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Catalysts and in a larger meaning reaction promoters, are becoming a key partner of metal hydrides
and compounds in hydrogen storing systems, largely influencing its kinetics and synthesis process.
High-throughput screening techniques provide a unique solution to study in a short period of time the
properties and potentialities of large amounts of metal alloys/catalysts combinations for the development
of large capacity hydrogen storing hydrides.

In this work, we present preliminary results using the infrared thermography technique as a cheap and
simple combinatorial screening tool for compositional effect studies. Hydrogen sorption of combinatorial
magnesium-based (MgAl and MgFeCu) libraries, synthesized using vapor phase growth techniques, have

been characterized using the infrared imaging and effects of adding Al, Cu and Fe are discussed and
compared with literature data.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since 1997 when Bogdanovich and Schvickardi [1] observed the
reversible two step gas reaction in NaAlH4 when doped with TiCls,
catalysts have become a key partner of metal and complex hydrides
in the study of hydrogen sorbing systems, largely influencing its
reaction kinetics but mainly its synthesis procedure as otherwise
non stable compounds can be prepared. The need for materials with
high storing densities along with large reversibility and cyclabil-
ity demands the development of new combinations of alloys and
catalysts. Combinatorial synthesis, coupled with high-throughput
screening methodologies, is thus seen as one of the most efficient
strategies for the discovery of new effective hydrogen storing mate-
rials [2-9].

On the other hand, reduction of the systems to the nanoscale
by preparing nanostructured or nanocomposite bulk or thin films,
has demonstrated improved hydrogen sorption and desorption
kinetics [10-12]. In thin films hydrogenation/dehydrogenation is
not significantly kinetically limited because of the short diffusion
paths involved, and furthermore lower reaction temperatures can
be used for testing effective hydrogenation on new systems. There-
fore, the synergy of nanoscale phenomena in thin films with high
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throughput screening techniques is expected to foster the discov-
ery of new hydrogen storing material as well as to optimize its
associated reaction promoter/catalyst. Besides, although thin films
presents limited industrial applications as storing systems, due to
the reduced amount of stored hydrogen, novel applications such
as hydrogen sensors and switchable mirrors have already been
proposed [13-17]. Another advantage of introducing a thin film
approach to the research of new hydrides arises from the fact that
metastable or amorphous phases, inaccessible by other techniques,
can be easily synthesized and studied.

In the last years, optical methodologies have appeared as one
of the most appropriate combinatorial techniques due to their
apparent simplicity and low cost, and are presently exploited to
characterize the hydrogen absorption/desorption of metallic thin
films libraries [2-8]. Among the proposed techniques, as metal
hydrides generally shift from metal to semiconducting behavior
during their hydrogenation, and thus from lower to higher emissiv-
ities, infrared thermography has been successfully used for in situ
hydrogen sorption studies in binary [6-8] or ternary magnesium-
based compounds [2,3].

Two main strategies are generally developed to improve the
properties of magnesium hydrides. The first one consists of adding
catalysts elements such as Pd, Ti, Fe to accelerate the reaction kinet-
ics; the second one is based on the destabilization of the hydride by
forming intermediate alloys that can be reversibly hydrogenated,
by adding elements like Cu, Si, Al. For instance, aluminum has
been found to destabilize MgH,, reducing the enthalpy down to
28 k]/mol H, by forming Mg,Al; or Mgq7Al;, alloys [18-20].
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In the present article, we study the suitability of an infrared
imaging methodology for analyzing the hydrogen sorption and
desorption of magnesium-based thin film libraries. To study the
performances and limitations of the technique, we prepared and
characterized two types of libraries, one based on discrete multi-
layered samples prepared using sets of moving shadow masks, and
the second based on the compositional-spread methodology. The
discrete libraries were prepared by sequential e-beam evaporation
of pure aluminum and magnesium films, while the composition-
spread libraries were grown by co-sputtering of Mg, Fe and Cu.

