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ABSTRACT: The reactive hydride composites 9CaH2 + CaF2 + 10MgB2,
10Ca(BH4)2 + 9MgH2 + MgF2, and 9Ca(BH4)2 + Ca(BF4)2 + 10MgH2 were
prepared by ball milling. Their properties toward hydrogen absorption/
desorption were tested by means of manometric measurements. The highest
hydrogen storage capacity was obtained for 9CaH2 + CaF2 + 10MgB2 (7.6 wt
%) at the first cycle. The effects of CaF2, MgF2, or Ca(BF4)2 on the
dehydrogenation reaction were studied by means of in situ synchrotron
radiation powder X-ray diffraction (in situ SR-PXD) and differential scanning
calorimetry (DSC). The high resolution SR-PXD technique was used to
confirm the formation of hydrogenated products and side products in the
9CaH2 + CaF2 + 10MgB2 reactive hydride composites. These studies indicate
the formation of a complex mixture of phases.

1. INTRODUCTION

Hydrogen storage technology is of critical importance to the
implementation of polymer electrolyte membrane fuel cell
(PEMFC) driven electric vehicles. Among the most important
characteristics for tangible hydrogen storage is the hydrogen
absorption/desorption reaction enthalpy. It has been proposed
an enthalpy target range of 25−50 kJ mol−1 H2 ,

1,2 i.e., Peq = 1
bar and between approximately −45 and 150 °C. These
temperature limits represent the cold PEMFC starting and a
typical high temperature polymer electrolyte membrane fuel
cell (HT-PEMFC) operation.3,4 The reactive hydride compo-
sites (RHCs) have been proposed as an alternative to tailor the
hydrogen desorption enthalpy.5,6 In the RHC, the overall
hydrogen desorption enthalpy per mole of hydrogen is lowered
compared with those of the single components of the
mixture.5,6 Among the RHCs, the system

+ ↔ + +Ca(BH ) MgH CaH MgB 4H

8.4 wt % of H storage

4 2 2 2 2 2

2 (1)

has been proposed as a potential system for hydrogen storage.7

The reaction enthalpy calculated for eq 1 is ΔHT=300K = 47.0 kJ
mol−1 H2, which entails an equilibrium pressure of 1 bar at 135
°C.8 However, activation energy, kinetics, reaction pathway,
formation of side products, low reversibility, etc., prevent

reaction 1 from proceeding as depicted. A wide range of
additives have been shown to enhance reversibility or to
increase hydriding/dehydriding kinetics in borohydride mix-
tures, especially materials based on transition metals like Ti, Zr,
and Nb.9 Fluorinated compounds have been studied as
additives to improve the hydriding/dehydriding properties of
calcium borohydride,10 where materials such as TiF4 and NbF5
improved the rehydrogenation reaction.10 Similarities in
structure and chemistry of fluorides versus hydrides have
suggested the possibility of their use as reaction-pathway
modifiers.11−14 Lee et al.15 proposed that CaF2 interacts with
Ca(BH4)2 and drives the decomposition by forming Ca-
(H1−yFy)2 and CaB6. MgF2 in the Ca(BH4)2 + MgF2 mixture

16

or CaF2 in 3CaH2 + CaF2 + 4MgB2
17−19 has been used to

modify the pathway of reaction 1. Following with the
similarities in structure or chemistry, the mixtures 9CaH2 +
CaF2 + 10MgB2, 10Ca(BH4)2 + 9MgH2 + MgF2, and
9Ca(BH4)2 + Ca(BF4)2 + 10MgH2 were prepared and studied
for hydrogen storage applications in the presented work.
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2. EXPERIMENTAL DETAILS

