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and kinetic study of the effect of
LiCl and NaCl on the thermal dehydrogenation of
Ca(AlH4)2†
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The presented work sets out to investigate the dehydrogenation behaviour of Ca(AlH4)2 + 2MCl (M= Li, Na)

mixtures. In contrast to the by-product NaCl, which does not affect the decomposition of Ca(AlH4)2, LiCl

influences its dehydrogenation onward from the formation of CaAlH5. Thermodynamic calculations were

used to support and explain these findings as well as to investigate the potential of Ca(AlH4)2 and CaAlH5

for reversible hydrogen storage applications. For this purpose, their heat capacity functions and absolute

entropies were determined in this study.
1 Introduction

In the context of the transition to a renewable energy-based
economy, alloys, metal hydrides or complex hydrides are
widely discussed regarding their suitability for solid-state
hydrogen storage applications.1–11 In this context, light metal
complex hydrides have been intensively studied since Bogda-
novic and Schwickwardi reported reversible hydrogen storage in
Ti-doped NaAlH4.12 However, these investigations were mainly
focused on the alkaline metal alanates LiAlH4 and NaAlH4,
leaving the alanates of the earth alkaline metals less studied.

Ca(AlH4)2 was rst synthesised by Finholt et al. in 1955.13 The
alanate was prepared in dimethyl ether starting from AlX3 (X =

Cl, Br) and CaH2. Since the mechanochemical synthesis route
was established for complex hydrides, Ca(AlH4)2 was also
produced mechanochemically viametathesis reactions between
MAlH4 (M = Li, Na) and CaCl2.14–16

The thermal dehydrogenation of Ca(AlH4)2 proceeds via four
steps. First, the alanate decomposes to CaAlH5 and Al (reaction
(1)). In the second step CaAlH5 dehydrogenates to CaH2 and Al
(reaction (2)). The formed CaH2 decomposes in the following
accompanied by the formation of CaAl4 in the third (reaction
ademie Freiberg, Lessingstraße 45, 09599
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(3)) and CaAl2 (reaction (4)) in the fourth step. Besides the rst
step, which occurs exothermically, all other reactions are
endothermic.16–18

CaðAlH4Þ2/CaAlH5 þAlþ 3

2
H2 (1)

CaAlH5/CaH2 þAlþ 3

2
H2 (2)

xCaH2 + 4xAl / xCaAl4 + xH2 (3)

(1 − x)CaH2 + xCaAl4 + (2 − 4x)Al / CaAl2 + (1 − x)H2 (4)

Recently, we disproved the common assumption that the by-
products of the mechanochemical synthesis of complex
hydrides behave inertly by showing that the pathway of the
thermal dehydrogenation of Sr(AlH4)2 depends on them.10 In
this study, the inuence of LiCl and NaCl on the decomposition
route and dehydrogenation kinetics of Ca(AlH4)2 was investi-
gated. Thermodynamic computations were employed to
support and explain our ndings as well as to assess the
potential of the complex hydrides for reversible hydrogen
storage applications. For that purpose and to complete their
thermodynamic characterisation, the heat capacity functions
and absolute entropies of Ca(AlH4)2 and CaAlH5 were deter-
mined by means of calorimetry and DFT calculations.
2 Experimental
2.1 Materials

All reactions as well as the handling and storage of the samples
were performed under dry argon atmosphere using Schlenk line
technique or a MBraun glove box (H2O and O2 < 0.1 ppm).
RSC Mechanochem., 2025, 2, 603–615 | 603
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Argon was obtained from Nippon Gases specied as 99.999%
pure. Sodium aluminium hydride (NaAlH4, Sigma Aldrich, 90%,
technical grade) and Copper foil (Cu, Puratronic, 99.999%) were
used without further purication. Calcium chloride (CaCl2, Alfa
Aesar, >96.0%, anhydrous) was dried before use at 150 °C under
an argon purge gas ow in a self-built horizontal tube furnace
for 24 h. Lithium aluminium hydride (LiAlH4, abcr, 97%) was
puried by rst dissolving it in diethyl ether and then ltering
off the impurities. Subsequently, the solvent was distilled off in
vacuum. The residue was dried in vacuum at 55 °C for 12 h. The
used diethyl ether (C4H10O, Honeywell Riedel-de-Haen, 99.8%,
p.a.) was dried in a MB SPS-800 drying plant.

2.2 Synthetic procedures

2.2.1 Synthesis of Ca(AlH4)2 + 2MCl (M = Li, Na). Ca(AlH4)2
+ 2MCl was prepared mechanochemically starting from CaCl2
andMAlH4. Themilling of the reactants, which were used in the
stoichiometric ratio 1 : 2, was performed by means of a Fritsch
Pulverisette 6. The milling vial (12 mL) and balls (each 7 g) were
made of tungsten carbide. Three balls were used, resulting in
a bpr of ca. 40. A milling cycle consisted of 15 min of milling at
500 rpm and a pause of 5 min. For the synthesis of Ca(AlH4)2 +
2NaCl 32 cycles were run adding up to a total milling time of 8 h.
Only 12 cycles (3 h of milling) were necessary for the complete
conversion of CaCl2 and LiAlH4.

2.2.2 Identication of the products of the thermal dehy-
drogenation of Ca(AlH4)2. The samples were heated to the
respective decomposition temperature by means of a self-built
horizontal tube furnace. Aer weighing in 50–190 mg of
Ca(AlH4)2 + 2MCl (M = Li, Na) under an inert atmosphere, the
mixtures were put in a corundum crucible which was then
placed within a quartz tube, which enabled an inert handling of
the samples. The mixtures were heated in a stream of argon at
a heating rate of 5 K min−1 to 290 °C and 400 °C in the case of
Ca(AlH4)2 + 2NaCl. Ca(AlH4)2 + 2LiCl was heated to 260 °C,
290 °C, and 440 °C under the same conditions. The samples
were cooled down to room temperature without active cooling.

