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The hydrogenation behavior of 3CaH,+4MgB, + CaF, composite was studied by manometric measure-
ments, powder X-ray diffraction, differential scanning calorimetry and attenuated total reflection
infrared spectroscopy. The maximum observed quantity of hydrogen loaded in the composite was
7.0 wt%. X-ray diffraction showed the formation of Ca(BH,), and MgH, after hydrogenation. The
activation energy for the dehydrogenation reaction was evaluated by DSC measurements and turns out
to be 162 + 15 k] mol~! H,. This value decreases due to cycling to 116 + 5 k] mol~! H, for the third
dehydrogenation step. A decrease of ca. 25-50 °C in dehydrogenation temperature was observed with
cycling. Due to its high capacity and reversibility, this composite is a promising candidate as a potential
hydrogen storage material.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Hydrogen storage for stationary as well as mobile applications
is a key factor for the development and implementation of
hydrogen technologies. Among metal and complex hydrides for
hydrogen storage, borohydrides and even more their reactive
hydride composites (RHC), i.e. CaH;+MgB,+4H,« Ca(BH,4),+
MgH, (8.4 wt%) [1-8] offer the potential to meet the require-
ments for practical applications. To achieve this goal it is neces-
sary to improve the kinetics and tune the thermodynamics of the
hydrogenation/dehydrogenation reactions [5,6,9]. Li et al. [10]
demonstrated that by the choice of suitable cation substitution, it
is possible to adjust the thermodynamic stabilities of borohy-
drides. On the other hand, it is also possible to tune the thermo-
dynamics of the hydrogenation/dehydrogenation reactions in
borohydrides by use of the functional anion concept [11]. Hydro-
gen substitution by fluorine as a dopant or as part of mixed
compounds (hydridofluorides) has demonstrated a favorable
thermodynamic tailoring for hydrogen storage purposes [12].

The CaF, doped composite 3CaH,+4MgB, +CaF, has a theo-
retical hydrogen storage capacity of 7.7 wt% which is similar to
that of MgH,. However, the dehydrogenation enthalpy in the RHC
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Ca(BH4), +MgH, — CaH,+MgB,+4H, is assumed to be much
lower, whereby the complexity of the heat management system
will be reduced significantly. In contrast to MgH,, which shows the
dehydrogenation enthalpy of about 65.8-75.3 k] mol~ ' H, [13], the
charged (hydrogenated) CaH,+MgB, composite, i.e. Ca(BHy),+
MgH,, is calculated to have a dehydrogenation enthalpy of
47.0k mol~' H, [13].

In the present work, the hydrogen sorption properties of the
3CaH,+4MgB, +CaF, reactive hydride composite are reported.
The composite 3CaH,-+4MgB,+CaF, was intended to produce
Ca(BH4),+MgH, as main products after hydrogenation and
likely Fluorine substituted byproducts, i.e. MgF,, Ca(BF;), or
Ca(BF4H4_4)>. By addition of the fluorinated compound CaF,, a
decrease of the dehydrogenation temperature with respect to the
undoped CaH,+MgB, was observed.

2. Experimental details

A CaH,/CaF, mixture was produced in a Spex mill by ball
milling for 60 h. CaH, (98% purity, Alfa Aesar) and CaF, (99.99%
purity, Aldrich) were milled in a molar ratio of 3:1. The molar
ratio of the CaH,/CaF, mixture was selected with the aim to
introduce a significant quantity of F and, simultaneously, to avoid
a reduction of the hydrogen storage capacity. As a second step,
the CaH,/CaF, mixture and MgB, (98% purity, Alfa Aesar) were
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milled together in a Spex mill for 27 h for a final composition
3CaH,+4MgB, +CaF,. The sample preparation and milling pro-
cess were performed in an argon filled glove box. The ball to
powder ratio was 10:1 in both stages. Milling was performed in a
vial of hardened steel and 10 zirconia balls of 10 mm diameter.
For purposes of comparison, a CaH,+MgB, composite was pre-
pared as described elsewhere [6,14].

