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ABSTRACT: In this work the effect of a partial replacement of CaH, with Cak,*MgB, SCaH*CaF Mg, .,
CaF, on the sorption properties of the system CaH, + MgB, has been o
studied. The first five hydrogen absorption and four desorption reactions
of the CaH, + MgB, and 3CaH, + CaF, + 4MgB, systems were
investigated by means of volumetric measurements, high-pressure : 1 i
differential scanning calorimetric technique (HP-DSC), "B and 'F e e e e e e
MAS NMR spectroscopy, and in situ synchrotron radiation powder X-ray '
diffraction (SR-PXD). It was observed that already during the mixing of
the reactants formation of a nonstoichiometric CaF,_H, solid solution
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takes place. Formation of the CaF,_,H, solid solution sensibly affects the
overall hydrogen sorption reactions of the system CaH, + MgB,. 130 bar p(Hy)
from RT to 400 °C

B INTRODUCTION Ca(BH,), < 1/6CaB,H,, + 5/6CaH, + 13/6H,
In the past years borohydrides and hydride mixtures of _ -1
borohydrides have been extensively studied as possible (31.34-392 K mol " H,) )
candidates for hydrogen storage.' >* Due to its high from refs 27 and 28
gravimetric and volumetric hydrogen capacity, Ca(BH,),
represents an ideal candidate for storing hydrogen. The Ca(BH,), <> CaB,H, + H, (31.09k]J mol 'H,) (4)
calculated enthalpy value for the decomposition reaction of
the pristine calcium borohydrides lies between 31.09 and 68.51 from ref 28

kJ mol™' H,******7® This uncertainty in the decomposition .
enthalpy value is due to the presence of five possible Ca(BH,), < CaB,H, + 3H, (68.51kJmol" H,) (5)
decomposition reaction mechanisms. The decomposition from ref 28

reaction mechanisms proposed in the literature for Ca(BH,), )

The enthalpy values of reactions 1—4 are calculated assuming
are as follows

the reaction takes place at 300 K and 1 bar of H, pressure,
whereas the enthalpy value given for reaction 5 is calculated at 0

Ca(BH,), « 2/3CaH, + 1/3CaB, + 10/3H, K neglecting the zero-point energy contribution. However, the

(37.04KJ mol_lHZ) (1) possibility that decomposition of Ca(BH,), takes place
following more than a single reaction path is possible. Recently,
from ref 28 Kim et al. reported that the desorption reaction of Ca(BH,),,
-1
Ca(BH,), < CaH, + 2B + 3H, (57.3kJmol " H,) Recetved:  Augost 30, 2014
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from ref 26 Published: November 17, 2014

W ACS Publications  © 2014 American Chemical Society 28409 dx.doi.org/10.1021/jp508780b | J. Phys. Chem. C 2014, 118, 28409-28417


pubs.acs.org/JPCC

The Journal of Physical Chemistry C

performed at 1 bar of hydrogen pressure at a final temperature
of 500 °C, leads to formation of CaB4 and CaB ,H,, passing
through formation of an unidentified amorphous phase and
CaB,H,.>*

Although CaB,H, and CaBg are known to react with CaH, to
form Ca(BH,),, formation of stable products such as CaB;,H,,
and amorphous boron significantly reduces the reversibility of
Ca(BH,),.**”* In this regard, a maximum reversibility of
about 60% was reported to be possible only after addition of
selected halogenated additives (e.g., NbFs and TiCl,).>>3"3*
These additives appear to direct the desorption reaction path of
Ca(BH,), toward formation of CaBg4 rather than other stable
boron compounds. Barkhordarian et al. showed that complete
formation of Ca(BH,), and MgH, is possible by hydrogenation
of the mixture CaH, + MgB,.> This system has a hydrogen
gravimetric capacity of 10.5 wt %, and like for Ca(BH,), several
decomposition reaction paths are predicted to be possible®

Ca(BH,), + MgH, < CaH, + MgB, + 4H,
(46.91J mol ™' H,) (6)
from ref 26
Ca(BH,), + MgH, < 2/3CaH, + 1/3CaBg + Mg

+ 13/3H,
from ref 26

(45K mol ™ H,) (7)

Ca(BH,), + MgH, < CaH, + 2B + Mg + 3H,
(57.91J mol ' H,) (8)

from ref 26.