The phase composition of the cooled down samples was
analysed using X-ray diffraction.

2.3 Characterisation techniques

2.3.1 X-ray diffraction. The characterisation of the samples
by means of X-ray diffraction was performed using a Bruker D2
Phaser X-ray diffractometer (Cu Ka radiation) equipped with
a Lynxeye® detector. The X-ray powder patterns were collected
with a step size of 0.05° and a dwell time of 1 s. The X-ray tube
was operated at 30 kV and 10 mA. The sample holder was
covered with a polyethylene foil in order to protect the sample
from oxygen and moisture.

Reference diffractograms from the ICSD19 were used to
identify the present phases.

2.3.2 In situ X-ray diffraction. In situ X-ray diffraction
between room temperature and 270 °C was performed using
a Bruker D8 Advance X-ray diffractometer equipped with an
Anton Paar HTK 1200N oven chamber with capillary attach-
ment. The instrument consisted of a molybdenum X-ray tube
604 | RSC Mechanochem., 2025, 2, 603–615
operated at 50 kV and 40 mA with focusing Göbel mirror and
a Dectris Eiger2R 500K detector. Axial and radial Soller colli-
mators were installed to improve peak shape and suppress air
scattering. The samples were prepared in quartz glass capil-
laries of 0.5 mm diameter that were lled under argon and
sealed against air. Themeasurements were performed with a 2Q
step size of 0.02° and a dwell time of 1 s per step.

2.3.3 TG-DSC-FTIR. A Sensys TG-DSC (Setaram) was
employed to carry out TG-DSC-FTIR measurements. About 10 mg
of the samples were weighed in under an inert atmosphere and
placed in a corundum crucible. Measurements were performed
up to 450 °C at heating rates of 2 K min−1, 5 K min−1, 8 K min−1,
and 10 Kmin−1 under an argon purge gas ow of 20mLmin−1. A
H2-sensor (thermal conductivity sensor AGM22, SENSORS) and
FTIR (Varian 3100 FT-IR, Excalibur Series) were used to identify
the gaseous decomposition products at the purge gas outlet.

2.3.4 Heat capacity measurements. Heat capacity
measurements from 2 K to 298 K were performed on the
Physical Property Measurement System (PPMS) DynaCool-12
(Quantum Design) using its heat capacity function.20 The
samples were encased in copper foil because the device does not
allow an inert sample placement. For that purpose, 21.6 mg of
Ca(AlH4)2 + 2LiCl were weighed in, placed within a self-built
copper crucible21 and then pressed to form a pellet. All these
operations were carried out under an inert atmosphere.

To ensure a good thermal contact between the sample and
the sample platform during the measurement, Apiezon N
grease was applied. The heat capacity of the encased sample was
automatically calculated by the PPMS soware Multivu by
subtracting the addenda measurements (sample platform and
grease) from that of the encased sample (encased sample,
sample platform, and grease).22 Using eqn (5) and literature
data for copper,23 the heat capacity of the sample was obtained
from that of the encased one.

Cencased sample
p = xsampleCsample

p + xCuCCu
p (5)

A DSC 111 (Setaram) was used to carry out heat capacity
measurements in the temperature range from 283 K to 360 K.
Thesemeasurements were performed using aCp-by-step technique
as described in ref. 20. Aer weighing the samples in under inert
atmosphere (144.9mgCa(AlH4)2 + 2NaCl and 153.8mg Ca(AlH4)2 +
2LiCl) they were placed in an aluminium crucible which was then
sealed with an aluminium cap. The applied temperature pro-
gramme consisted of four temperature steps (6 K, 3 Kmin−1) in the
temperature range between 303 K and 363 K and six temperature
steps (10 K, 3 K min−1) between 303 K and 363 K. Before and aer
each temperature step, the temperature was kept constant for one
hour. The same method was applied to the sample, the reference
(sapphire), and the blank (empty capped aluminium crucible).

The heat capacity of the sample (cp) at the mean temperature
of the step was derived using eqn (6). The start and end time of
the respective heat ow peak ( _q) are denoted by ti and ti+1 and
the masses of the reference and sample are given by mref and
msam. The symbol cp,ref represents the heat capacity of the
reference material at the mean temperature of the step. The
corresponding data were taken from ref. 24.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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cp ¼
Ð tiþ1

ti
q
c

samdt�
Ð tiþ1

ti
q
c

blankdtÐ tiþ1

ti
q
c

refdt�
Ð tiþ1

ti
q
c

blankdt
$
mref

msam

$cp;ref (6)

2.4 Calculations using density functional theory (DFT)

Density functional theory (DFT25,26) computations were per-
formed to complement the experimental characterisation
techniques. All computations were conducted using the plane-
wave Quantum ESPRESSO program,27–29 version 6.7, in combi-
nation with PAW pseudopotentials30 obtained from version
1.0.0 of the PSlibrary.31 The generalised-gradient exchange–
correlation functional by Perdew, Burke, and Ernzerhof (PBE32)
was applied in all cases.

3 Results & discussion
3.1 Synthesis of Ca(AlH4)2 + 2MCl (M = Li, Na)

Ca(AlH4)2 + 2MCl samples were synthesised converting CaCl2
and MAlH4 (reactions (7) and (8)). Both samples were charac-
terised using X-ray diffraction. Since only reections belonging
to the expected products (Ca(AlH4)2 and MCl) can be observed
in the measured diffractograms (Fig. 1), we deem both
syntheses successful.