The as-milled composite was heated and exposed to hydrogen
atmosphere in a PCTPro-2000 (SETARAM Instrumentation) mano-
metric instrument. Hydrogenation and dehydrogenation experi-
ments were performed at three different temperatures, i.e. 300 °C,
350 °C and 400 °C. The initial hydrogenation pressure was set to
100 bar or 130 bar. An initial pressure of 0.1 bar was fixed for
dehydrogenation experiments. In order to collect samples for
structural and thermodynamic characterization, the hydrogena-
tion and dehydrogenation reactions were made in a cumulative
way. A sample of the as-milled powder was hydrogenated and
then the experiment was stopped. A second sample of the same
powder batch was hydrogenated and dehydrogenated, and then
the experiment was stopped. A third sample of the same batch
was fist hydrogenated, dehydrogenated and re-hydrogenated.
A fourth sample was exposed to two cycles of hydrogenation/
dehydrogenation and so on. Structural changes in each stage of
hydrogenation/dehydrogenation were followed by powder X-ray
diffraction (XRD, Bruker AXS, Cu Ko;. =1.5406 A). The powders
were pressed in a plastic sample holder and sealed with Kapton®
foil in order to avoid reaction with moisture. Diffraction patterns
were measured in the range from 10° to 70° in 20, in steps of 0.05°
and 12's per step. All diffractograms were plotted as g [A™]
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Fig. 1. First and second hydrogenation measurement of 3CaH,+4MgB,-+CaF,
composite at 350 °C and 130 bar. Inset: application of kinetics model formulae to
first hydrogenation. (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)

Table 1
Equations and description of the kinetic models [15,16].

instead of 20°; with g=4= sin(0//), where 0 is half the scattering
angle, and / is the wavelength.

In order to obtain the temperature dependence behavior and
the activation energy of the dehydrogenation reaction, differential
scanning calorimetry (DSC) experiments were carried out using a
Netzsch STA 409 equipment. The DSC equipment was carefully
calibrated by using high purity Pb, In, Sn, Zn and Al wires.
Simultaneous DSC and mass spectrometer (MS) analysis were
performed (Hiden HPR-20 QIC) to monitor the concentration of Hy
and undesirable reaction byproducts like HF, B,Hg and H,0 in the
exhaust gas. DSC and MS measurements were performed in an
argon filled glove box. The hydrogenated samples were heated
from room temperature to 500 °C with a heating rate of 2, 5
and 10°Cmin~! under an argon flow of 50 cm®min~!. The
DSC experiments were performed for the first, second and third
dehydrogenation segments of hydrogenation/dehydrogenation
cycles. The samples for the DSC measurements were taken after
the first, second and third hydrogenation in the PCTPro-2000
manometric instrument. DSC measurements were performed in a
nitrogen filled glove box. The IR spectra were recorded on single-
reflection ALPHA-Platinum attenuated total reflection (ATR) unit.
The spectra were obtained at 2 cm~! resolution, 64 scans were
averaged for each spectrum in the range of 4000-375 cm~!. IR
measurements were performed in a nitrogen filled glove box. IR
spectra of the as-milled, first hydrogenated, first dehydrogenated
and reference compounds, such as Ca(BH,4), and Ca(BF,), were
recorded.

3. Results and discussion

Fig. 1 presents hydrogenation measurements of 3CaH,-+
4MgB,+CaF, RHC for the first and second hydrogenation, at
130 bar H, and 350 °C. Under these conditions the amount of
stored hydrogen was about 6-7 wt% after 12 h of hydrogenation.
In the first hydrogenation a value of «=0.8 (where o is the
transformed fraction, i.e. the ratio between the current hydrogen
uptake and the final hydrogen uptake) was reached within 4 h.
In the second cycle the value of «=0.8 was reached in only 1 h,
indicating a significant improvement of hydrogenation kinetics
upon cycling. The inset of Fig. 1 presents the analysis of the rate
determining step (RDS) of reaction kinetics using one simple
model (chemisorption) and four different models for three-
dimensional growth, Table 1 [15,16]:

(a) The surface reaction model (called chemisorption, model
Eq. (1) in Table 1) assumes the initial surface reaction of
hydrogen molecules on the particle surface being the RDS.

