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ABSTRACT

We have explored metal halide doping in metal borohydrides in order to modify hydrogen desorp-
tion/absorption properties of such high-capacity solid-state hydrogen storage materials. The specific
application here is 10 mol% addition of CaX, (X=F, Cl) to Ca(BH,),. The materials are analyzed using in-
situ X-ray diffraction, differential scanning calorimetry, thermogravimetry, and IR spectroscopy, and the
experimental results are compared against theoretical predictions from first-principles. Interestingly, in
a fully hydrogenated state, CaCl, dissolves into Ca(BH4), whereas CaF, exists as a separate phase. Dur-
ing the course of dehydrogenation, CaH,—-CaF, solid solution, CaHCl, and a new Ca-H-Cl compound are
observed. In-situ X-ray diffraction study reveals that CaX, interacts with Ca(BH4); in the early stage of
decomposition, which could facilitate a direct decomposition of Ca(BH4), into CaH, and CaBg without
forming intermediate phases such as CaB,H, which seem to be thermodynamically in close competi-
tion with the formation of CaH, and CaBg. Our first-principles calculation estimates that the decrease in
the decomposition temperature due to the CaH,-CaX; interaction would be less than 10°C, and there-
fore the major contribution of CaX; is to change the dehydrogenation pathway rather than the overall

thermodynamics.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Recent years has seen a great interest and advance in metal
borohydride research under the hope to find a material that can
store hydrogen in high volumetric and gravimetric density. Metal
borohydrides indeed exhibit among the highest hydrogen storage
capacity [1], but their high capacity is plagued by high thermal
stability and slow hydrogen absorption and desorption kinetics.
For that reason, experimental and theoretical efforts have been
put forth to overcome these difficulties; the strategies taken so far
are to add catalysts, to design thermodynamically destabilized sys-
tems, to synthesize mixed cation compounds, to confine materials
in nanoporous scaffolds, etc. [2-6].

Another recent approach is to adjust thermodynamics of a metal
borohydride (M(BH4),) by mixing with halides of the same kind of
metal (MX;,)[7,8], arepresentative case being LiBH4-LiCl. There are
several intriguing aspects in M(BH4),-MX,, system such as solid
solution formation [4,9,10] and change in ion mobility [11]; all
of these could affect hydrogen desorption and absorption prop-
erties in one way or another. To elaborate more, we take F~ ion
substitution as an example. The dehydrogenated products of metal
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borohydrides (M(BH4),) mostly include respective metal hydrides
(MH,), and interestingly enough these metal hydrides could form
a solid solution with metal fluorides (MFy) [12-14]. There is also a
possibility of F replacing H in metal borohydrides. Indeed, this type
of substitution has been previously investigated for LiBH4 [10] and
for alanates like NaAIH4 and NasAlHg [15-18].

One important aspect of the anion substitution concerns an
extensive use of transition metal halides as a precursor of catalysts
[4,19-21]. A metathesis reaction between transition metal chlo-
ride and alkali metal borohydride would irreversibly produce alkali
metal chloride, e.g., 3LiBH4 + TiCl3 — 3LiCl + Ti(BHy4)3. This reaction
scheme is actually the most common method of synthesizing tran-
sition metal borohydrides [5,22,23]. Previous studies have seen
unintentional doping of LiCl generated by such a scheme into LiBH,4
when TiCl3 catalyst is used [24,25], and recently Mosegaard et al.
provided a direct evidence of dissolution of LiCl into LiBH4 [9]. The
formation of a solid solution will certainly affect the stability of a
metal borohydride and this effect deserves a separate attention in
order to isolate the catalytic effect of a transition metal element
itself.

Although earlier theoretical results hold promise for such an
anion substitution as a way to adjust thermodynamics [10,16],
combined experimental and theoretical studies are needed before
this method is seriously pursued. Formation of solid solutions or
new compounds, accompanying enthalpy and free energy change,
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and reaction pathway would be the important points of discus-
sion. In this work, we investigate CaX, (X =F, Cl) doping effect on
Ca(BH4),. Ca(BHy); is one of the representative reversible metal
borohydrides[21,26]. It exhibits 9.6 wt% of hydrogen storage capac-
ity upon dehydrogenation through the following reaction:

Ca(BH4)2 <~ %CﬁHz + %CB.BG + ‘ILTOHz. (1)

The phase composition and the hydrogen desorption behavior
of the mixtures, Ca(BHy), +CaX,, were investigated by X-ray
diffraction (XRD), differential scanning calorimetry (DSC), and ther-
mogravimetry (TG) together with a density functional theory (DFT)
study.