CaCl2 + 2LiAlH4 / Ca(AlH4)2 + 2LiCl (7)

CaCl2 + 2NaAlH4 / Ca(AlH4)2 + 2NaCl (8)

3.2 Thermal dehydrogenation of Ca(AlH4)2 + 2MX (M = Li,
Na)

The inuence of LiCl and NaCl on the thermal decomposition
behaviour of Ca(AlH4)2 was investigated by means of TG-DSC
(Fig. 2). It has to be noted that the weight losses were
Fig. 1 X-ray powder diffraction patterns of Ca(AlH4)2 + 2MCl (M = Li,
Na).

© 2025 The Author(s). Published by the Royal Society of Chemistry
normalised to Ca(AlH4)2 in order to enable a comparison of
both mixtures. The theoretical weight losses according to the
proceeding of reactions (1)–(4) are indicated by dashed hori-
zontal lines. Since the value of x is unknown, only the weight
loss corresponding to both eqn (3) and (4) is depicted.

The total weight loss of both mixtures is smaller than the
theoretical one, indicating a minor decomposition of the ala-
nate during the milling procedure.

The proceeding of the thermal dehydrogenation of the
Ca(AlH4)2 + 2NaCl mixture agrees with the literature
reports.16–18,33 According to both the TG and DSC measurement,
the decomposition takes place in four separate steps. As ex-
pected, each step is accompanied by a release of hydrogen.

The unknown variable x in the decomposition reactions (3)
and (4) was determined to be 0.5 from the ratio of the weight
losses associated with the third and fourth step.

The only point where the results differ from the literature
reports is the DSC effect belonging to the rst dehydrogenation
event. Contrary to the literature,16–18 where eqn (1) occurs
exothermically, we observe a DSC effect consisting of both an
endothermic and an exothermic signal. This behaviour
becomes more pronounced at higher heating rates as can be
seen in Fig. 6. In recent studies on Mg(AlH4)2 (ref. 9) and
Sr(AlH4)2 (ref. 10) we found the DSC events corresponding to
their decomposition to be composed of an endo- and
exothermic peak as well.

This behaviour indicates two overlapping reactions. Since
Ca(AlH4)2 and Sr(AlH4)2 dehydrogenate similarly,34 we propose
reactions (9) and (10) based on those suggested for Sr(AlH4)2 in
ref. 10. Then, the endothermic signal would result from the
dehydrogenation of Ca(AlH4)2 to CaH2 and AlH3 and the
exothermic one from the consecutive formation of CaAlH5.

CaðAlH4Þ2/CaH2 þAlH3 þAlþ 3

2
H2 (9)
Fig. 2 TG-DSC measurements of Ca(AlH4)2 + 2MCl (M = Li, Na),
heating rate 5 K min−1, H2 traces are given in a.u.

RSC Mechanochem., 2025, 2, 603–615 | 605
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Fig. 3 X-ray powder diffraction patterns of the decomposition
products of Ca(AlH4)2 + 2NaCl.
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CaH2 + AlH3 / CaAlH5 (10)

While no signicant differences between the decomposition
of Ca(AlH4)2 + 2NaCl and Ca(AlH4)2 + 2LiCl are apparent in the
rst dehydrogenation step, the following decomposition
behaviour seems to depend on the halide. Hence, the by-
product does not inuence the decomposition of Ca(AlH4)2
itself but that of CaAlH5.

The difference in the dehydrogenation behaviour becomes
especially apparent in the second decomposition step. In contrast
to the NaCl sample, which dehydrogenates in one step, the LiCl
mixture decomposes in two sub-steps. Both sub-steps correlate
with a hydrogen release. Moreover, the effects associated with the
third and fourth step overlap in case of Ca(AlH4)2 + 2LiCl.

Furthermore, the comparison of the onset temperatures of
the decomposition reactions (Table 1) shows that the rst
dehydrogenation event occurs at higher temperatures for the
LiCl mixture than for the NaCl one. This difference is probably
due to the different milling periods, which result in different
particle sizes and thus different decomposition kinetics. Since
the NaCl mixture was milled longer, its Ca(AlH4)2 probably
dehydrogenates at lower temperatures.

In contrast to the rst step, the opposite trend can be
observed for the onset temperatures of the second step.
Therefore, it seems unlikely that this behaviour is due to
different decomposition kinetics. Instead, the proceeding
reaction probably changes depending on the by-product.

In order to further investigate the effect of the by-product on
the dehydrogenation behaviour, the corresponding decomposi-
tion products were identied by means of X-ray diffraction. Since
the quality of the X-ray diffraction patterns of the samples aer
the TG-DSC measurements was poor, samples similar to those
had to be synthesised ex situ. For this purpose, the Ca(AlH4)2 +
2MCl mixtures were heated to the respective temperature of
interest with a heating rate of 5 K min−1 in a self-built horizontal
tube furnace. The X-ray diffraction patterns shown in Fig. 3 and 4
were measured aer cooling down the samples.

In the case of the NaCl mixture the decomposition products
were identied aer the second (290 °C) and fourth step
(400 °C). In accordance with the dehydrogenation pathway re-
ported in the literature (reactions (1)–(4)),16–18 reections of
CaH2 and Al were found aer decomposing the mixture at 290 °
C. The CaAl2 phase, formed at 400 °C, also coincides with the
established dehydrogenation reactions.

In contrast to Ca(AlH4)2 + 2NaCl, the decomposition of the
LiCl mixture appears to be more complex. Considering the TG-
Table 1 Onset temperatures (TOnset) of the Ca(AlH4)2 decomposition reac
study were determined using DSC measurements at heating rates of 5 K

Mixture 1st step

Ca(AlH4)2 + 2NaCl DSC effect N1
TOnset (°C) 156 � 9

Ca(AlH4)2 + 2LiCl DSC effect L1
TOnset (°C) 167 � 4

Literature TOnset (°C) 80 (ref. 18)–180 (ref

606 | RSC Mechanochem., 2025, 2, 603–615
DSC measurements, especially the proceeding of the second
step which consists of two sub-steps is of interest. Accordingly
Ca(AlH4)2 + 2LiCl was decomposed at 260 °C (sub-step 1 of the
second step, DSC effect L2.1) and at 290 °C (sub-step 2 of the
second step, DSC effect L2.2). Unfortunately, the corresponding
diffractograms do not allow a clear understanding of the
respective dehydrogenation reactions due to their similarity.