Differently from Ca(BH,),, the dehydrogenation reaction of
the system Ca(BH,), + MgH, is partially reversible without the
need of any additives.'® Bonatto Minella et al. recently reported
experimental evidence that during the hydrogen desorption of
Ca(BH,), + MgH, formation of CaB,H;, also can take
place.'® The possibility to modify the thermodynamic proper-
ties of complex hydrides was recently reported to be possible by
replacing one or more hydrogen atoms with fluorine atoms.
This exgerimental approach is called the functional anion
concept.>** A material to which this concept successfully
applies is NaAlH,.>> The possibility to modify the thermody-
namic properties of Ca(BH,), in the mixed system Ca(BH,), +
MgH, is highly appealing. This might result in a different
decomposition reaction path, allowing formation of products
with a higher degree of reversibility (i.e, MgB, and/or CaBy
only).

In this work the effect of a partial replacement of CaH, with
CaF, on the sorption properties of the system CaH, + MgB,
was investigated, and the results were compared with those
obtained for the pristine system CaH, + MgB,. In order to
perform this study, ex situ powder X-ray diffraction (PXD), in
situ synchrotron radiation powder X-ray diffraction (SR-PXD),
high-pressure titration (volumetric measurement), high-pres-
sure differential scanning calorimetric technique (HP-DSC),
and solid state magic angle spinning nuclear magnetic
resonance spectroscopy (MAS NMR) were applied.

B EXPERIMENTAL DETAILS

CaH, (98% purity) and MgB, (98% purity) were purchased
from Alfa Aesar; CaF, (99.99% purity) was purchased from
Sigma-Aldrich. As a reference, a solid solution of CaF,—CaH,

in a molar ratio of 1:1 was prepared by ball milling for S h using
a hardened steel vial, a ball to powder ratio of 30:1, and a
Fritsch PS planetary mill at a rotational regime of 230 rpm. The
milled material was then heated up to 400 °C under an inert
atmosphere and kept at 400 °C for 24 h. In the article, this
reference mixture will be mentioned as CaF,—CaH, solid
solution, whereas the general solid solution of CaF, and CaH,
will be addressed as CaF,_ ,H,. The systems CaH, + MgB,,
3CaH, + CaF, + 4MgB,, and CaF, — CaH, + MgB, were
prepared charging the compounds into alumina vials and
milling them for 10 h using a planetary mill with a ball to
powder ratio of 30:1 and a rotational regime of 230 rpm.
Handling and milling were performed in a dedicated glovebox
under a continuously purified argon atmosphere. The hydrogen
absorption and desorption of the material were performed in a
PCTPro-2000 volumetric apparatus (SETARAM Instruments).
The as-milled material and material after hydrogen desorption
were hydrogenated at a temperature of 380 °C and hydrogen
pressure of 130 bar for 20 h.

Unfortunately, due to instrumental limitations, the hydrogen
absorption curves could not be recorded, and for this reason
they will not be shown in this work.

Desorption measurements were performed under static
vacuum conditions (starting pressure of 107> bar), heating
the material from RT to 380 °C with a heating rate of 20 °C/
min and keeping it under isothermal conditions at 380 °C for
several hours.

Ex situ powder X-ray diffraction analysis was carried out with
a Siemens D5000 X-ray diffractometer using Cu Ka radiation.
The powder was spread onto a single silicon crystal and sealed
in the glovebox with an airtight hood.

In situ SR-PXD measurements were performed at MAX II
Synchrotron, at the beamline 1711 in the research laboratory
MAX-lab, Lund, Sweden, and at DESY synchrotron, at the
beamline D3, Hamburg, Germany. The wavelengths used were
0.1100 and 0.0498 nm, respectively. A special sample holder,
designed for in situ monitoring of solid/gas reactions, was
utilized.*> ™" All raw SR diffraction data were elaborated and
converted to powder patterns by use of the FIT2D program.*®
For the sake of comparability of measurements acquired with
different wavelengths, diffraction intensities were plotted as a
function of scattering vector g, where g = (47/A)sin 6, A is the
wavelength, and 6 is one-half the scattering angle.