2. Experimental

The starting materials are Ca(BH4), (assay 98%, Sigma-Aldrich), CaF, (assay
99.5+%, Sigma-Aldrich), CaCl, (assay 95%, Kanto), and CaH, (assay 99.9%,
Sigma-Aldrich). Water from hygroscopic CaCl, was removed by heating the pow-
der up to 200°C and holding it for 8 h in vacuum. Ca(BH,),, CaF,, and CaH; were
used as-purchased. The powders were handled in an argon-filled glove box (LABstar,
MBraun, p(03, H,0) <1 ppm) whenever necessary.

Two mixtures were prepared: 0.9Ca(BH);+0.1CaF, (sample 1) and
0.9Ca(BH4),; +0.1CaCl, (sample 2) in molar ratio. For each mixture, about 1g
of powder was ball-milled with seven 12.7mm and fourteen 7.9 mm diameter
Cr-steel balls. The ball milling was conducted using a planetary mill (Fritsch P7)
at 600 rpm for 4 h. The as-milled mixtures were heat treated at 300°C for 12h to
allow equilibration. In order to suppress decomposition of Ca(BHy), at elevated
temperatures, about 10 bar of H, pressure was applied during the heat treatment.
The same treatment procedure was applied to pure Ca(BH4),. The heat treated
samples were used for further analysis.

In order to investigate the formation of a solid solution or a compound between
CaH, and CaF, (or CaCl,), three compositions were chosen where the mole fraction
of CaF, (xg) is 0.25, 0.5, or 0.75, and that of CaCl, (x¢) is 0.07, 0.14, or 0.25. The
same ball-milling condition was applied and the mixtures were then heat treated
at 450°C for 12 h under 10 bar of H;, pressure.

Differential scanning calorimetry (Netzsch DSC 204 F1) and thermogravimetric
analysis (Netzsch TG 209 F1) were carried out to locate thermal events and the
accompanying mass change. For the DSC and TG analysis, ca. 1-3 mg of sample was
used and the samples were heated up to 500 °C at a scanning rate of 2 °C/min under
flowing Ar (assay 99.9999%, 50 ml/min).

Laboratory X-ray diffraction data were collected using a Bruker D8 Advance X-
ray diffractometer (Cu Ko radiation, A =1.5418 A). The measurements were carried
out at room temperature. A borosilicate glass capillary of ¢ =0.7 mm was used as a
sample holder.

In-situ synchrotron XRD data were collected at the 10B-XRS KIST-PAL beamline
in Pohang Accelerator Laboratory. The selected X-ray wavelength was 0.80023 A. A
MAR345 image plate detector was used and the FIT2D program [27] was employed
to integrate 2-D images. A sapphire tube (0.D.=1.52 mm, I.D.=1.07 mm) was used
as a sample holder. Temperature was raised at a rate of 10°C/min up to 300°C and
then 1°C/min up to 500 °C. An XRD pattern was collected every 137 s. The hydrogen
pressure was maintained at 2 bar throughout the in-situ measurements.

FT-IR spectra were collected using Bruker ALPHA FT-IR spectrometer. The mea-
surements were done in an argon-filled glove box.

3. Computational

Total energies of pure Ca(BH4),, CaH,, CaF,, CaCl,, CaHCI,
etc. were estimated in the framework of density functional the-
ory. Specifically, Perdew-Burke-Ernzerhof generalized gradient
approximation was adopted for exchange-correlation functional
[28], and planewave pseudopotential method was used [29]. All the

Table 1

calculations were done using Quantum-ESPRESSO package [30,31]
and the ultrasoft pseudopotential [32]. A planewave cutoff of 50 Ry
and a charge density cutoff of 400Ry were used. Number of k-
points was chosen such that the total energy converges within
1 meV/atom. The lattice parameters and the atomic positions were
fully relaxed for all the calculations. Two concentrations were
tested for the anion substitution where one or two [BH4] units (or
H) are substituted by Cl (or F) in the v/2 x +/2 x 2 supercell of B-
Ca(BH4); containing 8 formula units (88 atoms). The enthalpy and
entropy of several compounds were obtained within the harmonic
approximation; phonon density of states were calculated based on
density functional perturbation theory [33] as implemented in the
Quantum-ESPRESSO package. Details of the calculations are sum-
marized in Table S1 in the supplementary data.