While Al can clearly be detected, the identication of the
present hydride phase(s) is difficult due to overlapping reec-
tions. The mixture heated to 260 °C most likely still contains
CaAlH5. This assignment seems sensible since the TG
measurement shows that CaAlH5 is not yet fully decomposed at
260 °C. Additionally, both dehydrogenation products probably
contain CaH2 and CaHCl. Analogously to Sr(AlH4)2 + 2LiCl,10 the
CaHCl phase is probably formed from CaH2 and LiCl eqn (11).

CaH2 + LiCl / CaHCl + LiH (11)

Like the Ca(AlH4)2 + 2NaCl mixture, Ca(AlH4)2 + 2LiCl
decomposes to CaAl2 in the fourth step.

To further investigate the second dehydrogenation step of
the LiCl mixture, the decomposition of Ca(AlH4)2 + 2LiCl was
also followed in situ by means of X-ray diffraction. The collected
diffractograms are shown in Fig. 5.
tions in comparison to literature values. The onset temperatures of this
min−1

2nd step 3rd step

N2 N3
250 � 5 311 � 2
L2.1 L3
235 � 5 319 � 3

. 35) 180 (ref. 18)–250 (ref. 16) 350–360 (ref. 18)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 X-ray powder diffraction patterns of the decomposition
products of Ca(AlH4)2 + 2LiCl.

Fig. 5 In situ X-ray powder diffraction patterns of the Ca(AlH4)2 +
2LiCl dehydrogenation.
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According to these, the decomposition of CaAlH5 appears to
be completed at 240 °C under the measuring conditions, as its
reections can no longer be observed at this temperature.
Shoulders, which can be assigned to the formation of CaH2 and
CaHCl, respectively, emerge on the LiCl reections at 13.6° and
15.7° with the onset of the CaAlH5 dehydrogenation at 210 °C.
Moreover, the intensity of the signal at 15° increases, also
indicating the formation of CaHCl. Since the reections of CaH2

and CaHCl appear at the same temperature, it seems that both
hydrides are formed simultaneously from CaAlH5. Hence, these
in situ measurements do not allow a signicantly deeper
understanding of the decomposition pathway of Ca(AlH4)2 +
© 2025 The Author(s). Published by the Royal Society of Chemistry
2LiCl. However, the decomposition of CaAlH5 to Al is conrmed
once more by the observed increase of the Al reection inten-
sities during the in situ decomposition experiment.
3.3 Determination of the apparent activation energy of the
Ca(AlH4)2 and CaAlH5 dehydrogenation

In order to verify that the shi in the onset temperatures of the
dehydrogenation reactions of the different mixtures is not due
to varying decomposition kinetics, the apparent activation
energies (Ea) of the respective reactions were determined using
Kissinger plots. This method is based on eqn (12),36 where b is
the heating rate and TP denotes the peak temperature.

ln

�
b

TP
2
min K

�
¼ � Ea

RTP

þ A (12)

The Kissinger plots shown in Fig. 6 were derived from the
peak temperatures obtained from DSC measurements at
different heating rates (2 K min−1, 5 K min−1, 8 K min−1, and
10 K min−1). Two measurements were performed at each
heating rate. The exothermic peak was used for the Kissinger
plot of the 1st dehydrogenation event.

In the case of Ca(AlH4)2 + 2NaCl, the quality of the
measurements made at heating rates of 2 K min−1 did not allow
the determination of the peak temperature of the rst step.
Therefore, only the other ones, performed at higher heating
rates, were used to generate the corresponding Kissinger plot.
Moreover, due to the deviating peak temperatures for the
Ca(AlH4)2 decomposition of the NaCl mixture, two different ts
were necessary to obtain the apparent activation energy of its
dehydrogenation. However, the determined values are in good
agreement, so only their mean value is given in Table 2. The
obtained apparent activation energies for the decomposition
reactions of Ca(AlH4)2 + 2LiCl and Ca(AlH4)2 + 2NaCl are sum-
marised in Table 2.

The results conrm that the rst decomposition step is not
inuenced by the by-product as the respective values are in good
agreement. Furthermore, the determined activation energies
show that the different milling times do not affect the dehy-
drogenation kinetics signicantly. Therefore, a comparison
between the two mixtures is legitimate.

In contrast to the rst decomposition step, the values ob-
tained for the second one deviate from each other. Although
CaAlH5 + 2LiCl dehydrogenates at lower temperatures than the
NaCl mixture (see Table 1), the opposite trend can be observed
for the apparent activation energies. Thus, it appears likely that
those correspond to different reactions which further supports
the previously stated inuence of the halides on the dehydro-
genation pathway of CaAlH5.

The comparison of the determined activation energies with
literature values shows signicant differences between those
obtained for the rst step. The ones determined for the second
step lie in the same range. Since apparent activation energies
are generally strongly dependent on the synthesis procedure,
differences in these are probably the cause of the observed
deviations.
RSC Mechanochem., 2025, 2, 603–615 | 607
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Fig. 6 DSC measurements and Kissinger plots for the first (above) and second (beneath) decomposition step of Ca(AlH4)2 + 2MCl (M = Li, Na).