"B MAS NMR spectra were obtained on a Varian INOVA-
400 (9.39 T) spectrometer using a home-built CP/MAS probe
for S mm o.d. rotors and a spinning speed of vy = 10.0 kHz.
Spectra were acquired using the single-pulse experiment with
'"H decoupling during acquisition (yB,/2z = 50 kHz) using a
0.5 ps excitation pulse for the rf field strength, yB, /27 = 55 kHz
(10° flip angle), and a relaxation delay 4 s. 'F MAS NMR
spectra were acquired at 7.05 T on a Varian INOVA-300
spectrometer, employing a home-built CP/MAS probe for §
mm o.d. rotors and a spinning speed of vy = 10.0 kHz. Single-
pulse spectra were obtained without 'H decoupling, employing
a 2.5 ps excitation pulse for yB,/2x = 60 kHz (54° flip angle)
and a relaxation delay of 120 s. For all experiments the samples
were packed into airtight end-capped zirconia (PSZ) rotors in
an argon-filled glovebox. ''B and "F chemical shifts were
referenced to external samples of neat BF,-O(CH,CH;), and
neat CCLF, respectively.

Hydrogen absorption reactions were investigated also by
high-pressure differential scanning calorimetry (HP-DSC)
using a high-pressure calorimeter (Sensys DSC, Setaram).

dx.doi.org/10.1021/jp508780b | J. Phys. Chem. C 2014, 118, 28409—28417



The Journal of Physical Chemistry C

HP-DSC measurements were carried out at a constant pressure
of 130 bar of hydrogen from room temperature (RT) to 400
°C, applying a heating rate of 5 °C/min. Handling of the
material was always performed in a dedicated glovebox under a
continuously purified argon atmosphere.

B RESULTS

Hydrogen desorption kinetics measured for hydrogenated
CaH, + MgB, and 3CaH, + CaF, + 4MgB, are presented in
Figure 1A and 1B, respectively. The first desorption measure-
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Figure 1. Desorption kinetics of hydrogenated CaH, + MgB, (A) and
3CaH, + CaF, + 4MgB, (B) measured in a Sievert’s-type apparatus.
Samples were heated under static vacuum conditions (starting pressure
of 1072 bar) from RT to 380 °C, applying a heating rate of 20 °C/min
and keeping the material under isothermal conditions at 380 °C for
several hours.

ment performed on the hydrogenated CaH, + MgB, was
stopped after 6 h, when an amount of hydrogen equal to 6.2 wt
% was released. The following desorption measurements were
carried out for periods of time longer than 20 h. The hydrogen
desorption capacities achieved for further desorption measure-
ments were 5.8, 4.2, and 3.6 wt % for the second, third, and
fourth cycle, respectively. The first desorption measurement
performed on the hydrogenated 3CaH, + CaF, + 4MgB, was
stopped after 22 h when an amount of hydrogen equal to 4.3 wt
% was released. The hydrogen capacities achieved for further
desorption measurements were 3.9 wt % after 20 h for the
second desorption and 3.3 wt % after approximately 7 h for the
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third and fourth desorption measurements. The hydrogen
desorption reactions of CaH, + MgB, and 3CaH, + CaF, +
4MgB, appear to take place in a single step.

In order to understand the reasons for not achieving the
theoretical hydrogen capacities, PXD characterization of the
starting reactants and absorption products upon cycling was
performed. In Figure 2 the PXD patterns of the as-milled CaH,
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Figure 2. Ex situ PXD characterization of the systems CaH, + MgB,
(A) and 3CaH, + CaF, + 4MgB, (B): as milled (a, al), after the first
hydrogen absorption (b, b1), and after the fifth absorption (c, c1).