4. Results and discussion
4.1. Phase compositions of starting material

In the Ca(BH4),-CaX; system, two types of substitution can take
place. One is substitution of the whole [BH4]~ unit by Cl~ or F~
and the other is substitution of H in [BH4]~ by F (Cl would not
likely to replace H due to the size difference). The reaction energies
summarized in Table 1 give a rough measure on whether this type
of substitution would take place or not. The numbers are 0K limit
without zero point energy. In the case of the whole substitution as
in reactions (a) and (b), substitution by Cl~ is energetically much
favored compared to F~.It turns out that the small positive enthalpy
of mixing in the reaction (b) can be overcome by the configurational
entropy term, AS,,ix, as temperature increases. The molar entropy
of mixing of a regular solution is given as,

ASpix = —2R(x In x + (1 — x) In(1 — X)), (2)

where R is the gas constant, x is the mole fraction of CaCl,, and the
factor 2 comes in since there are two moles of anion position per
one mole of solid solution. At 25°C and x=0.1, TAS,,jx is as large as
1.6 kJ/mol, which overtakes the positive enthalpy term. The large
positive enthalpy of mixing in (a), on the other hand, cannot be
compensated by this entropy of mixing. The difference between F
and Cl is due to the fact that CI~ behaves more closely to [BH4]~
both in terms of size and electronegativity. Molar volume of CaCl,
is smaller by ca. 20%, but that of CaF, is smaller by ca. 60% com-
pared to Ca(BH,),. The ionicradii of F~ and Cl~ are 1.33 Aand 1.81 A
[34], respectively, and that of [BH4]~ is 1.9 A being slightly larger
than CI~ [35,36]. When Cl~ (or F~) replaces [BH4]~, charge projec-
tion on Lowdin orthonormalized atomic orbitals [37] gives a net
charge of —0.43 (or —0.66); [BH4]~ has —0.49 in pure Ca(BHg)2,
again confirming similarity between [BH4]~ and Cl~.

Partial substitution by Fin [BH4]~ as in reaction (c) is even more
unlikely to happen. We would like to note that the large positive
enthalpy change predicted by the present work contradicts to the
previous study by Yin et al. [10], where spontaneous incorporation
of F in LiBH4 was predicted. The main difference comes from the
choice of a reference state of F. We use CaF, in order to be consis-

Chemical reactions that could generate or decompose X-substituted Ca(BH4),. AE is per mol of Ca((BH4)1_xXx)2 or Ca(BH4_xFy)2, and AV is the molar volume change of these
with respect to pure Ca(BHy4),. Details can be found in Table S2 in the supplementary data.

Reaction x=0.0625 x=0.125

AE (kJ/mol) AV (%) AE (kJ/mol) AV (%)
(a) (1 —x)Ca(BH4 ), +xCaF, — Ca((BHa4)1_xFx)2 7.4 0.4 10.9 -3.7
(b) (1 —x)Ca(BH4), +xCaCl, — Ca((BH4)1-xClx)2 0.4 -1.8 0.5 -2.5
(c) Ca(BHy4), +xCaF, — Ca(BH4_xFy), + xCaH, 18.2 1.7 33.6 2.8
(d) Ca(BH4); +xF, — Ca(BH4_yFx)2 +xHy —42.7 - —88.2 -
(e) Ca(BH4_xFyx)2 — (1 —x)Ca(BHy4 ), +xCaF, + 2xa-B + 3xH; 54 - -79 -