Table 2 Apparent activation energies of the first and second step of
the decomposition of Ca(AlH4)2 + 2MCl (M = Li, Na) in comparison to
literature data

Ca(AlH4)2 + 2NaCl Ca(AlH4)2 + 2LiCl

1st step This study 86 � 5 kJ mol−1 90 � 4 kJ mol−1

Literature 62.8 kJ mol−1 (ref. 37) 135 kJ mol−1 (ref. 33)
2nd step This study 157 � 11 kJ mol−1 213 � 4 kJ mol−1

Literature 154.9 kJ mol−1 (ref. 37) 183 kJ mol−1 (ref. 33)
153.4 kJ mol−1 (ref. 17)
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3.4 Heat capacity and absolute entropy of Ca(AlH4)2 and
CaAlH5

3.4.1 Ca(AlH4)2. Using calorimetric measurements of both
Ca(AlH4)2 + 2MCl (M = Li, Na) mixtures, the heat capacity
function in the temperature range from 2 K to 360 K and the
absolute entropy at 298.15 K of the alanate were obtained. In
order to derive the heat capacity of Ca(AlH4)2 from that of the
608 | RSC Mechanochem., 2025, 2, 603–615
mixture an additive composition of the heat capacity of the
mixture according to eqn (13) was assumed. Further assuming
a sample composition of Ca(AlH4)2 : MCl of 1 : 2 and using
literature heat capacity data for LiCl (0–20 K,38 20–300 K,39 and
300–360 K (ref. 40)) and NaCl,10 the heat capacity of the alanate
was obtained from that of the mixture. The determined values
are depicted in Fig. 7.

Csample
p ¼ xCaðAlH4Þ2CCaðAlH4Þ2

p þ xMClCMCl
p (13)

Although this method was already veried in our studies on
Mg(AlH4)2 (ref. 9) and Sr(AlH4)2,10 its applicability to Ca(AlH4)2
was checked nevertheless. For this means, the heat capacities of
the alanate were calculated from the measurements of both
mixtures in the temperature range from 283 K to 360 K. Since
the obtained values agree well with each other (see Fig. 7), the
applied method is also suitable to determine the heat capacity
function of Ca(AlH4)2 from that of Ca(AlH4)2 + 2MCl (M = Li,
Na). Additionally, the good agreement of the values indicates
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Temperature dependency of the molar heat capacity of
Ca(AlH4)2 derived from that of the mixtures. The relative deviation of
the experimental values from the fitted curve is shown in the insert.
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that the heat capacity of Ca(AlH4)2 is not affected by the halides
NaCl and LiCl.

The measured heat capacities show no indication of the
occurrence of phase transitions of Ca(AlH4)2 in the investigated
temperature range. Aer dividing this range in four appropriate
intervals, the respective data were tted using established
polynomial functions (eqn (14)–(17)) to obtain the heat capacity
of Ca(AlH4)2 as a function of the temperature. The respective t
functions are stated in the following and the determined coef-
cients are listed in Table 3.

0� 5 K : Cp

.
JðK molÞ�1 ¼ b

T

K
þ d

T3

K3
(14)

5� 100 K : Cp

.
JðK molÞ�1

¼ aþ b
T

K
þ c

T2

K2
þ d

T3

K3
þ e

T4

K4
þ f

T5

K5
þ g

T7

K7
þ h

K2

T2

þ i
K

T

(15)
Table 3 Coefficients of the fitted heat capacity functions of Ca(AlH4)2

T interval (K) 0–5 5–100

a 7.43414
b 6.56561 × 10−4 −1.02199
c 6.57500 × 10
d 4.36985 × 10−4 −1.21000 ×
e 1.13315 × 10
f −4.66147 ×

g 3.62645 × 10
h 3.13462 × 10
i −2.50748 ×

R2 0.9997 1.0000
FitStdErr 0.00026 0.01403

© 2025 The Author(s). Published by the Royal Society of Chemistry
100� 290 K : Cp

.
JðK molÞ�1 ¼ aþ b

T

K
þ c

T2

K2
þ h

K2

T2
(16)

290� 360 K : Cp

.
JðK molÞ�1 ¼ aþ b

T

K
þ c

T2

K2
þ h

K2

T2
(17)

In Fig. 7 the tted functions are compared to the measured
data. The relative deviation of the experimental values from the
t, which is ±14% below 20 K and ±2% above 20 K, is shown in
the insert of the same graph.

The absolute entropy of Ca(AlH4)2 at 298.15 K was calculated
to be 141.3 ± 3.0 J (K mol)−1 from the herein reported heat
capacity functions using eqn (18).

Sð298:15 KÞ ¼
ð298:15 K

0

Cp

T
dT (18)

3.4.2 CaAlH5.While the heat capacity and absolute entropy
of Ca(AlH4)2 were determined calorimetrically, the respective
values for CaAlH5 were obtained using the quasi-harmonic
approximation, which gives the Gibbs energy of a solid as
a function of temperature and pressure. The computations were
performed as described in ref. 10 based on the initial crystal
structure of CaAlH5 reported in ref. 41. By evaluating the
negative of the rst temperature derivative of the Gibbs energy
at 298.15 K, the absolute entropy of CaAlH5 at this temperature
was obtained as 78.0 J (K mol)−1. The isobaric heat capacity was
calculated by multiplying the second temperature derivative of
the Gibbs energy with the temperature. In this way, the heat
capacity was evaluated for temperatures up to and including
530 K (see Fig. 8).

To validate the DFT computed heat capacity values, the
modied Neumann–Kopp rule, which allows to estimate the
heat capacities of complex compounds from the heat capacities
of their simple constituents,43 was used. The suitability of the
modied Neumann–Kopp rule for estimating the heat capac-
ities of complex aluminium hydrides was already established by
us in ref. 10. Consequently, no general review of this approach is
provided in this study.