2.1. Reactive Hydride Composite Preparation. The
following Ca-based RHCs were prepared by high energy ball
milling: (a) 9CaH2 + CaF2 + 10MgB2, (b) 10Ca(BH4)2 +
9MgH2 + MgF2, and (c) 9Ca(BH4)2 + Ca(BF4)2 + 10MgH2.
All chemicals were purchased from Sigma-Aldrich; purities:
CaH2 95%, CaF2 99.99%, MgH2 99.99%, MgF2 99.99%,
Ca(BH4)2·2THF 95%, and Ca(BF4)2·xH2O 95%. The as-
received Ca(BF4)2·xH2O was dried at 110 °C and under a
dynamic vacuum for 3 h in order to eliminate H2O. The as-
received Ca(BH4)2·2THF was dried at 190 °C and under a
dynamic vacuum for 3 h in order to eliminate THF. The rest of
the materials were used as received.
Ball milling was performed in two stages. In the first stage,

the fluorinated compound and the corresponding hydrogenated
compound, i.e., CaF2/CaH2, MgH2/MgF2, or Ca(BH4)2/
Ca(BF4)2, were milled together for 60 h. In the second stage,
the resulting mixture and MgB2, Ca(BH4)2, or MgH2,
respectively, were milled together for a further 27 h. The ball
milling process was performed in a SPEX 8000 miller. The ball
to powder ratio was kept as 10:1. The vial material was stainless
steel, the ball material was ceramic zirconium oxide, and no
process agent control was used. All powder handling and
milling processes were carried out in an MBraun argon-filled
glovebox. The H2O and O2 concentration was kept below 10
ppm. Additionally, Ca(BH4)2 + MgH2 and CaH2 + MgB2
mixtures were prepared by 27 h of ball milling; these materials
and CaF2/CaH2 or MgH2/MgF2 ball milled mixtures are
presented as references.
2.2. Hydrogen Absorption/Desorption Testing. Hydro-

gen absorption/desorption experiments were carried out in a
PCTPro-2000 SETARAM instrument. During the first
absorption/desorption, the applied temperature and hydrogen
pressure conditions were 350 °C and 130 bar H2 pressure for
the absorption; meanwhile, desorption was performed at 350
°C and 0.1 bar H2 pressure. This experimental condition was
applied for all three studied composites.
Due to the acceptable hydrogen uptake of 9CaH2 + CaF2 +

10MgB2 (see below), this material was cycled one additional
time under the same conditions as the first cycle and
characterized by high resolution SR-PXD in each stage of
hydrogen absorption/desorption.
2.3. In Situ and High Resolution SR-PXD. Samples of

hydrogenated 9CaH2 + CaF2 + 10MgB2 (hereafter as 9CaH2 +
CaF2 + 10MgB2 − 1ab), the as-milled 10Ca(BH4)2 + 9MgH2 +
MgF2, and 9Ca(BH4)2 + Ca(BF4)2 + 10MgH2 were
investigated by in situ SR-PXD. The experiments were
performed at the Swiss Norwegian beamline (SNBL) at the
European Synchrotron Radiation Facility (ESRF), France (λ =
0.70026 Å, imaging plate system MAR345, 15 s exposure time),
and at the beamline I711 of MAX-Lab Synchrotron, Sweden (λ
= 0.94608 Å, MAR165 CCD detector, 15 s exposure time). The
samples were confined in sapphire capillaries without oxygen
contact. In turn, the sapphire capillaries were mounted in a
dedicated X-ray diffraction cell for solid−gas reactions, as
described elsewhere.20,21 In-situ hydrogen desorption was
performed by heating the samples up to 350 °C with 5 °C
min−1 heating rate, and kept isothermally at 350 °C under a
dynamic vacuum. Two-dimensional powder diffraction data
were integrated by the Fit2D program.22 PXD peak assignment
was performed by means of the MAUD software,23 and the
Inorganic Crystal Structure Database (ICSD) was used.

Rietveld refinement was performed on selected materials and
diffractograms. The Le Bail method with a convergence error of
0.005 was used with the MAUD software for Rietveld
refinement.
Samples of cycled 9CaH2 + CaF2 + 10MgB2 were

characterized by high resolution SR-PXD. The patterns were
taken at SNBL at the ESRF (λ = 0.50086 Å). Data reduction
and peak assignment was performed in the same way as in the
in situ SR-PXD.