J.Y. Lee et al. / Journal of Alloys and Compounds 506 (2010) 721-727 723

Fig. 1. XRD data of (a) 1 and (b) 2. Dotted lines are XRD data of pure Ca(BH4),.
While CaF; exists as a separate phase, CaCl, completely dissolves into the lattice of
[B-Ca(BH4), resulting in a slightly reduced molar volume.

tent with our experimental condition while F, was chosen instead
in their calculations. When F; is chosen as a reference as in reac-
tion (d), an exothermic reaction is predicted also in our calculation.
However, even one succeeds making Ca(BH4_4Fx), by employing a
different synthetic route, it is not likely to be thermodynamically
stable since decomposition into Ca(BH,),, CaF,, a-B, and H, would
spontaneously occur as in reaction (e).

The experimental results indeed corroborate our DFT ones. XRD
dataof1(0.9Ca(BH4), +0.1CaF,)and 2 (0.9Ca(BH4), +0.1CaCl, ) are
presented in Fig. 1. Sample 1 (top panel) is composed of two indi-
vidual phases, Ca(BH,4), and CaF,, meaning no chemical reaction
between the two. The volume per formula unit (f.u.)is 103.8 A3/f.u.,
which is the same as pure Ca(BHy4 ); (black dotted line) In contrast, 2
(bottom panel) is composed of a single phase 3-Ca(BH,),: no peaks
from CaCl, are found. Apparently, the peaks of 3-Ca(BH4), are
systematically shifted toward higher angles with respect to the cor-
responding peaks of pure Ca(BH4),. In addition, change in relative
intensities of the peaks can be immediately noticed, e.g., between
(020)and (11 1) peak. All of these serve as direct evidences of dis-
solution of CaCl, in 3-Ca(BHy),. Even the volume decrease by ca.
2.6% (101.1 A3/f.u.) matches quite well with the DFT results under
similar doping concentration (see Table 1). The decrease in vol-
ume is also consistent with the ordering in the aforementioned
ionic radii (Cl~ <[BH4]™). The partial substitution by F might be
better detected by IR spectroscopy than XRD if the substitution
does not occur extensively. Fig. 2 shows FT-IR spectra of 1, 2, and
pure Ca(BHg),. The measured FT-IR spectra agree well with a pre-
vious report [38] and do not clearly show any new IR active modes
that can be assigned to the vibration modes of [BH4_,F,]~ (n=1-4),
confirming very limited substitution effect of F in Ca(BHy);, if any.

This limited substitution makes a good contrast with a solid
solution formation in CaH,-CaF, system [39]. One of the reasons
lies in a different character of H in Ca(BH,4 ), and in CaH,. The effec-
tive radius of H strongly depends on the charge state: a neutral H
atom would be as small as the Bohr radius (0.53 A) but the radius of
H anion can be as big as 2.1 A [40]. The similarity between H and F
holds when H is anionic as in alkali or alkaline earth metal hydrides:
calculated lattice parameters of CaF, and CaH, are 5.509A and
5.428 A, respectively, differing only by 4.5% in volume. On the other
hand, the effective charge of H in Ca(BHy4); is about —0.33 [41,42]
and it is covalently bonded to B. The size difference between H and
F in such a bonding state is indeed manifested by the volume dif-

Fig. 2. FT-IR spectra of 1 (blue), 2 (red), and pure Ca(BH4), (black). Asymmetric
bending, symmetric bending, asymmetric stretching modes of [BH4]~ are labelled
as vg, V3, V3, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

ference: the volume per formula unit of Ca(BF,); is 138.2 A3 [43],
which is about 30% larger than that of Ca(BH4),. Another reason
lies in the different coordination environment. In Ca(BFy),, a sin-
gle F atom bridges between Ca and B, and the average #Ca-F-B
angle of the first coordination shell is 151° [43], but in Ca(BHg),,
two H atoms in average bridge between Ca and B showing average
/Ca-H-Bof 102°. When H is substituted by F, [BH3F]~ would rotate
to change the coordination environment, which will bring an addi-
tional distortion in the structure on top of the size difference and
will increase the energy of the system. The overall result certainly
is a negligible substitution effect of F in Ca(BHy),.