According to the modied Neumann–Kopp rule, the heat
capacity of CaAlH5 can be described by the sum of those of CaH2
100–290 290–360

1.69018 × 101 3.47691 × 102

4.38790 × 10−1 −4.96854 × 10−1

−2 −7.99252 × 10−5 5.34273 × 10−4

10−3

−5

10−8

−13

1 −4.38967 × 104 −9.36430 × 106

101

0.9995 0.9813
0.00822 1.52100
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Fig. 8 Temperature dependency of the molar heat capacity of CaAlH5

in comparison to values approximated by the modified Neumann–
Kopp rule. The data for the approximation were taken from ref. 42. The
relative deviation of the experimental values from the fitted curve is
shown in the insert.
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and AlH3. The required literature data were taken from the HSC
database.42 Since no data are available below 298 K and above
500 K for CaH2 and AlH3, respectively, the validation of the
computed heat capacity data is only possible in the temperature
range between 298 K and 500 K. However, as AlH3 is reported to
decompose at 398–473 K,44 the Neumann–Kopp rule was only
applied up to a temperature of 398 K. As can be seen from the
comparison of the approximated and DFT values depicted in
Fig. 8, both methods are generally in good agreement with each
other. Therefore, we consider the DFT calculated heat capacities
to be realistic.

In order to obtain the heat capacity of CaAlH5 as a function
of the temperature, the calculated values were tted using
polynomial functions as described previously for Ca(AlH4)2. The
used t functions can be found in the following and the
determined coefficients are summarised in Table 4. A compar-
ison of the tted functions with the original data as well as the
relative deviation between them, which is less than ±3% over
the whole temperature range, are shown in Fig. 8.

4� 20 K : Cp

.
JðK molÞ�1 ¼ b

T

K
þ d

T3

K3
þ e

T 5

K5
(19)
Table 4 Coefficients of the fitted heat capacity functions of CaAlH5

T interval (K) 4–20 20–110 110–530

a −10.52682 −2.83845
b 2.71600 × 10−2 5.41020 × 10−1 3.18030 × 10−1

c −1.29000 × 10−3 −1.65435 × 10−4

d 2.70327 × 10−4

e −8.13679 × 10−8

f 1.06475 × 103 3.99282 × 104

R2 1.0000 1.0000 0.9999
FitStdErr 2.15 × 10−3 0.06768 0.21586

610 | RSC Mechanochem., 2025, 2, 603–615
20� 110 K : Cp

.
JðK molÞ�1 ¼ aþ b

T

K
þ c

T 2

K2
þ f

K2

T 2
(20)

110� 530 K : Cp

.
JðK molÞ�1 ¼ aþ b

T

K
þ c

T2

K2
þ f

K2

T2
(21)

3.5 Thermodynamic evaluation of the inuence of LiCl and
NaCl on the thermal dehydrogenation of CaAlH5

As both the XRD and kinetic investigations did not provide a full
understanding of the inuence of the halides on the dehydro-
genation of CaAlH5, we performed thermodynamic calculations
to gain a deeper insight into their effect. For this purpose, the
literature value in ref. 35 for the enthalpy of formation of
CaAlH5, which was calculated for 0 K using DFT, was extrapo-
lated to 298.15 K applying Kirchhoff's law (eqn (22)).

DFHð298:15 KÞ ¼ DFHð0 KÞ þ
ð298:15 K

0 K

DFCpdT (22)

The needed heat capacity data for Ca, Al, and H2 were taken
from the references listed in Table 5. If only heat capacity values
were reported, those were tted using eqn (23). The parameters
of these ts are stated in Table 5. For CaAlH5 the heat capacity
function reported in this study was used. An enthalpy of
formation of −240 kJ mol−1 was obtained. It has to be noted,
that no reliable heat capacity data are available for H2 below
50 K. However, we consider the resulting uncertainty of the
extrapolated enthalpy value to be small due to the small

contribution of
Ð T
0 K CpdT at low temperatures.

Cp

.
JðK molÞ�1 ¼ aþ b� 10�3

T

K
þ c� 105

K2

T2
þ d � 10�6

T 2

K2

(23)

In the thermodynamic assessment of the effect of LiCl and
NaCl on the dehydrogenation of CaAlH5 CaH2, CaHCl, and Al,
which were detected in the XRD measurements, were considered
as possible decomposition products. Furthermore, presuming
a similar behaviour of CaAlH5 and SrAlH5 we assume the forma-
tion of CaHCl eqn (24) to proceed analogously to that of SrHCl.10

CaAlH5 þMCl/CaHClþAlþMHþ 3

2
H2ðM ¼ Li; NaÞ

(24)

In order to evaluate the inuence of the two halides, the
Gibbs free reaction energies for the possible decomposition
reactions were calculated as a function of the temperature using
the thermodynamic data listed in Tables 5 and 6. Their
temperature dependence is shown in Fig. 9 and 10.

In accordance with the previous investigations, it can be seen
in Fig. 9 that NaCl does not affect the dehydrogenation of
CaAlH5 as its decomposition to CaH2, Al, and H2 is thermody-
namically most likely.

In contrast, when the mixture contains LiCl both the
formation of CaHCl and CaH2 are feasible from
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Heat capacity data used in this study, the abbreviations NK and Fit are assigned to data approximated by the Neumann–Kopp rule and
data fitted by us, respectively. The coefficients describe the heat capacity according to the following function:

Cp=JðK molÞ�1 ¼ aþ b� 10�3
T
K
þ c� 105

K2

T2 þ d � 10�6
T2

K2 þ e� 106
K3

T3

Compound T1 (K) T2 (K) a b c d e Ref.