+ MgB, (pattern a) and 3CaH, + CaF, + 4MgB, (pattern al)
and their reaction products after the first (pattern b and b1)
and fifth absorption cycle (pattern c and cl1) are reported. For
both systems, mechanochemical treatment does not lead to
formation of new crystalline compounds. Indeed, the Bragg
reflections present in the PXD pattern of the ball-milled CaH,
+ MgB, can be attributed only to CaH,, MgB,, and a small
amount of CaO, and for the milled 3CaH, + CaF, + MgB, the
observed Bragg reflections are those of CaF,, CaH,, MgB,, and
a small amount of CaO. The pattern of CaH, + MgH, after the
first hydrogen absorption shows the presence of a-Ca(BH,),,
Ca,Mg;H,,, and a small amount of unreacted MgB,. The
pattern of 3CaH, + CaF, + 4MgH, after the first hydrogen
absorption shows the presence of a-Ca(BH,),, Ca,Mg;H,,, as
well as small amounts of MgB, and CaF,_ H,. The pattern of
CaH, + MgH, after the fifth hydrogen absorption shows the
presence of a small amount of a-Ca(BH,), and a large amount
of Ca,Mg;H,,. The pattern of 3CaH, + CaF, + 4MgH, after
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the fifth hydrogen absorption shows the presence of small
amounts of a-Ca(BH,), and Ca,Mg;H,, but a big amount of
CaF,_H.,.

PXD analysis is a powerful tool to gain a wide range of
information on crystalline matter. However, due to the possible
presence of amorphous compounds, use of solid state MAS
NMR techniques is necessary. Thus, the milled CaH, + MgB,
system and its absorption products after the first and fifth
absorption cycle were investigated by ''B MAS NMR. The ''B
MAS NMR spectrum of the mechanochemically treated CaH,
+ MgB, sample (Figure 3a) shows a main resonance at 5(''B)

150 100 50 0 -50 -100 -150 ppm

Figure 3. "'B{'H} MAS NMR spectra of CaH, + MgB, after (a) the
ball-milling procedure, (b) the first hydrogenation cycle, and (c) the
fifth hydrogenation cycle, obtained at 9.4 T using a spinning speed of
vg = 10.0 kHz. Asterisks in b and ¢ indicate spinning side band from
Ca(BH,),.

= 97.2 ppm. This signal corresponds to the resonances of pure
MgB,. This indicates that upon milling no boron-containing
phases different from MgB, are formed. In the ''B MAS NMR
spectrum of the CaH, + MgB, system after the first
hydrogenation cycle (Figure 3b) the signal of a-Ca(BH,), at
5(*'B) = —29.9 ppm dominates the spectrum with an
unresolved shoulder at §(*!'B) = —32.7 ppm from $-Ca(BH,),
and the presence of a small fraction unreacted MgB, as seen by
the resonance at 5("'B) = 97.2 ppm.” In addition, a very small
resonance at 5(''B) = 1.3 ppm is observed, which is most likely
related to the presence of a tiny amount of tetrahedral BO,
units. The ''B MAS NMR spectrum of CaH, + MgB, after the
fifth hydrogenation cycle (Figure 3c) reveals the presence of
several boron-containing compounds not visible in the PXD
analysis presented in Figure 2. In fact, besides the presence of
small amounts of a-Ca(BH,), at §("'B) = —29.9 ppm and f-

Ca(BH,), seen by the shoulder at 5(''B) = —32.7 ppm, two
new phases with center band resonances roughly at 5(''B) = §
ppm and —14.4 ppm are observed. These two new signals
contain 64% of the total intensity for the center bands and can
be assigned to amorphous boron and CaB,H,,, respectively.”

The 3CaH, + CaF, + 4MgB, system has also been
investigated by MAS NMR. In particular, UB and F MAS
NMR spectra were acquired for these samples after the milling
procedure (Figures 4b and Sc), after the first hydrogenation

(b)

(a)

150 100 50 0 -50 -100 -150 ppm

Figure 4. "'B{'H} MAS NMR spectra (9.4 T, v = 10.0 kHz) of (a)
pristine MgB,, (b) 3CaH, + CaF, + 4MgB, after mechanochemical
treatment, (c) after the first hydrogenation cycle, and (d) after the fifth
hydrogenation cycle. Asterisks in ¢ and d indicate spinning side band
from Ca(BH,),. Vertical expansion (X8) of the spectrum in c is shown
to illustrate the center band resonances from the minor fractions of
MgB, and BO;/BO, species.