To our knowledge a quaternary alloy formed by Mg-Fe-Cu-H
has not been reported yet. Nevertheless, the individual effects of Fe
and Cu on the Mg/MgH, have already been described. The Mg-Fe-H
forms the Mg, FeHg ternary alloy with a theoretical storing capacity
of 5.47 wt.% and an enthalpy of formation close to 77 kJ/kg [21]. Due
to its high stability, this alloy desorbs at temperatures above 300 °C
in 1 bar Hy. Other authors have analyzed the effect of adding Fe to
the MgH, system and found that its presence decreased the dehy-
drogenation temperature [22-25]. In the Mg-Cu system, no ternary
Mg-Cu-H compound has been identified yet, but as in the case
of Fe, the addition of Cu to MgH; has been theoretically found to
destabilize MgH, through formation of Mg-Cu intermetallic alloys:
2MgH, + Cu < Mg, Cu; and to decrease the desorption temperature
due to the decrease of the unit cell volume when Cu atoms are
incorporated in the MgH, structure [26-28].

Infrared imaging detects changes in the apparent temperature
of the samples that may be correlated to emissivity changes or
to real temperature variations associated to an energetic process
occurring in the sample. In conventional bulk samples, hydrogena-
tion and dehydrogenation reactions are accompanied by changes
in temperature, due to the large enthalpies of reaction (AH), which
can be detected by thermography. However, in thin films, espe-
cially when deposited over highly conducting substrates such as
Si or sapphire, the temperature variation induced by the enthalpy
of the transformation is much lower than the apparent tempera-
ture shift due to changes of the surface emissivity. Therefore, the
screening of the emissivity changes can be a more effective and pre-
cise methodology to analyze phase transformation in thin films. As
metal hydrides generally show a shift from metal to semiconduct-
ing behavior during hydrogenation, and thus from lower to higher
emissivities, infrared imaging has been used for in situ hydrogen
sorption and desorption studies, as presented by Olk et al. [2,3]
in the multicompositional Mg-Ni-Fe system, and more recently
by Guerin et al. [6] and Oguchi et al. [7,8] both in the MgNi sys-
tem. Compared to those previous infrared imaging reported works
our differential data analysis and specific treatment; permit the
determination of reaction temperatures for any composition of the
library generating reaction temperature maps. Using this tool, the
effects of adding Al, Fe and Cu on the sorption and desorption tem-
peratures of magnesium based films are analyzed and discussed.

2. Experimental

Hydrogenation treatments and in situ thermographic character-
ization were performed in a high vacuum chamber where pressure
can vary from vacuum up to 1.0 bar with pure or mixed He and
H, atmosphere and from room temperature to 300 °C. An infrared
camera, Jenoptik IR-TCM 384, is mounted over a ZnSe chamber
view-port to record the IR images of the sample during thermal
treatments. Before any experiment the chamber is purged three
times with helium to minimize the presence of oxygen and mois-
ture. The IR image acquisition and thermal treatment are lumped to
assign a temperature/time correspondence during constant heat-
ing and isothermal treatments. Irbis 3.0 software provided by
JENOPTIK allowed visualization and basic features analyses of IR

Table 1

Description of the library showing the nominal total and individual layer thicknesses
of the Mg and Al film deposited sequentially for the 16 frames of the discrete library.
The frames composition (at.% magnesium) were determined by EDS.

Al Mg
75nm 110nm 150 nm 300 nm
3 x25nm 3 x37nm 3 x50nm 3 x 100 nm
0nm 100 100 100 100
150 nm 30 39 46 62
2 x75xnm
175nm 26 34 42 55
2 x 87 nm
200nm 22 27 37 46
2 x100nm

images such as determination of single point’s apparent temper-
ature (T,), average temperature over a determined surface and
temperature profiles from any path. Nevertheless, for the study of
time/temperature evolution, where sequences of images have to
be analyzed, special home-made software has been developed to
determine the reaction temperature for each image pixel i.e. for all
the compositions of the library, generating reaction temperature
maps for several studied hydrogen partial pressures.

To minimize systematic errors due to external factors affect-
ing the IR data, an IR image is collected at room temperature before
any treatment and the extracted data matrix used as background to
be subtracted to the subsequent files. Furthermore, a non-reacting
sample is imaged in parallel, to work in the so-called differen-
tial mode. Generally, the stainless steel heater surface (which is
not expected to react with hydrogen atmosphere at least in the
analyzed temperature ranges) is recorded in the same IR frame
together with the sample and its apparent temperature (T},) evo-
lution is used as the reference to be subtracted in the so-called
differential mode. This methodology permits discriminating vari-
ations in T, (apparent temperature of the sample) due to heating
or cooling treatments from those really corresponding to a hydro-
gen absorption or desorption reactions or to any other chemical
reaction producing accompanied by an emissivity change.