AlFit 15 80 −1.180 42.456 0 1133.179 0 45
80 350 21.18 24.45 −1.791 −30.17 7.654 46

298.15 933 32.974 −20.677 −4.138 23.753 0 42
AlH3 298.15 500 49.387 24.072 −14.588 0.637 0 42
CaFit 5 45 −0.695 51.370 0 4064.848 0 47
Fit 50 150 10.220 163.293 −0.136 −485.063 0 47
Fit 150 300 25.535 −0.980 −0.561 12.903 0 47
CaAlNK2 298.15 716 82.259 −19.136 −5.603 47.499 0 42
CaAlNK4 298.15 716 148.207 −60.49 −13.879 95.005 0 42
CaH2 298.15 1053 29.928 37.133 0 0 0 42
CaHCl 308 748 57.806 16.42 −10.06 0 0 48
H2 50 298.15 22.496 17.044 0.365 11.122 0 42

298.15 5000 25.855 4.837 1.584 −0.372 0 42
LiCl 298.15 883 44.707 17.924 −1.946 1.865 0 42
LiH 298.15 965 21.006 43.713 −4.525 0.01 0 42
NaCl 298.15 900 56.297 −13.015 −3.423 21.862 0 42
NaH 298.15 911 31.401 35.326 −4.92 0.008 0 42
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a thermodynamic point of view as the corresponding Gibbs free
energies are very similar in the temperature region of the
CaAlH5 + 2LiCl dehydrogenation (see Fig. 9). Thus, the sub-
steps of the second dehydrogenation event in the TG-DSC
measurements could be the result of the parallel formation of
the two hydrides.

Furthermore, we found the apparent activation energies for
the decomposition of CaAlH5 + 2LiCl and CaAlH5 + 2NaCl to
differ signicantly. Therefore, it seems likely that they belong to
two different reactions. Since the dehydrogenation of CaAlH5 +
2NaCl to CaH2 occurs at higher temperatures than the decom-
position of the LiCl mixture and since the thermodynamic
driving force for the formation of CaHCl is initially slightly
higher, we believe that the rst sub-step belongs to the dehy-
drogenation of CaAlH5 to CaHCl and the second one to the
formation of CaH2.

The thermodynamic calculations depicted in Fig. 10 show
that the decomposition of the hydrides CaH2 and CaHCl to rst
Table 6 Enthalpies of formation and absolute entropies used in this stud
formation temperatures, respectively

Compound DFH (298.15 K) (kJ mol−1)

Al 0
CaAl2 −108.000Opt.

CaAl4 −121.000Opt.

Ca(AlH4)2 −247
CaAlH5 −240
CaH2 −181.558
CaHCl −504.172
H2 0
LiCl −408.270
LiH −90.542
NaCl −411.120
NaH −56.379

© 2025 The Author(s). Published by the Royal Society of Chemistry
CaAl4 and then to CaAl2 occurs at similar temperatures,
respectively. This result agrees with the dehydrogenation
behaviour observed in the TG-DSC measurements. It has to be
noted, that the enthalpies of formation of CaAl4 and CaAl2 used
in the computations were determined by optimising the litera-
ture values49 considering their formation temperatures.

Furthermore, the calculations support the notion that NaCl
does not alter the decomposition pathway of CaAlH5 as the
formation of CaHCl from CaH2 and NaCl is thermodynamically
not feasible in the investigated temperature range.

In conclusion, CaAlH5 + 2NaCl dehydrogenates according to
the reactions (25)–(27). Thus, the DSC effects N2, N3, and N4
result from eqn (25)–(27), respectively.

CaAlH5/CaH2 þAlþ 3

2
H2 (25)

1

2
CaH2 þ 2Al/

1

2
CaAl4 þ 1

2
H2 (26)
y. Values marked with Opt. were optimised based on literature data and

S (298.15 K) (J (K mol)−1) Ref.

28.280 42
83.065 49
127.238 49
141.3 � 3.0 50, 51 and this study
78.0 52 and this study
41.401 42 and 53
71.8 53 and 54
130.700 42
59.300 42
20.041 42
72.132 42
39.999 42

RSC Mechanochem., 2025, 2, 603–615 | 611
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Fig. 9 Thermodynamic assessment of the decomposition of CaAlH5 + 2MCl (M = Li, Na). The coloured dotted lines represent the onset
temperatures of the second decomposition step of Ca(AlH4)2 + 2MCl. The right figure was created to allow a differentiation of the lines
overlapping in the figure on the left.

Fig. 10 Thermodynamic assessment of the decomposition of CaHX (X
= H, Cl). The coloured dotted lines represent the onset temperatures
of the third decomposition step of Ca(AlH4)2 + 2MCl.
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1

2
CaH2 þ 1

2
CaAl4/CaAl2 þ 1

2
H2 (27)

In contrast, in the presence of LiCl, CaHCl is formed in
addition to CaH2. In this case the DSC effects L2.1 and L2.2 may
be assigned to eqn (28) and (29), respectively. The effects L3 and
L4 then correspond to eqn (30) and (31).

xCaAlH5 þ xLiCl/xCaHClþ xAlþ xLiHþ 3

2
xH2ð0\x\1Þ

(28)
612 | RSC Mechanochem., 2025, 2, 603–615
ð1� xÞCaAlH5/ð1� xÞCaH2 þ ð1� xÞAl

þ 3

2
ð1� xÞH2ð0\x\1Þ (29)

1

2
CaHXþ 2Alþ 1

2
LiY/

1

2
CaAl4 þ 1

2
LiClþ 1

2
H2ðX ¼ H; Y

¼ Cl or X ¼ Cl; Y ¼ HÞ
(30)

1

2
CaHXþ 1

2
CaAl4 þ 1

2
LiY/CaAl2 þ 1

2
LiClþ 1

2
H2ðX ¼ H; Y

¼ Cl or X ¼ Cl; Y ¼ HÞ
(31)

As in the case of Sr(AlH4)2, the different effects of LiCl and
NaCl on the decomposition behaviour of CaAlH5 are probably
the result of the differing thermodynamic stabilities of LiH
(DFH° (298.15 K) = −90.5 kJ mol−1 (ref. 42)) and NaH (DFH°
(298.15 K) = −56.4 kJ mol−1 (ref. 42)).10 Due to the high stability
of LiH, its formation is thermodynamically favoured. As
a consequence, LiCl alters the dehydrogenation pathway of
CaAlH5.