2.4. DSC Characterization. The DSC characterization was
carried out with a Netzsch STA 409 instrument. The
measurements were performed in an argon filled glovebox.
The samples were heated from room temperature to 500 °C
with a heating rate of 5 °C min−1 under an argon flow of 50 mL
min−1.

3. RESULTS
3.1. First Hydrogenation/Dehydrogenation Cycle.

Figure 1 presents the first cycle of hydrogen absorption/

desorption of 9CaH2 + CaF2 + 10MgB2, 10Ca(BH4)2 + 9MgH2
+ MgF2, and 9Ca(BH4)2 + Ca(BF4)2 + 10MgH2 RHCs. For
clarity, it must be mentioned that 9CaH2 + CaF2 + 10MgB2
composite started at the dehydrogenated state while the two
others started in the hydrogenated state. The cycling order was
therefore different: absorption then desorption for 9CaH2 +
CaF2 + 10MgB2 and desorption then absorption for the two
others. The expected and experimentally achieved hydrogen
storage capacity values are collected in Table 1 together with a
proposed reaction. The addition of fluorine compounds
induced a small change in the absorption/desorption kinetics.
The material 9CaH2 + CaF2 + 10MgB2 presented the highest
hydrogen uptake and reversibility during the first cycle.
Figure 2 presents the in situ SR-PXD diffractograms of the

dehydrogenation behavior of the 9CaH2 + 10MgB2 + CaF2 −
1ab composite. After the hydrogen absorption, the formation of
Ca(BH4)2, MgH2, and Ca4Mg3H14 was observed (front of
Figure 2, beginning of dehydrogenation experiment). Addi-
tionally, peaks of unreacted CaF2 and MgB2 and an unidentified
peak at 1.6 Å−1 were present. During heating, at around 155 °C,
the α- to β-Ca(BH4)2 phase transformation was observed.
Furthermore, at this temperature, the formation and fading of a
small peak at 1.4 Å−1 was observed to take place. The formation

Figure 1. First hydrogen absorption/desorption cycle at CaH2 +
MgB2, 9CaH2 + CaF2 + 10MgB2, 10Ca(BH4)2 + 9MgH2 + MgF2, and
9Ca(BH4)2 + Ca(BF4)2 + 10MgH2 reactive hydride composites.
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of CaH2 started at around 325 °C; meanwhile, the intensities of
CaF2 and MgB2 peaks increased. The CaF2 peaks were
consistent with a cubic solid solution CaF2−CaH2; this will
be discussed in detail below. Simultaneously, the peak intensity
of the hydrogenated phases β-Ca(BH4)2 and MgH2 decreased.
During the isothermal period at 350 °C, the peaks of
Ca4Mg3H14 and the unidentified peak at 1.6 Å−1 disappeared.
After the dehydrogenation reaction, the presence of CaF2,

MgB2, CaH2, Mg, small quantities of MgF2, and Fe (from
milling vial) was observed.
The in situ SR-PXD analysis of the dehydrogenation process

of 10Ca(BH4)2 + 9MgH2 + MgF2 is presented in Figure 3. The
as milled material (front of Figure 3) presented peaks
corresponding to α-Ca(BH4)2, MgH2, and MgF2. The α- to
β-Ca(BH4)2 phase transition occurred around 155 °C. At 350
°C, the peaks corresponding to β-Ca(BH4)2, MgH2, and MgF2
vanished, while peaks of CaF2, CaH2, and Mg developed. CaF2,

Table 1. Hydrogen Sorption Capacitya

proposed reactionb
expected H2 capacity

(wt %)
experimental H2 uptake

(wt %)
experimental H2 release

(wt %)