3. Results and discussion
3.1. IR thermography on binary MgAl libraries

Geometrically defined thin films libraries of Mg and Al were
prepared using the sequential e-beam evaporation methodology
described elsewhere [9]. By using moving shadow masks coupled to
a sequential deposition of aluminum and magnesium single layers,
we prepared libraries with 16 discrete frames, where each frame
is formed by two Al layers intercalated between three Mg layers.
Single layers of magnesium varied from 25 to 100 nm, thus total
thickness ranged from 75 to 300 nm. On the other side intercalated
aluminum varied from 0 to 100 nm giving rise to total Al thickness
ranging from 0 to 200 nm, as shown in Table 1. The different Mg and
Al thicknesses, give rise to library compositions ranging from 22 to
100 at.% of magnesium. Notice that the first raw of the library was
formed by pure magnesium films to study the effect of its thick-
ness on the reaction kinetics. Also the columns of the library were
defined in order to allow the analysis of the effect on the interca-
lated aluminum thickness for similar magnesium amount. Mention
that the Mg/Al multilayers were sandwiched between two layers
of Pd (15nm) and Fe (10 nm), forming the following heterostruc-
ture: Pd/Fe/Mg/Al/Mg/Al/Mg/Fe/Pd. The Pd was added to ensure
fast hydrogen dissociation and diffusion rates, as well as to avoid
oxidation of magnesium, while the iron role was added to pre-
vent the formation of MgPd alloys such as MggPd. The nominal
thickness sequences and the composition estimated by energy dis-
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Fig. 1. Thermal images of the MgAl library during isothermal treatment performed at 100°C and 520 mbar H; as a function of time.

persive X-ray spectroscopy (EDS) for each frame are summarized
in Table 1.

The IR screening of such libraries was performed using the Vari-
0CAM thermographic camera during an isothermal treatment. The
library was heated up to 100 °C in pure helium to stabilize the tem-
perature prior to imaging. After few minutes, we start recording
an image every 6s and introduce hydrogen in the chamber until
the hydrogen partial pressure (Py, ) reaches 500 mbar. Fig. 1 shows
a sequence of the IR images acquired during this hydrogenation
process. At time t=0, where no hydrogen has been yet introduced
into the chamber, the library looks totally dark, as expected for a
metallic material; in comparison the residual non-coated silicon
substrate area, that can be seen in the left lateral of the library,
presents a shiny aspect which is associated to its semiconducting-
like emissivity. After introducing the hydrogen, the dark frames
became clear and the boundaries between the library’s frames
started to appear. Although no clear conclusions could be extracted
from the visual inspection, the brightness evolution of the first raw
indicated that as expected the thinnest Mg showed the faster reac-
tion times to reach the shiny aspect associated to the hydrogenated
state. Furthermore, if we compare the aspect evolution of this pure
magnesium raw with the aluminum intercalated ones we can see
that in general the aluminum “doped” frames turn shiny more
rapidly; indicating that the aluminum could act as a promoter of
the hydrogenation reaction.

To precisely analyze the hydrogenation reaction kinetics, we
perform the image treatments described previously to determine
the differential apparent temperature evolution with time, as
shown in Fig. 2. As an example of the observed behavior, we plot
the T, — Ty, evolution of three different thicknesses pure magnesium
frames (first raw of the library) as well as that of several intercalated

aluminum thickness samples but with similar total magnesium
amount - 300 nm thickness (corresponding to the fourth column
of the library).

Immediately after introducing H, inside the chamber, an over-
shootin (T, — T;,) was observed corresponding to a real temperature
increase caused by the introduction of a highly thermal conduct-
ing gas. After around 50s, T, — T}, returns to its initial value and
then increase up to a certain stabilized value that depends on the
frame. The reaction time can thus be extracted from those repre-
sentations as point where the curve slope becomes almost null,
as schematized in Fig. 2 with arrows. As expected from the previ-

T.-T, (°C)

—%—3x100nm Mg + 2x 75nm Al
—&—3x100nm Mg + 2x 87nm Al
—%— 3x100nm Mg + 2x 100nm Al
—A—300nm Mg

—0O— 110nm Mg

—O— 75nm Mg

0 50 100 150 200 250 300 350

Time (s)