(b) The Johnson Mehl-Avrami (JMA) model, a three dimensional
approach, presupposes that nucleation occurs randomly in
the bulk and at the surface of the material. Growth is
controlled by the interface mobility. In case of pre-existing
nuclei, three-dimensional growth and constant interphase

Model equation Description

o =kt @
[=In(1—o)]'/3 — kt @
[=In(1—o)]"/?2 =kt €]
[—In(1—o)?/3 = kt @
1-[1—oq'3 =kt )
1—[1—o"/2 = kt (6)

200
1—<?> —(1—oy*® =kt 7

Surface controlled (chemisorption) [15]

JMA 3D growth of existing nuclei with constant interface velocity [15]

JMA: 2D growth of existing nuclei with constant interface velocity [15]

JMA-3D-DC: Three-dimensional growth of random nuclei with decreasing interface velocity, diffusion controlled [16]
CV-3D civ: contracting volume, 3D growth with constant interface velocity [15,16]

CV: contracting volume, 2D growth with constant interface velocity [15]

CV-3D div: contracting volume, 3D growth diffusion controlled with decreasing interface velocity [15]
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velocity, the kinetics would be well described by Eq. (2) of

Table 1 (called JMA-3D).
(c) If the interface migration is decelerating, i.e. diffusion con-

trolled, Eq. (4) of Table 1 applies (called JMA-3D DC).
(d) If the growth of the new phase starts from the surface to the
center of a spherical volume, the contracting-volume three
dimensional model is considered. In case of three-dimen-
sional growth with constant interphase velocity, the kinetics
ought to be described by Eq. (5) of Table 1 (called CV-3D civ).
If the rate of product formation decreases proportionally with
the thickness of the product barrier layer in a spherical
volume, a diffusion-controlled reaction applies. The Eq. (7)
of Table 1 describes the diffusion controlled with decreasing
interface velocity kinetics (CV-3D div).

(e

~—

To determine which mechanism rules the reaction, the trans-
formed fraction was substituted in the equations (left side of the
model equations) to get the form f{o)=kt. If the model equation, i.e.
fla), presents a linear behavior with time, this model can be
assumed as the one that rule the RDS. The quality of the fit is
judged by the correlation coefficient R that should be close to 1 [15].
From the slope of the linear fit it is possible to obtain the value of the
rate constant. In the present work, the contracting volume three
dimensional growth diffusion controlled with decreasing interface
velocity model (CV-3D div) describes the reaction kinetics best.
However two rate constants were obtained at different time periods.
The first period is between 0 and 0.5 h approximately and the
second one is above 1 h to the end of experiment. The rate constant
values for the first hydrogenation reaction at 350 °C and 130 bar are
condensed in Table 2. Between 0 and 0.5 h the reaction is rapid and
then a decrease in reaction rate was observed. This suggests a
change of the rate limiting step during the hydrogenation. The
model then suggests a fast product film grow up to some critical
thickness and then slows. In addition to H atoms diffusion, the
diffusion of B atoms between two reacting solids in separate crystal
lattices could play an important role in the hydrogenation/dehy-
drogenation mechanism of reactive hydride composites. The red
lines in the inset of Fig. 1 present the calculated behavior of the
CV-3D div model with both obtained k. Gray lines indicate the
calculated behavior of the other models. Second hydrogenation of
the 3CaH,+4MgB,+ CaF, composite also presents two rate con-
stants (values collected in Table 2, plot no shown). The value of the
rate constant on the first period indicates an improvement of
kinetics with cycling. The second period rate constant does not
indicate an improvement with cycling.