CaH2 + MgB2 + 4H2 ↔ Ca(BH4)2 + MgH2 8.3 6.5c 5.6c

9CaH2 + CaF2 + 10MgB2 + 36H2 ↔
9Ca(BH4)2 + 9MgH2 + MgB2 + CaF2

d
7.2 6.8c 6.4c

10Ca(BH4)2 + 9MgH2 + MgF2 → 9CaH2 + CaF2 + 10MgB2 + 40H2 8.0 6.5e 5.7e

9Ca(BH4)2 + Ca(BF4)2 + 10MgH2 →
6CaH2 + 4CaF2 + 10MgB2 + 40H2

7.2 5.1e 4.9e

aAbsorption 130 bar H2 pressure and 350 °C, desorption 0.1 bar H2 and pressure 350 °C.
bBold type: as prepared ball milled materials. cAbsorption

then desorption. dConsistent with a cubic solid solution CaF2−CaH2 (see Table 2). eDesorption then absorption.

Figure 2. In situ SR-PXD dehydrogenation of 9CaH2 + CaF2 + 10MgB2 − 1ab RHC (5 °C min−1, SNBL-ERSF, λ = 0.70026 Å).

Figure 3. In situ SR-PXD dehydrogenation of 10Ca(BH4)2 + 9MgH2 + MgF2 RHC (5 °C min−1, SNBL-ERSF, λ = 0.70026 Å).
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not present in the initial mixture, was formed during the
dehydrogenation reaction (back of Figure 3). This indicates a
change of F bonding during the solid−gas reactions. The
formation of CaF2 is favored thermodynamically, ΔHf

298 =
−1229.3 kJ mol−1, versus MgF2 ΔHf

298 = −1124 kJ mol−1.24

The dehydrogenation reaction of as milled 9Ca(BH4)2 +
Ca(BF4)2 + 10MgH2 is shown in Figure 4. In this RHC, the
formation of CaF2 was observed after milling and there was no
indication of any remaining Ca(BF4)2. Interestingly, after ball
milling, the high temperature β-Ca(BH4)2 phase was found at
room temperature. The dehydrogenation reaction of both
MgH2 and β-Ca(BH4)2 finished at 350 °C. Instead of the
expected MgB2 phase, metallic Mg was formed after
dehydrogenation. In the same setup, the H2 pressure was
changed from dynamic vacuum to 130 bar under isothermal
conditions (i.e., 350 °C). Then, the rehydrogenation reaction
was observed. The main phases in the rehydrogenated system
determined by in situ SR-PXD were β-Ca(BH4)2, MgH2, and
CaF2.
DSC-dehydrogenation profiles are presented in Figure 5. In

addition to the studied RHCs, the reference materials
Ca(BH4)2 + MgH2, hydrogenated CaH2 + MgB2 (hereafter
CaH2 + MgB2 − 1ab), as-received Ca(BF4)2·xH2O, and 9MgH2
+ MgF2 ball milled mixture were analyzed. The reference
materials, Ca(BH4)2 + MgH2 (frame a) and CaH2 + MgB2 −
1ab (frame b), showed different behavior. The CaH2 + MgB2 −
1ab presented three peaks shifted to higher temperatures as
compared with one-peak Ca(BH4)2 + MgH2. The addition of
CaF2 as an additive to CaH2 + MgB2 (frame c) led to a 10 °C
decrease in the dehydrogenation temperature peak, compared
to the materials without an additive (frames a and b). The DSC
of the 9MgH2 + MgF2 mixture (frame d) presented a peak
dehydrogenation temperature lower than the RHCs tested,
suggesting that the Ca(BH4)2 dominates the dehydrogenation
process. The composite 10Ca(BH4)2 + 9MgH2 + MgF2 (frame
e) presented an increase of dehydrogenation temperature
compared to the 9MgH2 + MgF2 mixture but within the range
of the studied Ca-based RHCs. In the DSC data of 9Ca(BH4)2

+ Ca(BF4)2 + 10MgH2 (frame g), the main peak of
dehydrogenation was shifted to higher temperatures than the
referenced materials and it was surrounded by two shoulders.