Fig. 2. Evolution of the differential apparent temperature (T, — T) as a function of
time during an isothermal treatment at 100 °C for selected members of the library.
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Fig. 3. Composition maps of the MgFeCu libraries, showing the area distribution of the Mg, Fe and Cu by EDS. The color bars indicate the composition scale in at.%. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

ous visual observation, the reaction time of pure magnesium film
increases with increasing thickness from 105, 125 and 165 s for 75,
110 and 300 nm, respectively. Also, the final absolute value of the
stabilized (T, — Ty,) seems to depend on thickness, as 300 nm films
reach higher value than that of 75 or 110 nm samples, which are
both quite similar. On the contrary, samples with different interca-
lated aluminum layers but identical magnesium amount exhibit a
striking behavior. The plotted representative cases, corresponding
to similar 300 nm magnesium (3 nm x 100 nm) but with different
intercalated aluminum thickness (2 nm x 75 nm, 2 nm x 87 nm and
2nm x 100 nm), showed a similar reaction time, 115 s, and identical
final plateau value.

This reaction time is almost equivalent to that of the 110 nm
pure Mg although the final T, — T}, value is smaller than that
observed for any studied magnesium thickness. Those results seem
to indicate that the reaction time extracted for aluminum interca-
lated frames could in fact be only associated to the hydrogenation
reaction time of the upper single Mg layer. On the contrary to the
reaction time which appears to be independent of the presence
of intercalated aluminum, the final T, — T, seems to be effec-
tively influenced by the buried aluminum although no variation
has been observed as a function of the aluminum thickness. This
phenomenon can be explained by the fact that aluminum do not
hydrogenate and remains in a metallic state being thus opaque to
any radiation that originates from deeper buried magnesium lay-
ers. It is therefore difficult to correlate the final T, — T}, values to any
hydrogen storage capacity, at least using multilayered systems. A
deeper theoretical analysis considering the dielectric function of
the various materials in stack geometry is under way.

3.2. IR thermography of ternary MgFeCu libraries

In view of the limitations arising from the multilayered thin
film samples thermographic analysis, we prepare and character-
ize co-deposited thin films libraries, where the intimated mixing
of components will allow us to characterize the effect of added ele-
ments as reaction promoter avoiding geometrical effects. Ternary
Mg-Fe—Cu libraries were thus deposited using the co-sputtering
technique with Mg and Cu targets facing each other and Fe gun
located at 90°. The depositions were performed at room temper-
ature and 2 x 10-2 mbar of Ar (99.999% purity) on Si substrates
(4cmx 6cm). A thin SiO;, layer (nominal thickness 130 nm) was
grown previously to avoid direct contact of Mg with Si enabling
the formation of Mg,Si. As in the previous case, the libraries were
coated with 10 nm of Pd to avoid oxidation of the samples and also
to catalyze the dissociation of the hydrogen molecule at the surface.
The library thickness was 60 + 5 nm and the overall compositional

maps of Mg, Fe and Cu shown in Fig. 3 were estimated by inter-
polation with a second order polynomial of the local composition
measured by EDS on a 4 x 4 equidistant point’s matrix. As expected
the compositional gradients follow the location of the target guns
in the equipment. The Mg-rich areas of the library were found in
the left upper part ranging from 75 to 95 at.%, while Cu-rich zone
was located just at the opposite corner ranging from 3 to 25 at.%.
The iron-rich region was located in the upper right side and varied
from 2 to 9 at.%. It is worth noting, that in order to avoid cycling of
an unknown system, we prepared 4 identical libraries to perform
individual and unique IR imaging during hydrogen sorption at each
precise partial pressure. The 4 libraries presented minimal compo-
sition differences in the range of EDS accuracy (when performed on
thin film) due to slight misalignments of the rotational axes of the
wafer during introduction in the main chamber.