3.6 Thermodynamic assessment of the potential of
Ca(AlH4)2 and CaAlH5 for reversible hydrogen storage
applications

Using the determined thermodynamic data as well as the litera-
ture data in Tables 5 and 6, the ability of Ca(AlH4)2 and CaAlH5 to
reversibly store hydrogen was evaluated from a thermodynamic
point of view by computing their respective dehydrogenation
pressures in dependence of the temperature (Fig. 11). For this
purpose, the literature values for the enthalpy of formation of
Ca(AlH4)2,50,51 which were calculated for 0 K using DFT, were
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Temperature dependency of the hydrogen pressure of the
decomposition of Ca(AlH4)2.
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extrapolated to 298.15 K as described previously for CaAlH5. We
obtained values of −235 kJ mol−1 and −258.3 kJ mol−1. The
presented calculations were made using the mean value of the
enthalpies of formation obtained, which is −247 kJ mol−1.

Ca(AlH4)2 can be considered unsuitable for reversible
hydrogen storage applications due to its high hydrogenation
pressure. In contrast, the hydrogenation of CaH2 and Al to
CaAlH5 at a pressure of 200 bar is thermodynamically possible
up to 200 °C.

Since we were not able to fully clarify the decomposition
pathway of CaAlH5 in the presence of LiCl, its hydrogenation
behaviour could not be assessed thermodynamically.
4 Conclusions

Within this study we investigated the inuence of the by-
products LiCl and NaCl on the thermal decomposition of
Ca(AlH4)2 by means of X-ray diffraction, the Kissinger method
and thermodynamic computations. While we found no effect of
the halides on the dehydrogenation of the alanate itself, the
decomposition of its dehydrogenation product CaAlH5 depends
on the halides. No change of the dehydrogenation pathway
occurs in the presence of NaCl. In contrast, the second
decomposition step splits into two sub-steps when the mixture
contains LiCl. Additionally, CaHCl is formed in this step
alongside the normally produced CaH2.

Besides the study of the thermal dehydrogenation of
Ca(AlH4)2, the alanate and CaAlH5 were characterised thermo-
dynamically. The heat capacity function in the temperature
range from 2 K to 360 K and the absolute entropy of Ca(AlH4)2
were determined by means of calorimetry. DFT calculations
were used to obtain the heat capacity function (4–530 K) and the
absolute entropy of CaAlH5. The values for the absolute entro-
pies of Ca(AlH4)2 and CaAlH5 at 298.15 K are 141.3 ± 3.0 J (K
mol)−1 and 78.0 J (K mol)−1, respectively. The enthalpies of
© 2025 The Author(s). Published by the Royal Society of Chemistry
formation of Ca(AlH4)2 and CaAlH5 were calculated to be
−247 kJ mol−1 and −240 kJ mol−1, respectively.

Finally, the hydrogenation behaviour of the complex
hydrides was evaluated thermodynamically. While Ca(AlH4)2
has to be considered unsuited for reversible hydrogen storage
applications, reversible hydrogen storage may be achieved in
the CaAlH5 system at 200 °C and 200 bar.
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M. Paskevicius, L. Pasquini, D. B. Ravnsbæk, M. Veronica
Soanos, T. J. Udovic, T. Vegge, G. S. Walker, C. J. Webb,
C. Weidenthaler and C. Zlotea, J. Alloys Compd., 2020, 827,
153548–153588.

2 Y. Liu, D. Chabane and O. Elkedim, Energies, 2021, 14, 5758.
3 Z. Cao, F. Habermann, K. Burkmann, M. Felderhoff and
F. Mertens, Hydrogen, 2024, 5, 241–279.

4 J. J. Vajo, F. Mertens, C. C. Ahn, R. C. Bowman and B. Fultz, J.
Phys. Chem. B, 2004, 108, 13977–13983.

5 J. J. Vajo, S. L. Skeith and F. Mertens, J. Phys. Chem. B, 2005,
109, 3719–3722.

6 J. Ortmeyer, A. Bodach, L. Sandig-Predzymirska,
B. Zibrowius, F. Mertens and M. Felderhoff,
ChemPhysChem, 2019, 20, 1360–1368.

7 L. Sandig-Predzymirska, J. Ortmeyer, J. Wagler, E. Brendler,
F. Habermann, M. Anders, M. Felderhoff and F. Mertens,
Dalton Trans., 2020, 49, 17689–17698.

8 F. Habermann, K. Burkmann, B. Hansel, B. Störr,
C. Schimpf, J. Seidel, M. Bertau and F. Mertens, Dalton
Trans., 2023, 52, 4880–4890.

9 F. Habermann, A. Wirth, K. Burkmann, B. Störr, J. Seidel,
R. Gumeniuk, K. Bohmhammel and F. Mertens,
ChemPhysChem, 2024, 25, e202300748–e202300759.

10 F. Habermann, K. Burkmann, J. Kraus, B. Störr, J. Seidel,
J. Kortus, R. Gumeniuk, K. Bohmhammel and F. Mertens,
J. Alloys Compd., 2024, 980, 173476–173488.

11 K. Burkmann, F. Habermann, E. Schumann, J. Kraus,
B. Störr, H. Schmidt, E. Brendler, J. Seidel,
K. Bohmhammel, J. Kortus and F. Mertens, New J. Chem.,
2024, 48, 2743–2754.
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