3.2. Second Hydrogenation/Dehydrogenation Cycle.
Figure 6 presents the two-cycle testing of 9CaH2 + CaF2 +
10MgB2. At the successive cycling, a progressive reduction was
demonstrated in the hydrogen uptake and release. After the
second hydrogen desorption, just about 4 wt % of hydrogen
was released. Figure 7 shows the high resolution SR-PXD

Figure 4. In situ SR-PXD first dehydrogenation and rehydrogenation behavior of 9Ca(BH4)2 + Ca(BF4)2 + 10MgH2 RHC (5 °C min−1, λ = 0.94608
Å, Max Lab).

Figure 5. DSC profiles of first dehydrogenation of reactive hydride
composites and references, measured at 5 °C min−1 heating rate.
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patterns of the first and second absorption states of the 9CaH2
+ CaF2 + 10MgB2 RHC. The main hydrogenation products
(Figure 7a) were Ca(BH4)2 and MgH2. In addition to the main
products, Ca4Mg3H14, CaF2, MgB2, the small amount of MgF2,
and small contaminations of Fe, CaO, and MgO were also
present in the sample. The second hydrogenation pattern
showed an increase of Ca4Mg3H14 peak intensity. The main
dehydrogenation products of 9CaH2 + CaF2 + 10MgB2 RHC
(Figure 7b) were CaH2, CaF2, MgB2, Mg, and MgF2.
Figure 8 collects the SR-PXD diffractograms of the as-milled

9CaH2−CaF2, the last diffractogram of in situ SR-PXD

dehydrogenation of 9CaH2 + CaF2 + 10MgB2 − 1ab
(corresponding to 9CaH2 + CaF2 + 10MgB2 cycled one
time), the last diffractogram of in situ SR-PXD dehydrogen-
ation of 10(CaBH4)2 + 9MgH2 + MgF2, and the last
diffractogram of the in situ SR-PXD dehydrogenation part of
9(CaBH4)2 + Ca(BF4)2 + 10MgH2. All of them represent

Figure 6. Two hydrogen absorption/desorption cycles of 9CaH2 + CaF2 + 10MgB2 RHC.

Figure 7. (a) High resolution SR-PXD patterns of the first and second
absorption states of CaF2 + 9CaH2 + 10MgB2 (SNBL-ERSF, λ =
0.50086 Å). (b) High resolution SR-PXD patterns of the first and
second dehydrogenated states of CaF2 + 9CaH2 + 10MgB2 (SNBL-
ERSF, λ = 0.50086 Å).

Figure 8. SR-PXD patterns of as-milled 9CaH2 + CaF2, one-cycled
9CaH2 + CaF2 + 10MgB2, dehydrogenated 10Ca(BH4)2 + 9MgH2 +
MgF2, and dehydrogenated 9Ca(BH4)2 + Ca(BF4)2 + 10MgH2
showing the progressive change from orthorhombic to cubic CaH2−
CaF2 transformation. Line: experimental. Dots: refined data.
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dehydrogenated materials where CaF2, CaH2, and MgB2 are
present but with differences. The peak intensity of CaH2 and
MgB2 reduced in the order 9CaH2 + CaF2 + 10MgB2 cycled
one time > dehydrogenated 10(CaBH4)2 + 9MgH2 + MgF2 >
dehydrogenated 9(CaBH4)2 + Ca(BF4)2 + 10MgH2; mean-
while, the CaF2 peak intensity increased (relative peak
intensity). Rietveld refinement was performed for as-milled
9CaH2−CaF2 and dehydrogenated 9(CaBH4)2 + Ca(BF4)2 +
10MgH2 to check for the formation of CaF2−CaH2 solid
solution; thermal effects were taken into consideration. For the
as-milled 9CaH2−CaF2, an enlarged orthorhombic CaH2
structure dominates. For the Ca-RHC, an enlarged cubic
CaF2 was found. Both states are consistent with the formation
of solid solutions of CaF2−CaH2 (Table 2).25