The four libraries were previously hydrogenated in 950 mbar
of pure H, during 8h at 100°C and the dehydrogenation pro-
cesses were carried out at four different hydrogen partial pressures:
Py, = Ombar (pure He), Py, = 19mbar, Py, = 52 mbar and Py, =
137 mbar. To ensure a similar thermal conduction in the reaction
chamber the total working pressure was set around atmospheric
pressure by filling the chamber with helium. The dehydrogena-
tion process was screened acquiring an image every 150s during
heating ramps at 10 K/h (one image each 0.4 K). As described in for-
mer section, from the T, — T}, evolution, in that case as a function
of real temperature, we determined Tgesorption (OF Tdehydrogenation)
for each image pixel, i.e. every composition of the library, as the
temperature where an abrupt change in slope is observed; result-
ing in the Tgesorption Maps shown in Fig. 4. As can be seen in the
figure for the four studied Py,, black areas appear in the map,
mainly corresponding to the non-coated areas beneath the sub-
strate holding system but also to some parts of the libraries where
no reliable desorption temperature could be extracted. Those areas
of the libraries were thus ignored for the present study. Mention-
ing that those “non-reacting” areas correspond to the richest Cu
parts with more than 15at.% Cu (and around at. 2 at.% Fe) of the
libraries. The present dehydrogenation study and discussion will
thus be limited to lower Cu compositions. The Tgesorption Maps
showed that whenever Py,, the highest desorption temperatures
were always found in the Fe richest parts of the library, while
for the poor Fe areas, desorption temperatures decreased almost
following the Mg-Cu compositional gradient line, i.e. the lowest
temperatures were found in the richest Cu-analyzed areas. Also,
as expected, desorption was promoted by reducing hydrogen par-
tial pressure Py, and thus globally dehydrogenation temperatures
increased by increasing the hydrogen pressure inside the cham-
ber. The extracted Tyesorption Values ranged between 80 and 130°C,
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Fig. 4. Tgenydrogenation Maps over of the MgFeCu libraries measured by thermography at several Py, partial pressures: 0 mbar, 19 mbar, 52 mbar and 137 mbar.

between 140 and 180°C, between 60 and 200°C and between
170 and 215°C for Py, = Ombar, 19 mbar, 52 mbar and 137 mbar,
respectively.

If we plot the variation of Tgesorption as a function of the Cu con-
tent fixing the Mg and Fe amounts, as shown in Fig. 5, we see that

at least for lower hydrogen partial pressure, introducing copper o AAAAAAAAAAAA LA AAQZ

up to 14at.% clearly reduced the desorption temperatures from e AL

130°C to 95°C for pure helium atmosphere, and from 160°C to % 160 m 137 mbar H,

150°C for 19 mbar Py, . For higher Py,, the effect of the copper was = ® 52mbarH,

reduced and probably larger amount should be added to the system 150 A 19 mbarH,

to observe any improvement in hydrogen desorption. 1404 v OmbarH,
Similarly, if we plot the evolution of Tyesorption as a function

of the Fe content for a fixed amount of Mg and Cu, as shown in 1304

Fig. 6, we can clearly appreciate that Fe do not seems to have any
positive influence as a slight increase of the desorption tempera-
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1711 AMAAAAAAAAAAAALL,, ®"0c0oe, ture was observed when increasing Py,. On the contrary to copper,
5 AA,L,a iron unaffected or slightly worsen the desorption properties of the

g 152+ system.
-§1 It is worth noting that separately, both elements, Cu and Fe, have
g 1334 been found to catalyze the hydrogenation desorption [22-25] of
[ MAMAAL £ 2 YVVy, Mg, which is not the case for Fe in the present study. As Mg, FeHg is
1144 © 137 mbarH, Vv not expected to be formed in the studied temperature and pressure
® 52 mbarH, Ve conditions, we cannot assign the observed slight Tgesorption iNCrease

95 A 19mbarH, vV v to the formation of such ternary hydride.
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T
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Fig. 5. Variation of Tyepydrogenation s a function of Cu content for a fixed composition
of Fe and Mg (Fe 3 at.% and Mg 82-91 at.%).

4. Conclusions

In this paper we show the potentialities and limitations of the
infrared thermography as a tool to analyze the hydrogen storage
properties in magnesium based thin films libraries, as well as the
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role of added elements such as Al, Cu or Fe as promoter of the
hydrogenation/dehydrogenation reaction. Nevertheless, we have
found that co-deposited libraries suits better to the IR imaging
than multilayered systems, as information from the whole vol-
ume can be characterized. For MgFeCu the data treatment permit
the determination of desorption temperature maps for every sam-
ple composition, allowing for the study of possible catalysts effect
enhancing the hydrogen desorption. In the present case, Cu seems
to act as a catalyst for the dehydrogenation process while Fe pre-
sented an unexpected negative effect. Clearly, improvements also
have to be performed to the experimental conditions and proce-
dure in order to ensure thermodynamic equilibrium during the
experiments that will permit the determination of the reaction
enthalpies.
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