cycle (Figures 4c and 5d), and after the fifth hydrogenation
cycle (Figures 4d and Se) to reveal the amorphous/nano-
crystalline boron/fluorine-containing phases and their evolu-
tion over the hydrogenation cycles. The ''B  MAS NMR
spectrum of the ball-milled 3CaH, + CaF, + 4MgB, sample
(Figure 4b) shows two resonances with center bands at 5(''B)
= 972 and ~0 ppm with relative center band intensitities of
87% and 13%, respectively, as observed for the ''B MAS NMR
spectrum of the milled CaH, + MgB, sample. These signals can
be attributed to pure MgB, and possibly boron oxide impurities
(BO, and/or BO, units). For comparison, the ''B MAS NMR
spectrum of pristine MgB, is shown in Figure 4a. In the ''B
MAS NMR spectrum of 3CaH, + CaF, + 4MgB, after the first
hydrogenation cycle the signal of a-Ca(BH,), at 5(''B) =

dx.doi.org/10.1021/jp508780b | J. Phys. Chem. C 2014, 118, 28409—28417
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(a)
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Figure 5. "F MAS NMR spectra (7.1 T, vy = 10.0 kHz) of the
samples: (a) pristine CaF,, (b) solid solution of CaF,_,H,, prepared
starting from CaF, and CaH,, and (c) milled 3CaH, + CaF, + 4MgB,,
(d) sample after the first hydrogenation cycle, and (e) sample after the
fifth hydrogenation cycle. Asterisks in b—e indicate first-order spinning
side bands.

—29.6 ppm and a small signal of unreacted MgB, at 5(''B) =
97.3 ppm are observed. Furthermore, small resonances from
boron oxide impurities are also detected at about 5(*'B) ~ 0
ppm. Evaluation of the center band intensities in Figure 4c
reveals that a-Ca(BH,), is the dominating phase (85%) and
that MgB, (6%) and the BO;/BO, oxide impurities (9%) are
only present as minor phases.

The "B MAS NMR spectrum of 3CaH, + CaF, + 4MgB,
after the fifth absorption cycle shows the presence of four main
resonances. The broad signal at 5(''B) ~ 10 ppm can be
attributed to amorphous boron, and it constitutes roughly 80%
of the total center band intensity. The signal at 5(*'B) = —30.6
ppm is related to the presence of a small amount of a-
Ca(BH,), (16% of center band intensity), whereas the signals
at 5(''B) = —1.8 and —14.0 ppm can be assigned to impurities
of BO, species and CaB,,H,,, respectively.

For comparison purposes, '’F MAS NMR spectra of pristine
CaF, and as-prepared CaF,—CaH, solid solution are shown in
Figure Sa and Sb, respectively.

The 'F MAS NMR spectrum of the milled 3CaH, + CaF, +
4MgB, sample (Figure Sc) shows three main signals at §(*°F) =
—86.2, —95.8, and —105.3 ppm, which can be assigned to the
resonances from a substituted CaF,_,H, solid solution. This
indicates that formation of the substituted CaF,_ H, solid
solution takes place already during the milling procedure, which
is not clearly detected by PXD. The '’F MAS NMR spectrum
of 3CaH, + CaF, + 4MgB, after the first hydrogen absorption
cycle (Figure Sd) contains four distinct resonances at 5("°F) =
—75.4, —85.3, —94.6, and —104.3 ppm. Again, these signals can
be assigned also to a CaF,_,H, solid solution. The "F MAS
NMR spectrum of 3CaH, + CaF, + 4MgB, after the fifth
hydrogenation cycle (Figure Se) contains five distinct
resonances at 5('F) = —63, —74.8, —84.7, —94.0, and
—103.6 ppm. These signals can be attributed to differently
substituted CaF,_,H,_ phases. The continuous shift of the
resonances of CaF, H, toward lower frequency can be
explained by the increase of the fluoride content upon cycling.
Attempts to quantify the '’F NMR intensities for the individual
resonances are complicated by the significant overlap of the
different center bands and spinning side bands (marked by
asterisks in Figure S). Thus, improved spectra for these samples
could be obtained by applying a somewhat higher spinning
speed than v = 10.0 kHz used in this study. However, such a
MAS NMR probe, capable of achieving a higher spinning speed
and detecting '°F, is currently not available for us.