4. DISCUSSION

4.1. Kinetic Considerations. The absorption/desorption
experiments indicate a lower than expected hydrogen uptake
and a progressive reduction in the reversible hydrogen storage
capacity upon cycling. The reduction in the reversibility can be
associated with the formation of Ca4Mg3H14 during hydro-
genation and the formation of Mg at the dehydrogenation, both
observed here by SR-PXD. The dehydrogenation conditions
are adequate to decompose Ca4Mg3H14, but its dehydrogen-
ation leads to the formation of Mg instead of MgB2, decreasing
the overall cycle capability of the system. The formation of
unreactive species such as amorphous boron or nanocrystalline
CaB12H12 is another factor to be considered. The formation of
unreactive B-compounds was already observed in the Ca-
(BH4)2, Ca(BH4)2 + MgH2, and CaH2 + MgB2 systems.

3,6,26

The formation of unreactive B-compounds is responsible for
the decrease of B available to form Ca(BH4)2 and MgB2. In the
present work, no crystalline B-compounds were observed.
However, we cannot discard the possible formation of
amorphous B-compounds. All together, the formation of
Ca4Mg3H14, Mg, and unreactive B-compounds represents a
major problem in Ca-RHCs.
4.2. Thermodynamic Considerations. As commented in

the Results section, depending on the F-source, there was a
change of F bonding during the solid−gas reactions and the
formation of CaF2 was favored due to its high thermodynamic
stability. The formation of crystalline Ca4Mg3H14 was also
affected according to the F-source. For the 9CaH2 + 10MgB2 +
CaF2 − 1ab, the presence of Ca4Mg3H14 was clear. However,
for the 10Ca(BH4)2 + 9MgH2 + MgF2 and particularly for the
9Ca(BH4)2 + Ca(BF4)2 + 10MgH2, where both hydrogenation
and dehydrogenation were performed in a single in situ
experiment, the formation of crystalline Ca4Mg3H14 was not
evident. The Ca4Mg3H14 appearance on Ca−Mg−H sys-
tems6,17,19 suggests that Ca4Mg3H14 must be a thermodynamic
stable ternary hydride. From our observations and reported
data,19 this material decomposes between 325 and 350 °C at

0−1 bar H2. The formation of Ca4Mg3H14 was first reported,
together with its crystal structure by Gingl et al. in 1992.27

Posterior reviews on hydrogen storage materials report its
existence and possible hydrogen storage use,28 the detailed
material crystal structure,29 but none about thermodynamic
data. This ternary hydride is relatively new and unstudied for
hydrogen storage; to the best of our knowledge, no
experimental or theoretical/computational thermodynamic
data is available to verify our observations on formation and
decomposition. Other RHCs also show a competition between
the formation of the RHC products, i.e., borohydrides and
magnesium hydride, and magnesium ternary hydrides during
hydrogenation. For example, Garroni et al. have shown the
formation of NaMgH3 as high as 18 wt % in the system NaBH4

+ 2MgH2
30 and a lowering in the hydrogen uptake.

4.3. Structural Considerations. The dehydrogenation of
the three studied Ca-RHCs reveals a sudden increase of CaF2
peak intensity simultaneous with the disappearance of β-
Ca(BH4)2/MgH2 peaks. The in situ rehydrogenation of
9Ca(BH4)2 + Ca(BF4)2 + 10MgH2 did not show a reduction
of CaF2 peak intensity, indicating that the CaF2 did not re-enter
in the RHC reaction scheme as wanted. Initially, the CaF2 was
connected to the RHC scheme via the formation of an
orthorhombic solid solution CaF2−CaH2 produced during ball
milling, already reported as CaF2−xHx.