4.2. Decomposition reaction

We present in Fig. 3 DSC data of 1 and 2. The absence of the phase
transformation peaks around 150°C [44,45] is due to the fact that
Ca(BHg); has already transformed into the high temperature poly-
morph during the ball milling and the heat treatment as is seen in

Fig. 3. Differential scanning calorimetry data of 1 (blue) and 2 (red). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of the article.)
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Fig.4. Thermogravimetry data of 1 (blue)and 2 (red). Theoretical hydrogen capacity
as a function of the mole fraction of CaX; (solid lines) is shown in the inset together
with the experimental values (filled circles). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)

Fig. 1. The addition of CaF, or CaCl, does not introduce any irre-
versible chemical reactions: all the thermal events recorded here
are endothermic. The main endothermic peak at ca. 350°C and the
subsequent smaller peak at higher temperature appear similar to
the DSC profile of pure Ca(BHy); [46].

Thermogravimetry data are shown in Fig. 4. In the inset, the
theoretical and the experimental total weight loss as a function
of the mole fraction of CaX, are plotted. The capacity loss with
respect to pure Ca(BH4), is unavoidable since we add an inert com-
pound which does not contain hydrogen at all. The difference in
weight profile between 1 and 2 is noteworthy. The distinct multi-
step decomposition behavior is due to the intermediate phase(s)
consistently reported by several previous work [46-48]. The more
abrupt drop in the weight in 2 could be associated with a different
decomposition pathway. In order to elucidate this point, we have
carried out in-situ synchrotron XRD measurements.

4.3. In-situ synchrotron X-ray diffraction

Fig. 5 shows in-situ XRD data of 1 at four different temperatures
during the dehydrogenation process. The most important result is

Fig. 5. In-situ synchrotron XRD patterns of 1 during the dehydrogenation process
at a temperature of (a) 349°C, (b) 354°C, (¢) 359°C, and (d) 390°C.

Fig. 6. In-situ synchrotron XRD patterns of 2 during the dehydrogenation process
at a temperature of (a) 349°C, (b) 354°C, (c) 359°C, and (d) 390°C.

that Ca(H;_,Fy), is the major phase in the course of dehydrogena-
tion. Both the intermediate phase and orthorhombic CaH, (0-CaH;)
which are the main phases in the case of pure Ca(BH,), [46-48] are
not clearly seen. CaH, is stable in an orthorhombic structure (space
group Pnma), but extensive solubility in the cubic CaF, structure
(space group Fm-3m) has been reported [39]. The H fraction in the
F site can be estimated from the relative peak intensities. In pure
CaF,,(200) peakis not at all seen as in Fig. 1(a). The gradual growth
of (200) peak from (a) to (d) hints at increasing proportion of H in
Ca(Hq_yFy), (the patterns are normalized with respect to the (111)
peak intensity).

Then the question is what would be the role of CaF,. In short,
from the initial stage of dehydrogenation, CaF, would act as a
seed for the formation of CaH,: the presence of CaF, could drive
Ca(BH4), to decompose directly into Ca(H;_yFy ), thereby changing
the overall dehydrogenation pathway. The complexity of dehydro-
genation pathway of Ca(BHy), is largely due to an elusive nature
of the intermediate phase. The final dehydrogenated product is
CaH, and CaBg [49], but the chemical formula of the intermediate
phase is not conclusive yet [46-49]. That intermediate phase is not
clearly seen during the in-situ dehydrogenation of 1. The formation
of Ca(H;_yFy), at the initial stage of dehydrogenation, therefore,
indicates that a larger part of Ca(BH4); may directly decompose
into Ca(Hq_,Fy), and CaBg, or into Ca(H;_,Fy), and an intermediate
phase of other kind. A recent structure solution [48] has suggested
that the intermediate phase may not be formed together with CaH,,
i.e., B to Ca ratio is kept to two in the intermediate phase, unlike
Li;B12Hq, or MgB1,Hjy,. A theoretical investigation has shown that
decomposition through CaBi;Hq> would be slightly unfavorable
compared to a direct decomposition into CaH, and CaBg [50]. These
all point to an intriguing characteristic of the intermediate phase of
Ca(BH4),; athorough experimental and theoretical investigation is
much needed.