The effect of the partial replacement of CaH, with CaF, on
the hydrogen sorption properties of the mixed system CaH, +
MgB, was also investigated by means of the HP-DSC
technique. The first hydrogen absorption reactions of the
systems CaH, + MgB, and 3CaH, + CaF, + 4MgB, were also
investigated by HP-DSC. Figure 6 shows the HP-DSC curves
recorded for systems CaH, + MgB, (curve a) and 3CaH, +
CaF, + 4MgB, (curve b). Curve a shows upon heating a single
exothermic signal with onset at 280 °C and the maximum at
roughly 350 °C. During cooling no signal is observed in both
curves.

In the curve b, upon heating a first endothermic signal with
an onset temperature at 260 °C is observed to precede an
exothermic signal with an onset temperature at 280 °C. During
cooling, a broad exothermic signal is observed between 230 and
150 °C.

In order to clarify the undergoing absorption reaction
mechanisms, in situ SR-PXD analyses were performed for all
investigated systems. The temperature and hydrogen pressure
applied during the measurements matched the conditions
applied earlier in the HP-DSC experiments. Figure 7 shows the
measurement carried out for the system CaH, + MgH,. The
material was heated up to 400 °C with a constant heating rate
of 5§ °C/min and then kept for several hours at 400 °C. The
applied hydrogen pressure was 130 bar H,. These conditions
apply to all performed in situ SR-PXD analyses. The phases in
the starting material are CaH, and MgB, as well as a small
amount of CaO. Upon heating, due to thermal expansion, all
peaks shift toward lower g values. At approximately 370 °C,
formation of pB-Ca(BH,), takes place simultaneously with
formation of Ca,Mg;H,,. The isothermal period at 400 °C is
characterized by the intensity increment of the diffracted peaks
of #-Ca(BH,), and Ca,Mg;H,, and the intensity decrement of
the starting reactants diffraction peaks. Among the final
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Figure 6. HP-DSC curves of CaH, + MgB, (a) and 3CaH, + CaF, +
4MgB, (b) hydrogen absorption reactions measured at 130 bar of
hydrogen pressure from RT to 400 °C and subsequently cooled using
a heating/cooling rate of 5 °C/min.
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Figure 7. Series of SR-PXD patterns of the CaH, + MgH, system
heated under 130 bar of hydrogen pressure from RT to 400 °C using a
heating rate of 5 °C/min.

products -Ca(BH,), and Ca,Mg;H,,, also residual MgB, and
CaH, are observed.

In situ SR-PXD analysis of the absorption reaction for the
system 3CaH, + CaF, + 4MgB, is reported in Figure 8. The
starting material consists of CaH,, MgB,, CaO, and, as seen in
the MAS NMR analysis of Figure S, CaF,_ H,. The heating
period is characterized by a fast intensity increase of the
diffracted peaks of the CaF,_,H, phase between 220 and 330
°C and simultaneous decrement of the CaH, peaks. This effect
is due to further formation of the CaF,_H, solid solution,
indicated also by the appearance of the peak (200) at q = 2.3
A~ The remaining heating time and isothermal period at 400
°C are characterized by formation of -Ca(BH,), (started at
390 °C) and its growth. It must be noticed that in the observed
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© CaH A
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MgB,

B-Ca(BH,),
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Temperature (°C)

Figure 8. Series of SR-PXD patterns of the 3CaH, + CaF, + 4MgB,
system heated under 130 bar of hydrogen pressure from RT to 400 °C
using a heating rate of 5 °C/min.

period of time formation of Ca,Mg;H,, or Mg-containing
phases was not detected. This might be due to a possible
overlapping with the peaks of the other phases.

In order to investigate the effect of the CaF,_H, solid
solution formation on the hydrogen absorption properties of
the system 3CaH, + CaF, + 4MgB,, a sample containing
CaF,_,H, (prepared starting from a mixture of CaH, and CaF,
in a molar ratio 1:1) and MgB, was prepared and investigated
using the in situ SR-PXD technique (Figure 9). The first SR-
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Figure 9. Series of SR-PXD patterns of the CaF,—CaH, + MgB,
system heated under 130 bar of hydrogen pressure from RT to 400 °C
using a heating rate of 5 °C/min.