Hydrogenation curves obtained at 100 bar/400 °C and 130 bar/
300°C and 350°C for the 3CaH,+4MgB,+CaF, composite are
presented in Fig. 2. The non-fluorinated system CaH,+MgB, was
tested at 100 bar/400 °C and 130 bar/350 °C for reference. For the
3CaH,+4MgB,+CaF, composite, at 130 bar/300 °C the maximum
amount of absorbed hydrogen was about 5.8 wt%, at 130 bar/350 C
was about 7 wt% and at 100 bar/400 °C the maximum amount of
absorbed hydrogen was 4 wt% only. In the non-fluorinated system

Table 2
Hydrogenation rate constant for the contracting volume three dimensional growth
diffusion-controlled with decreasing interface velocity model (CV-3D div).

Material and condition 0-0.5h (k [s™']) 1-10h period (k [s~'])

3CaH,+4MgB, +CaF, 1.83x10°° 533 x10°6
First absorption 350 °C/130 bar
3CaH,+4MgB, + CaF, 3.71x107° 2.82x10°°
Second absorption

350 °C/130 bar
CaH,+MgB, 1.85x107° 3.89x10°°¢

First absorption 350 °C/130 bar
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Fig. 2. First hydrogenation measurement of 3CaH,+4MgB,+CaF, and
CaH,+MgB, composites at different conditions of temperature and hydrogen
pressure. Inset: contracting-volume three dimensional model for 3CaH,+
4MgB, + CaF, and CaH,+ MgB, composites at 130 bar and 350 °C. (For interpreta-
tion of the references to color in this figure, the reader is referred to the web
version of this article.)

Table 3
Theoretical and experimental hydrogen uptake capacity (first hydrogenation).

Theoretical H,
capacity (wt%)

Composite and conditions Experimental H,

capacity (wt%)

CaH,+MgB, 400 °C/100 bar 8.3 33
CaH,+MgB, 350 °C/130 bar 8.3 3.5
3CaH, +4MgB, +CaF, 300 °C/130 bar 7.7 5.8
3CaH, +4MgB, +CaF, 350 °C/130 bar 7.7 7.0
3CaH, +4MgB, + CaF; 400 °C/100 bar 7.7 4.0

CaH, + MgB, the maximum quantity of absorbed hydrogen was about
3.5 wt% only. In contrast to the fluorinated system, the final hydrogen
uptake in the CaH,+MgB, composite was less sensitive to the
applied temperatures and pressures. Table 3 summarizes the theore-
tical and experimental hydrogen storage capacities of the investigated
samples. The inset of Fig. 2 presents the fit of the contracting-volume
three dimensional model with decreasing interface velocity model
(CV-3D div) for undoped CaH,+MgB, hydrogenated at 130 bar
and 350°C. For comparison, the fit obtained for the 3CaH,+
4MgB, + CaF, composite was included within the same period. The
experimental data of CaH,+MgB, present clearly two different
slopes; values are collected in Table 2. Blue lines in the inset of
Fig. 2 present the calculated behavior of the CV-3D div model for
CaH,+ MgB, composite with both obtained k. The first period rate
constant is practically the same as the CaF,-doped composite. In the
second period the CaH,+MgB, composite presents a lower rate
constant than in the CaF>-doped composite. The change in the slope
of the composites indicates that the real absorption process is more
complicated than the mechanism described by the model. In the non-
doped RHC system, and without counting reaction intermediaries and
byproducts, we have at least 5 different phases, 4 of them in the solid
state and a gaseous one. In addition to particle growth; and as
depicted above, we have to consider the mobility and change of
chemical environment and bonding of B atoms from MgB, to
Ca(BHy), and vice versa during hydrogenation/dehydrogenation
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reactions. The presence of CaF, might decrease the direct contact of
CaH, and MgB, slowing down the kinetics, alternatively the intensive
mix up of CaF,/CaH, could generate lattice defects suitable for the
permeation of H and B atoms. Kinetics results suggest the last effect
and as result CaF, might function as support or seed for the growing
of the hydrogenated phase Ca(BH,),.