In-situ dehydrogenation process of 2 is presented in Fig. 6.
The dehydrogenation proceeds in a complex sequence. In the
beginning, CaHCl is formed together with unknown phase(s). The
common intermediate phase is again not found as in the case of 1.
Here the role of Cl is similar to that of F. The spontaneous forma-
tion of CaHCl would provide a thermodynamic driving force to the
decomposition of Ca(BH, ), into CaHy:

1

5CaHa + %CaClz ~ CaHCL. (3)

As CaH, gradually comes out from Ca(BHg4),, new peaks that are
indexed as CaH,_,Cl, (Fig. 6(c)) appear, which will be explained
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Fig.7. XRD patterns of (a) CaH,-CaF, and (b) CaH,-CaCl, in different mixing ratio. xp
and x¢) are the mole fraction of CaF, and CaCl; in the starting material, respectively.
In the panel (a) the intensities are renormalized with respect to the (111) peak
intensity. Different type of arrows indicates the change in peak intensity which
grows (1), shrinks (| ), or remains unchanged (<) as x¢ decreases.

shortly, and finally a weak signature of CaH, starts to be
seen.

The apparent change in dehydrogenation reaction pathway
relies more on a rather interesting chemistry between CaH, and
CaX; in the dehydrogenated product than the change in the start-
ing material. Therefore it is worthwhile to have a closer look
at CaH,-CaX; systems. We present in Fig. 7(a) and (b) the XRD
patterns of CaH,-CaF, and CaH,-CaCl, mixtures in the different
mixing ratios as detailed in the experimental section. In Fig. 7(a),
only the peak intensities change when xg stays within the solu-
bility limit; separation of the orthorhombic CaH, phase (0-CaH;)
occurs when the content of CaH, is over the solubility limit. In our
in-situ experiment, even after full dehydrogenation, the peaks of
0-CaH; do not appear clearly. Since 0.9 mol of Ca(BH4 ), would pro-
duce 0.6 mol of CaH; according to the reaction (1), xg will become
0.14 at the final stage. If the system remains out-of-equilibrium
where all of CaH; exists in the cubic solid solution phase, (200)
peak should be as large as 32% of the (11 1) peak at xg =0.14, which
is definitely not the case in Fig. 5(d). So the loss of 0-CaH, is not com-
pletely understood. Similar XRD pattern was reported previously in
Ca(BHg4)2—-0.02NbFs5 [4] without a detailed explanation.

In the case of CaH,-CaCl,, our initial intention is to resolve
at least some of the unidentified peaks in Fig. 6. We start from
the composition xc; =0.14 to mimic the situation after full dehy-
drogenation as mentioned above. According to the phase diagram
study by Sridharan et al. [51] it would consist of CaH, and CaHClI
at high temperatures. Instead, as shown in the second XRD pat-
tern in Fig. 7(b) a completely different pattern appears. We are able
to index most of the peaks as the peaks of a hexagonal lattice of
a=9.375A and c=3.697 A using the program TOPAS [52]. We ten-
tatively call this phase as CaH,_,Cl, with zbeing ca. 0.29. This rather
peculiar stoichiometry would probably be linked to an interesting
arrangement of H and Cl. We leave the structure identification as a
future study. The XRD patterns obtained from CaH; and CaCl, rich

side sample (x¢;=0.07 and 0.25, respectively) show that no new
phase exists other than CaH,_,Cl, between CaH, and CaHCl.

4.4. Thermodynamics

We have confirmed the formation of a solid solution or a com-
pound in both the reactants and products. Then the next step is
to estimate the associated enthalpy and entropy change and the
subsequent dehydrogenation temperature change.

