apparent temperature at
particular point of the sample surface and thus to a precise

ample composition. Matlab® routines were developed to math-
matically analyse the evolution of apparent temperature with
emperature for each matrix pixel allowing for the extraction of

he de/hydrogenation temperature onsets.

An example of the Ta change during a heating ramp, in order
o produce dehydrogenation, is shown in Fig. 3. In this case, we
eated up a 210 nm thick magnesium film coated with 10 nm pal-

ig. 3. Apparent temperature of 210 nm Mg coated with 10 nm Pd in 10 and
00 mbar of pure hydrogen versus temperature (heating rate of 10 ◦C/min).
of Pd; (a) at 150 ◦C in He, (b) after 1 h at 150 ◦C in H2 – hydrogenation conditions
n of the references to color in this figure legend, the reader is referred to the web

ladium at 10 ◦C/min at two different hydrogen partial pressures,
10 and 100 mbar. The Mg samples were previously hydrogenated
in 1 bar of H2 at 100 ◦C for 1 h and cooled down to room tem-
perature. Ta increases monotonously with temperature following
the heating ramp until a temperature where the semiconducting
MgH2 transforms into pure metallic Mg and Ta decreases abruptly.
After hydrogen desorption, the apparent temperature of the sam-
ples increases again due to the temperature ramp. Furthermore,
as expected, desorption at lower partial pressure (10 mbar) takes
place at a lower temperature (around 145 ◦C) than at higher pres-
sure (PH2 = 100 mbar), which occurs at about 175 ◦C.

The determination of onset reaction temperatures by defin-
ing the Ta slope deviation point in heating ramp procedures is
not always easy and complementary data treatment is needed to
accurately determine the transition values. To this end, we have
developed and applied the so-called differential data treatment
to all measurements. The apparent temperature of the metallic
heater surface (TH) is simultaneously acquired and subtracted from
the sample apparent temperature (Ta). The stainless steel metal-
lic heater presents low emissivity, typical of metals, and is not
expected to react within the studied range of temperatures and
hydrogen partial pressure. Its apparent temperature (TH) evolu-
tion can thus be used as a background reference. This data analysis
methodology allows discriminating Ta changes produced by heat-
ing or cooling from those really corresponding to any hydride
formation or decomposition as well as to any other chemical reac-
tion that produces a variation in emissivity.

3.2. Mg–Ti thin-film library characterisation

Interpolation of EDS content values using a second-order poly-
nomial enables evaluation of the total surface composition map
shown in Fig. 4. The magnesium gradient almost follows a linear
trend from one side of the library to the other. The gradient varies
from 98 at.% to 69 at.% The corresponding titanium compositional
gradient shows an opposing trend as it changes from 2 to 31 at.%.

Infrared imaging was then used to monitor the dehydrogena-
tion process of the library that was previously in situ hydrogenated
in 1 bar of pure H2 for 60 min at 100 ◦C. Dehydrogenation was per-
formed by heating up the sample to 170 ◦C in pure helium at a
rate of 10 ◦C/min. Kinetic analysis is limited to the dehydrogenation
process as almost all the complete library hydrogenated instanta-
neously at room temperature after hydrogen was introduced into
the chamber. Changes in emissivity to hydrogenated values were
so rapid, compared with the camera acquisition time, that we were
unable to analyse the hydrogenation process. Visual inspection of

the thermograph sequences gives a general trend of the effect of
titanium content on desorption temperatures, as shown in Fig. 5,
which shows four instants of the heating sequence.

As seen in Fig. 5, the whole surface of the library shows a uni-
form Ta, at lower temperature, with a clear colour corresponding
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ig. 4. Interpolated Mg–Ti compositional graded map over the 3 cm × 3 cm sample
urface in % atomic of magnesium.

o the hydrogenated state. When the temperature is increased,
he emissivity changes from the semiconductor state – clearer
ones (hydrogenated) to the metallic state – darker zones (dehy-
rogenated) states. As the library was placed in such a way that
he titanium-rich part is found in the upper part of the images, we
learly see that hydrogen desorption, i.e. the transition from clear
o dark images, starts in the upper Ti-rich area of the sample. As
he temperature increases, the dark areas spread to the lower part
f the sample which reaches an almost uniform dark aspect that
orresponds to complete dehydrogenation.

Applying the data treatment procedure described above to the
mage sequences, we have constructed an onset dehydrogenation
emperature map (Fig. 6a), where image data is converted into
sable values. This illustrates the ability of infrared thermography
or high-throughput characterisation of metal hydride libraries. In
his map, we have assigned a desorption onset temperature to any
oint of the compositional library surface. If we then compare the
ehydrogenation map with the compositional map, we can confirm
hat was already expected from the thermal image sequences, i.e.

he dehydrogenation temperature clearly decreases with increase
f Ti content, as has been described in the literature [29–34].

An exact direct relation between dehydrogenation temperature
nd titanium content is extracted by merging the two data maps
Fig. 6b). Clearly for Mg–Ti alloys in the measured range, i.e. with
itanium ranging from 2 to 31 at.%, the dehydrogenation tempera-
ure decreases as the titanium content increases from 143 ◦C ± 3 ◦C
o 94 ◦C ± 3 ◦C which confirms its catalytic effect on desorption.
hese values agree quite well with dehydrogenation onset tem-

eratures measured by our group using nanocalorimetry [25] on
iscrete compositions, Tdehydro ≈ 140 ◦C for pure magnesium film
200 nm) and Tdehydro ≈ around 90 ◦C for Mg80Ti20 film (200 nm).
he error bar shown in Fig. 6b is defined by averaging the onset
emperature along the X axis i.e. along almost-uniform magnesium

ig. 5. IR images evolution during annealing in 1 bar of He at 10 ◦C/min. Clear zones
orrespond to low Ta, while dark areas correspond to dark zone high Ta.
Fig. 6. (a) Tdehydrogenation map for the dehydrogenation and (b) variation of
Tdehydrogenation as a function of titanium content.

compositions. This representation highlights the fact that desorp-
tion temperature decreases at different rates in function of titanium
content. Two zones can be clearly defined, from 2 to ∼10 at.% where
the variation of the hydrogen desorption temperature in function
of titanium content only decreases by 5 ◦C, i.e. 3.5%, and a region
from 12 to 31 at.%, where the desorption temperature drops more
than 40 ◦C (≈30%).

Although it is tempting to relate those two desorption
behaviours to the two hydride phases observed by other authors
[29–34]: a centred tetragonal structure for Ti < 10 at.% and a face
cubic-centred structure for large Ti > 12 at.%, which is claimed to be
responsible for the difference in the transport properties observed
in function of titanium content, further characterization of our
libraries is needed to confirm this probable hypothesis.

4. Conclusions

We have both prepared and characterized MgTi combinatorial
libraries using the co-sputtering technique. IR thermography was
successfully applied as a high-throughput technique to charac-
terise the hydrogen desorption kinetics in this composition-graded

library. The developed data processing routines enabled the
determination of dehydrogenation temperature maps for each
composition/pixel of the library. By previously determining the
composition map of the sample, we were able to match both maps
and assign a Tdehydrogenation to titanium content. We have thus cor-
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