During dehydrogenation, the possible role of CaF, in the
reactive hydride composite might be as a dopant that modifies
the CaH, surroundings. Kim et al. [17] suggest the formation of a
solid solution of CaF,_,H, in CaF, after doping and cycling
Ca(BH,4), with TiF; or NbFs. Kim et al. [17] and Rongeat et al.
[18] claim a possible enhanced reversibility originating from
the formation of CaF,_,H, phases. Lee et al. suggest that CaF,
act as seed for the growing of CaH, during dehydrogenation of
Ca(BH4),+CaF, [19]. The structural changes in each stage of
milling and hydrogenation/dehydrogenation in 3CaH,+4MgB,+
CaF, reacted at 300 °C/130 bar and 350 °C/130 bar were studied
by powder X-ray diffraction. Fig. 3 shows the X-ray diffraction
patterns of as milled CaF,+3CaH,. The ball milling of
CaF,+3CaH, was intended to produce a solid solution or forma-
tion of CaF,_,H, phases. It was not possible to confirm the
formation of CaF,_,H, phases, whose peak positions are similar
to that of CaF, [20]. Fig. 3 reveals that just a mixture of CaF,/CaH,
was formed. Because of the long milling time (60 h), a significant
peak broadening can be observed, indicating decrease of the
particle size. The incorporation of MgB, and additional milling
time (27 h) led to further peak broadening compared to the as-
milled 3CaH,+CaF, material (Fig. 3). In addition, the peak at
3.09 A~! matched with iron ((110) ISCD 631734). Iron contam-
ination is produced by debris from the milling vial. Iron is a well
known catalyst in hydrogen storage materials [21].

Fig. 4 presents the X-ray diffraction patterns collected during
two cycles of hydrogenation/dehydrogenation of the 3CaH,+
4MgB, +CaF, composite at 350 °C and 130/0.1 bar of hydrogen
pressure (those corresponding to the results of Fig. 1). The
formation of Ca(BH,4),+MgH, was observed after both hydro-
genation cycles. From this figure it is possible to conclude that the
reaction conditions are appropriate to form Ca(BH4),+MgH,.
Undesirable fluorinated byproducts such as MgF, were not evident.
Fluorine substituted byproducts Ca(BF,), or Ca(BF4H4_), were not
evident. In addition there are unidentified peaks at 1.60 A~ ! and
2.15A " in the hydrogenated stages, and at 2.11A~' in the
dehydrogenated stages which will be the subject of further studies.
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Fig. 5. XRD patterns of 3CaH,+4MgB, + CaF, composite, after hydrogenation and
dehydrogenation at 300 °C and 130 bar or 0.1 bar, respectively.

The diffraction patterns of 3CaH,+4MgB,-+CaF, composites
cycled at 300°C and 130/0.1 bar of hydrogen pressure are
presented in Fig. 5. Despite the long annealing time (12 h) the
hydrogenation and dehydrogenation reactions were not com-
pleted. In addition, in the hydrogenated state Ca;MgsH4 was
found as byproduct. The most intense peak of Ca;MgszHi4 was
signaled in Fig. 5; less intense peaks are also present but due to
plot stacking some details are lost. The formation of Ca;MgsH4 as
side reaction product was proposed by Barkhordarian et al. [6] in
the decomposition of Ca(BH4),+MgH, composites. In the same
work, further heating led to the decomposition of Ca;MgsH14 [6].
In contrast to the hydrogenation at 300 °C and 130 bar; no
CazMgsHq4 reflections were present in the diffraction patterns
of the respective samples hydrogenated at 350 °C and 130 bar
(Fig. 4), indicating its role as an intermediate of the reaction or the



3108

occurrence of a different reaction pathway. In Fig. 5 there are
peaks of unknown phase(s) at 1.59, 2.08, 2.10, 2.11 and 2.24 A"
(second dehydrogenation pattern). Further experiments are
needed to determine the reaction pathway.