PXD pattern recorded at RT shows the diffracted reflections of
CaH,—CaF, (CaF,_,H,), MgB,, and small amounts of CaH,
and CaO. Upon heating, no changes are observed in the
system. During the isothermal period at 400 °C, formation of
small amounts of B-Ca(BH,), and Ca,Mg;H,, is visible.
Formation of f-Ca(BH,), and Ca,Mg;H,, stops immediately
after CaH, is consumed. Interestingly, together with formation
of Ca(BH,), and Ca,Mg;H,,, the reflections of CaO disappear.
Although the reason behind the disappearance of CaO is not
yet clear, formation of an amorphous hydride phase containing
calcium and oxygen and/or nanosized MgO might be a possible
explanation.®
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B DISCUSSION

Assuming that the systems CaH, + MgB, and 3CaH, + CaF, +
4MgB, follow the reaction paths proposed in reaction 9 or 10,
they are expected to show reversible gravimetric hydrogen
capacities of 8.4 and 7.7 wt %, respectively.

CaH, + MgB, + 4H, < Ca(BH,), + MgH, (9)

3CaH, + CaE, + 4MgB, + 12H,
< 4Ca(BH,), + 3MgH, + MgE (10)

The results of the volumetric measurements, however, reveal
gravimetric hydrogen capacities far below the theoretical values
for both CaH, + MgB, and 3CaH, + CaF, + 4MgB,. Moreover,
the hydrogen content of both systems drastically decreases
upon cycling (Figure 1). In the first dehydrogenation reaction
the CaH, + MgB, system desorbs an amount of hydrogen equal
to ~74% of the theoretical hydrogen capacity. Sieverts
measurements reveal further decay of the dehydrogenation
capacity of the second, third, and fourth cycles to 70%, 50%,
and 43%, respectively. The corresponding values for the 3CaH,
+ CaF, + 4MgB, system are approximately 56%, 51%, 43%, and
43%. The first dehydrogenation capacity of both systems differs
significantly with respect to their theoretical capacities and with
respect to each other. This behavior indicates dissimilar
reaction mechanisms between these two systems. Indeed, in
situ SR-PXD measurement of the hydrogenation process of
CaH, + MgB, shows a single-step reaction mechanism (Figure
7). The appearance of the diffracted peaks of -Ca(BH,), and
Ca,Mg;H,; occurs simultaneously at 350 °C; then the intensity
of these reflections increases during the remaining heating
period and isothermal treatment at 400 °C. On the basis of
these results, the absorption reaction mechanism for CaH, +
MgB, can be explained as follows: first CaH,, MgB,, and H,
react to form S-Ca(BH,), and then Mg reacts with the
remaining CaH, and H, to produce Ca;Mg,H,,. Following this
reaction mechanism an imbalance of molar ratio between CaH,
and MgB, is created. As a consequence, an excess of unreacted
MgB, remains as a final product. Indeed, in the ''B MAS NMR
spectrum of the first hydrogenated CaH, + MgB, the signal of
MgB, is present (Figure 3b). This explains why the theoretical
capacity (which assumes 1:1 molar ratio between CaH, and
MgB,) is not achieved. To understand better the degradation of
the hydrogen capacity of the system over the hydrogenation
cycles, the amorphous boron-containing compounds formed
upon cycling must be taken into account. It is known from the
literature that Ca(BH,), decomposes to CaH,, CaBy, CaB,H,,,
and amorphous boron. The amorphous boron and CaB,,H,,
are highly stable products, and their formation reduces the
amount of reactive boron, which can form Ca(BH,),. MgB,,
which does not react during the first absorption process, is
consumed to form Ca(BH,), during the second hydrogenation
process. Consequently, the capacity value of the second
dehydrogenation is still close to the first one. However, over
the hydrogenation cycles the hydrogen capacity is further
lowered. The "B MAS NMR spectrum of the sample after the
fifth absorption shows formation of significant amounts of
CaB,,H,, and amorphous boron (Figure 3c), corresponding to
67% of the total center band intensity. Since the system is
impoverished of reactive boron compounds (e.g, CaB),
formation of Ca(BH,), is suppressed. As a consequence, the
reversible hydrogen storage capacity of the system shifts toward