25 As-milled 9CaH2 +
CaF2, one-cycled 9CaH2 + CaF2 + 10MgB2, dehydrogenated
10Ca(BH4)2 + 9MgH2 + MgF2, and dehydrogenated 9Ca-
(BH4)2 + Ca(BF4)2 + 10MgH2 (Figure 8) reveal the changes in
the solid solution upon heating and hydrogen exposure. As
mentioned above, as-milled 9CaH2 + CaF2 is a partial
orthorhombic solid solution with the main structure of
orthorhombic CaH2; meanwhile, cycled 9CaH2 + CaF2 +
10MgB2, dehydrogenated 10Ca(BH4)2 + 9MgH2 + MgF2, and
dehydrogenated 9Ca(BH4)2 + Ca(BF4)2 + 10MgH2 presented
an enlarged structure of cubic CaF2, consistent with the
formation of a cubic CaF2−CaH2 solid solution (refined unit
cell axis of the two extreme cases in Table 2). The formation of
a solid solution of CaF2−xHx has been proposed as a possible
way to tune the thermodynamics of hydrogen desorption.25 In
this regard, there are two possibilities, the formation of the
cubic solid solution (CaH2 into CaF2) or the orthorhombic
solid solution (CaF2 into CaH2), with different enthalpies of
mixing, negative and positive, respectively.25 It has been
proposed that the enthalpy of mixing can change the
decomposition temperature.15,25 Lee et al. proposed that the
heat of mixing of CaF2−CaH2 in the related system, 3/2Ca-
(BH4)2 + CaX2 ↔ 2CaHX + 1/2CaB6 + 5H2, leads to a small
decrease of the equilibrium temperature. The DSC measure-
ments shown in this work (Figure 5) demonstrate a 10 °C
reduction in the peak dehydrogenation temperature of 9CaH2

+ CaF2 + 10MgB2 − 1ab as compared to Ca(BH4)2 + MgH2.

Table 2. Refinement Unit Cell Parameters of CaF2 and CaH2
a

material
CaH2 refined unit cell parameters (Å) [reported cell lattice (Å),

ICSD-155987, a = 5.899; b = 3.570; c = 6.769]
CaF2 refined unit cell parameter (Å) [reported cell

lattice (Å), ICSD-82707, a = 5.4712(4)]

as-milled 9CaH2 + 1CaF2 a = 5.965(1) a = 5.472(1)
b = 3.606(1)
c = 6.843(2)

dehydrogenated
9Ca(BH4)2 + Ca(BF4)2 + 10MgH2

a = 5.508(2)

aEstimated standard deviations in parentheses.
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However, this reduction of dehydrogenation temperature is far
away from the target.
The formation of the CaF2−xHx solid solution has been

proposed as having a detrimental effect by reducing the
availability of CaH2 to form Ca(BH4)2 upon cycling.19 This is
consistent with the observed reduction of the hydrogen uptake
and release. Additionally, the increase of Ca4Mg3H14 and
decrease of Ca(BH4)2 upon cycling, as observed by high
resolution SR-PXD, is a major disadvantage for the RHC.

■ CONCLUSIONS
Several compositions of Ca-RHC with different sources of
fluorine were prepared by ball milling and tested for hydrogen
uptake. Among the tested Ca-RHCs, the 9CaH2 + CaF2 +
10MgB2 presented the highest hydrogen storage capacity.
Despite the elegant idea behind the Ca-based reactive hydride
composites, the experimental results indicate that the
theoretical dehydrogenation temperature and the expected
reversibility were not achieved. The reasons for this include the
formation of the ternary hydride Ca4Mg3H14 during hydro-
genation and the formation of Mg instead of MgB2 during
dehydrogenation.
The addition of the fluorinated compounds modified the

dehydrogenation pathway. Independently of the fluorine
source, CaF2 was formed during dehydrogenation reactions.
CaF2 was found as part of CaF2−CaH2 solid solutions, as
evident from shifts in the unit cell parameters.
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Saldan, I.; Pistidda, C.; Requejo, F. G.; Jensen, T.; Cerenius, Y.; Sørby,
M.; Avila, J.; et al. 3CaH2 + 4MgB2 + CaF2 Reactive Hydride
Composite as a Potential Hydrogen Storage Material: Hydrogenation
and Dehydrogenation Pathway. J. Phys. Chem. C 2012, 116, 7207−
7212.
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