Fig. 6 shows the DSC signal obtained during dehydrogenation
reactions, measured at 5°Cmin~'. The curves, from top to
bottom, correspond to the materials: hydrogenated CaH,+MgB,
(ab) as reference and the CaF,-dopped composite in the first
(1abs), second (2abs) and third (3abs) hydrogenated states. In the
CaH,+MgB, (ab) profile, the peak at 149 °C corresponds to the
o-Ca(BHy), to B-Ca(BH4), phase transformation [6]. The peaks
around 400 °C are due to the dehydrogenation reactions. In the
plot for 3CaH,+4MgB,+CaF,—1ab (first hydrogenation) two
endothermic peaks occur below 200 °C, one at 147 °C and another
at 165 °C. These peaks are not accompanied by mass loss and
therefore can be associated to the a-Ca(BHy4), to -Ca(BH,4), phase
transformation. After cycling, the peak at 147 °C remained, while
the peak at 165 °C disappeared. In addition to the decrease in
dehydrogenation temperature by adding CaF, to CaH;+MgB,, a
decrease in the dehydrogenation temperature from the first cycle
to the third cycle was observed. The onset and peak dehydrogena-
tion temperatures obtained by DSC are collected in Table 4.

Mass spectrometer measurements corresponding to the first
dehydrogenation process are reported in Fig. 6. The released gas is
hydrogen and it matches with the beginning of the decomposition
peak. There is no appreciable release of HF, B,Hg or H,O in the
exhaust gas. The second and third dehydrogenation-mass spec-
trometer profiles (not shown) give the same results, i.e. releasing
of H, and no other gas.

Fig. 7 presents the DSC signal obtained during the third dehy-
drogenation measured at 2, 5 and 10 °C min~'. Similar experiments
were carried out for the first and second dehydrogenation. Activation
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energies were determined from the DSC data using the Kissinger
method [22,23]. The variation of dehydrogenation peak temperatures
with heating rate can be used to estimate the apparent activation
energy according to:

A AR
ln<F)—fﬁ+ln<f)+ln¢, 8)

where E, is the activation energy, f§ is the heating rate, T is the
peak temperature in K, A is the pre-exponential factor, R is the
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Fig. 7. DSC measurements for third dehydrogenation reaction (2 °Cmin~!,
5Cmin~"', 10 °C min~—') and activation energy plot.
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Fig. 6. DSC signal, dehydrogenation of first hydrogenated CaH,+MgB,; first, second and third hydrogenated 3CaH,+4MgB, + CaF, at 5 °C min~'(left). Mass spectrometer

signal of first hydrogenated 3CaH,+4MgB,+ CaF, (right).

Table 4

Dehydrogenation temperatures and activation energy for 3CaH,+4MgB, + CaF, composites.

Heating rate 1st dehydrogenation

2nd dehydrogenation

3rd dehydrogenation

Onset T Peak T Onset T Peak T Onset T Peak T
2 Kmin~! 299 °C 367 °C 263 °C 300 °C 255 °C 291 °C
5K min~! 321°C 388 °C 277 °C 319 °C 275 °C 312°C
10 K min~" 329°C 401 °C 294 °C 333°C 281°C 327 °C

Activation energy 162 +15 k] mol~! H,

13245 kJ mol~ " H, 116 + 5 k] mol~' H,
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5(HBH)

3CaH,+4MgB +CaF, - 1ab

3CaH_+4MgB +CaF, - 1de

Absorption [a.u.]