the only reversible compound, namely, Ca;Mg,H,, This
explains the continuous reduction of hydrogen content of the
CaH, + MgB, composite system upon cycling, leading to a
constant capacity value. In fact, ex situ PXD measurements of
the hydrogenated samples after the first, third, and fifth
hydrogenation cycles show a clear increase of the diffracted
peak intensities of the ternary hydride Ca;MgH,, and a
simultaneous decrement of those of Ca(BH,), (Figure 2).

In the case of the 3CaH, + CaF, + 4MgB, system, however,
the in situ SR-PXD measurement shows a two-step reaction
mechanism (Figure 4). In the first step, between 220 and 330
°C, the intensities of the diffracted peaks of CaH, decrease,
whereas the intensities of the CaF,_ ,H, solid solution peaks
increase. Then, in a second step at about 390 °C, the diffraction
peaks of -Ca(BH,), phase appear.

Although with slightly different temperature onset for the
first event, these two steps are also visible in the HP-DSC curve
b of Figure 6. The broad exothermic peak observed for the
same curve during cooling can be related to partial
disproportionation of CaH, from the formed CaF,_H, solid
solution.

The degradation mechanism observed here deviates from
previous investigations of the NaBH,—NaBF, system. Here the
fluorine-containing compound is less stable as compared to the
reaction product NaF; furthermore, there is a tendency for this
system to form gaseous decomposition products, B,H, and BF;,
which lead to formation of significant amounts of Na,B,H,,.*°
A more stable fluorine-containing compound was selected for
the present investigation but turns out to form stable solid
solutions, which also hamper the hydrogen storage properties.

Though the hydrogenation reaction (the second step) of
3CaH, + CaF, + 4MgB, is equivalent to that of CaH, + MgB,,
the amount of hydrogen released during the first desorption
process (56% with respect to the theoretical value) is
significantly lower than the corresponding value (74%) for
the unfluorinated system (CaH, + MgB,). This phenomenon
can be explained by examining the first reaction step in detail.
Here, chemical interaction of CaH, and CaF, leads to
formation of more stable solid solution CaF,_H, which
reduces the amount of CaH, available in the system to form
Ca(BH,), (Figure 9). In addition, already during the ball
milling of the starting reactants a fraction of CaH, and CaF, is
converted into CaF, ,H, (Figure Sa), which reduces the
amount of free CaH, even further. A comparison between the
'F MAS NMR spectra of as-milled, the first and fifth absorbed
samples reveal that the amount of solid solution CaF, H,
present in the system increases with the hydrogenation cycles.
Thus, the residual CaH, reacts with MgB, to form Ca(BH,),,
following a reaction mechanism which traces out the one of the
pristine CaH, + MgB, system. This is clearly visible in the PXD
analyses (Figure 2) and in the ''B MAS NMR spectra (Figure
4). Therefore, the faster reduction of the hydrogen capacity
observed for the system 3CaH, + CaF, + 4MgB, in comparison
to the system CaH, + MgB, is a consequence of CaF, H,
formation, which reduces the amount of CaH, available to form
first Ca(BH,), and then Ca;Mg,H,.

B CONCLUSION

The effect of a partial replacement of CaH, by CaF, on the
sorption properties of the system CaH, + MgB, was studied. It
was found that addition of CaF, to CaH, + MgB, has a
detrimental effect on the system reversibility. In fact,
replacement of CaH, with CaF, leads to a faster decrement
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of the hydrogen capacity of the system upon cycling. The
explanation of the observed phenomenon is formation of the
solid solution CaF,_ H,, which reduces the amount of CaH,
available to form first Ca(BH,), and then Ca;MgH,, The
amount of solid solution CaF,_,H,, which forms already during
the milling process, increases upon cycling. CaF, H, appears
to be more stable than CaH, and does not react with MgB, and
presumably also not with CaB; to form Ca(BH,),.
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