We start our discussion on the reactant side. In the case of 1,
Ca(BH,), and CaF, form a physical mixture, and therefore there
is no energy change in the reactant side. For 2, the partial molar
enthalpy and entropy change upon the solid solution formation can
be roughly estimated from a simple regular solution model [53]:

AH i (total) = Lx(1 — x), (4)
AHpix(Ca(BHy),) = L%, (5)
ASmix(Ca(BHg)y) = —2R In(1 — x), (6)

where L is a fitting parameter and x is the mole fraction of CaCls.
Referring to Table 1, AHx(total)=0.5k]/mol and x=0.1 gives
AHpix (Ca(BHg)z) and ASy,ix (Ca(BHy),) about 0.056 kj/mol and
1.75]/Kmol, respectively. From a DFT study, the enthalpy and
entropy of the reaction (1) is 40.6 kJ/mol H, and 109.3 J/Kmol H;
[49]. When AH,ix and AS,,x are taken into account, the decom-
position temperature obtained from T= AH/AS slightly increases
by 1.6°C. This is expected since the activity of Ca(BHg), will be
smaller in the solid solution, implying stabilization of Ca(BHy);. In
the product side, the reaction between CaH, and CaX; would lower
the decomposition temperature. For 2, AH and AS of the formation
of CaHCl as in the reaction (3)are —4.4 k] and —5.7 ] /K per mol CaHCl
at 25°C. We are not able to include CaH,_,Cl; at the moment since
the structure is yet unknown.
Similarly, we can consider the following reaction for 1:

%O—CaHz + %Can — Ca(HO.SFQs )2. (7)

Since the solid solution takes a cubic symmetry, phase transfor-
mation from orthorhombic to cubic CaH, (c-CaH,) should first be
taken into account; AH(o— c) and AS(o— c) are 6.6 kJ/mol and
0.6]J/Kmol, respectively. Then, the enthalpy of mixing of the reac-
tion,

(1—-y)c-CaH;, +yCaF, — Ca(Hqi_yFy), (8)

was calculated at several compositions (details in
Table S3 in the supplementary data) and was fitted to the
following equation [54]:

AHpix = y(1 = y)Lo + L1(2y — 1)+ Lo(2y — 1)), (9)

where L;s are fitting parameters. AS,jx was evaluated using Eq. (2),
again assuming a regular solution behavior. The results are summa-
rized in Fig. 8. AH and AS of the reaction (7) are 3.9k] and 11.8 J/K
per mol Ca(Hg 5Fg 5), at 25 °C. Our DFT calculation correctly predicts
the solid solution formation at 400 °C.

When AH and AS of the reactions (3) and (7) are incorporated,
the equilibrium temperature of the following reaction:

9C&(BH4)2 + CaX;, < 2CaHX + 5CaH, + 3CaBg + 30H, (10)

decreases by 0.3°C for 1 and 1.4°C for 2. The reaction (10) is an
overall reaction, but in the early stage the reaction would rather
proceed as follows:

%Ca(BH4)2 4 CaXy < 2CaHX + %CaBe; + 5H,. (11)

Then the temperature decrease will be 1.8 °C for 1 and 8.6 °C for 2.
We would like to note that CaF, could be more effective in the
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Fig. 8. Enthalpy and entropy of the Ca(H;_yF, ), system.

very early stage since the partial molar free energy of CaH, in
Ca(H;_yFy), would diverge to a negative infinity when y is close to
one. However, such a strong driving force would rapidly diminish
as the mole fraction of CaH, increases.

In summary, the overall thermodynamic modification is minor,
and the dehydrogenation temperature would decrease by ~10°C
at most. Thus, change in the decomposition pathway is the major
effect of CaX; addition and it is worthy of more attention including
possible change in reversibility. Transition metal halides are known
to be very effective catalytic precursors in the rehydrogenation pro-
cess and that effect could also come from the halide ions, not solely
from the transition metal elements. [4,21,26,55].

5. Conclusions

We have investigated dehydrogenation characteristics of
Ca(BHg4), in the presence of CaF, and CaCl,. Our experiments
and calculations consistently find dissolution of CaCl, into
Ca(BH4); and phase separation between CaF, and Ca(BHg),.
These Ca(BH4);-CaX; composites exhibit different dehydrogena-
tion pathway, in which the typical intermediate phase of pure
Ca(BHy), is not clearly seen. The formation of a solid solution or
a compound between CaH, and CaX; may be responsible for such
a change; a new compound CaH,_,Cl, (z~0.29) is found. The over-
all change in thermodynamics introduced by CaXj is estimated
by first-principles calculation and turns out not to be significant.
Further work should focus on the change in the rehydrogenation
pathway brought by halide ions, which has not been extensively
investigated so far.
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