3CaH,+4MgB +CaF, as milled

Ca(BF ), dried !
[tz -OH
Ca(BH,),
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3500 3000 2500 2000 1500 1000 500

Wavenumber [cm'1]

Fig. 8. ATR-IR spectra of as-milled, hydrogenated (1ab) and dehydrogenated (1de)
3CaH,+4MgB,+CaF,. The spectra of Ca(BH4), and Ca(BF4),, are shown for
comparison. The noise at ca. 2000-2100 cm~! corresponds to low transmittance
of diamond ATR crystal in this region.

universal gas constant and ¢ is an appropriate function of « [23].
The activation energy is taken from the slope of a plot of the left
side of Eq. (8) versus the inverse of temperature. The activation
energy estimated for the first dehydrogenation reaction was
162 + 15 k] mol !, whereas the value for the third dehydrogena-
tion was 116 +5 kJ mol~! (inset of Fig. 7, Table 4). There is a
reduction in the dehydrogenation activation energy with cycling.
In order to compare the activation energy values and avoid the
presence of hydrogenation byproducts, a sample of freshly ball
milled [6] Ca(BH4);+MgH, was tested by DSC in the same
conditions. The dehydrogenation apparent activation energy for
Ca(BH,),+MgH, was 169 + 15 k] mol~!. These values indicate a
rather small effect of CaF, doping in dehydrogenation activation
energy, but enough to observe a significant decrease of ca.
25-50 °C (Fig. 6) in dehydrogenation temperature.

The studied samples were additionally characterized with
IR-ATR spectroscopy. The spectra of the as-milled, first hydro-
genated at 130 bar/350 °C and first dehydrogenated 3CaH,+
4MgB, + CaF, are presented together with the reference spectra of
Ca(BH,4), and Ca(BF,4), in Fig. 8. In the spectra of the first hydro-
genated composite the IR manifestations of Ca(BH4), are clearly
visible. They include the peaks in the 2550-2100cm~! region,
which are due to the stretching of B-H bonds of BH; tetrahedra,
and the bending modes of HBH in the 1350-1050 cm ! region [24].
The presence of these IR features clearly confirms the formation of
Ca(BH,4), after first hydrogenation of the 3CaH,+4MgB, + CaF, RHC.
A small shift in peak positions between the reference Ca(BH4), and
the hydrogenated sample of approximately 6cm~! was also
observed. This shift can indicate change in the surroundings of
[BH4]~ compared to that of pure Ca(BH4),. In the as-milled sample
and after dehydrogenation, the Ca(BH,), features are missing or
have low intensity, confirming the reversibility of the 3CaH,+
4MgB, + CaF, RHC.

Ca(BF4), was included in order to test for possible fluorine
substitution in the RHC during cycling. The main stretching and
bending features of Ca(BF,), include a broad intense peak at ca.
940 cm~!, which corresponds to B-F stretching; peaks at ca.
500 cm ™! that correspond to bending modes of FBF; and a broad
unidentified peak in the 1300-1700 cm ! region. The noise base

line of the composites in the region 1000-500 cm~' makes

difficult the identification and assignment of the peaks of B-F
and FBF if any, especially in the 940 cm~! region. So, from these
experiments, no evidences F substitution was found.

4. Conclusions

3CaH;,+4MgB, +CaF, composite is a new hydrogen storage
material which can absorb up to 7 wt% of hydrogen. Fluorine
addition can be regarded as being beneficial in the frame of
reactive hydride composites. A significant increase in the experi-
mental hydrogen uptake capacity in the 3CaH,+4MgB,+CaF,
composite compared to pure CaH,+MgB, composite tested under
the same conditions was observed. By means of ex situ-XRD it
was possible to confirm the products of hydrogenation as
Ca(BH,4),, MgH, and CazMgsHq4 as byproduct. Dehydrogenation
products were CaH,, MgB,, 4H, and Mg. CaF, can be considered as
a dopant affecting the hydrogenation kinetics. There is a reduc-
tion in the dehydrogenation apparent activation energy by CaF,
doping and as cycling proceeds; this is related directly with the
reduction in the dehydrogenation temperature of ca. 25-50 °C.
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