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a b s t r a c t

Ca(BH4)2 is a promising hydrogen storage material due to its high gravimetric hydrogen density of
11.5 wt%. In this work, the dehydrogenation kinetics and thermodynamics of Ca(BH4)2 were systemat-
ically investigated by differential thermal analysis (DTA), thermal analysis mass spectrometry (TA/MS),
temperature-programmed desorption (TPD), X-ray diffraction (XRD) and pressure, composition, and
temperature (PCT) measurements. DTA, TA/MS, TPD and XRD results indicate that the dehydrogenation
process of Ca(BH4)2 is a two-step reaction. The dehydriding reaction of Ca(BH4)2 starts at approximately
320 ◦C, and about 9.6% of hydrogen is desorbed through the two-step reaction. The apparent activation
energy (Ea) of about 225.37 and 280.51 kJ/mol for the first-step and second-step dehydrogenation, respec-
tively, were determined by Kissinger’s method. The activation energy for the first-step dehydrogenation
hermodynamics was further confirmed by the Arrhenius equation. As a result of in-depth kinetic investigations, a geo-
metrical contraction-controlled kinetic mechanism has been identified for the first-step dehydrogenation
by analyzing isothermal hydrogen desorption curves with a linear plot method. Finally, the thermody-
namic parameters for the dehydrogenation are estimated based on the results of the PCT measurements:
enthalpy of reaction �H = 87 kJ/mol-H2, and entropy of reaction �S = 158 J/K mol-H2. The relatively high

nge i
be su
activation energy and cha
overcome for Ca(BH4)2 to

. Introduction

New types of clean energy sources, such as wind, solar, and
ydroelectric, have attracted intense attention, due to the lim-

ted supply of fossil oil and the environmental issues from burning
arbon-based fuel. In this context, hydrogen is a potential major
lternative energy carrier. However, there still need to be global
fforts aimed at developing advanced hydrogen storage materi-
ls with high gravimetric and volumetric density. These need to
ave rapid, energy efficient (de)hydriding reactions under mild
onditions [1,2]. Since Bogdanovic and Schwickardi discovered that

i-catalysed NaAlH4 could store H2 reversibly under moderate
onditions in 1997 [3], lightweight hydrogen storage materi-
ls such as alanates, amides, and borohydrides have attracted
rowing attention and have been explored intensively, due to
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n enthalpy indicate that a kinetic and thermodynamic barrier needs to be
itable as a hydrogen storage material for mobile applications.

© 2010 Elsevier B.V. All rights reserved.

their high gravimetric densities of hydrogen for hydrogen storage
[4–10].

LiBH4, due to its high capacity (18.5 wt%), was first investigated
as a candidate for hydrogen storage materials in the family of metal
borohydrides, M(BH4)n (where n indicates the valence of metal M).
However, its high dehydriding temperature (>400 ◦C) and rigor-
ous conditions of reversibility (600 ◦C, 150 bar) are big obstacles
to hydrogen storage applications [11]. Various investigation and
preparation methods, such as structural analysis, study of dehydro-
genation/rehydrogenation behaviors, mechanical milling, catalyst
doping, etc., have been undertaken to overcome the kinetic and
thermodynamics limitations [12–23]. However, even the enhanced
LiBH4 is still unable to meet the requirements for mobile applica-
tion. Recently, Nakamori et al. found by first-principle calculations
that the dehydrogenation temperature of M(BH4)n decreases with
an increase in the value of the electronegativity of M [24]. From
this point of view, Ca(BH4)2 may have superior dehydrogena-
tion/rehydrogenation kinetics and thermodynamics compared to

LiBH4.

As Ca(BH4)2 has a high theoretical hydrogen capacity of
11.5 wt%, it is considered as a prospective material for hydro-
gen storage. Recently, the structure and dehydriding behavior of
Ca(BH4)2 have been explored both theoretically and experimen-

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zguo@uow.edu.au
mailto:yuxuebin@fudan.edu.cn
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ally [25–30]. The most likely decomposition routes of Ca(BH4)2
re assumed from density functional theory (DFT) calculations to
e as described in the following equations [31]:

a(BH4)2 → 2/3CaH2 + 1/3CaB6 + 10/3H2

�HDFT = −40.6 kJ/mol-H2, �SDFT = 109.3 J/K mol-H2,

yield = 9.6 wt% H2 (1)

here �HDFT is the change in enthalpy calculated from density
unctional theory and �SDFT is the calculated entropy of the reac-
ion.

a(BH4)2 → CaH2 + 2B + 3H2

�HDFT = −57.3 kJ/mol-H2, �SDFT = 105.7 J/K mol-H,

yield = 8.7 wt% H2 (2)

However, according to reported experimental results, the fol-
owing dehydrogenation path of Ca(BH4)2 has been suggested
30,31]:

a(BH4)2 → CaH2 + intermediate compound → CaH2 + CaB6 + H2

(3)

ore recently, Riktor et al. [32] identified the unknown inter-
ediate compound to be CaB2Hx by high-resolution synchrotron

adiation powder X-ray diffraction and suggested that the x most
robably equals 2. In contrast, Wang et al. [33] suggested the

ntermediate compound to be CaB12H12 by experiment and first-
rinciple calculations.

However, at present, the detailed dehydrogenation kinetics and
hermodynamics of Ca(BH4)2 are still unclear, which has consid-
rable importance for understanding the nature of the hydrogen
torage properties. In addition, according to the DFT prediction,
he hydrogen desorption of Eq. (1) should occur at tempera-
ures around 98 ◦C at 1.0 atm hydrogen pressure. Unfortunately,

detectable rate of hydrogen desorption was experimentally
ttained only at temperatures above 200 ◦C, indicating the pres-
nce of a relatively high kinetic and thermodynamic barrier for this
eaction.

In this work, the thermal decomposition process of Ca(BH4)2
as studied by differential thermal analysis (DTA), thermal analysis
ass spectrometry (TA/MS), temperature-programmed desorption

TPD), and X-ray diffraction (XRD) measurements. The results indi-
ate that the dehydrogenation process of Ca(BH4)2 is a two-step
eaction. The apparent activation energy was further calculated and
iscussed. For the dehydrogenation kinetic mechanism, isother-
al hydrogen desorption measurements were conducted on the

rst-step decomposition of Ca(BH4)2, and the curves attained were
nalyzed with a linear plot method. The dehydrogenation process
f Ca(BH4)2 was found to be a geometrical contraction-controlled
inetic mechanism. In addition, the thermodynamic parameters
f enthalpy change and entropy change were calculated and dis-
ussed.

. Experimental

The Ca(BH4)2 was purchased from Sigma–Aldrich and used without any further
urification. X-ray diffraction (XRD) data were acquired at room temperature on a

igaku D/max 2200PC X-ray diffractometer with Cu K� radiation at 40 kV and 30 mA

rom 10◦ to 90◦ (2�) with a scan rate of 4◦/min. Samples were mounted onto a 1-mm
epth glass board in an Ar-filled glove box and sealed with an amorphous membrane

n order to avoid oxidation during the XRD measurement. All samples were handled
n an Ar-filled glove box (MBRAUN), in which both H2O and O2 concentrations were
ept below 1 ppm.
Fig. 1. Thermal analysis mass spectrometry (TA/MS) and differential thermal anal-
ysis (DTA) curves of Ca(BH4)2.

Differential thermal analysis (DTA) measurements of the sample were per-
formed on a STA 449C instrument connected to a mass spectrometer (QMS 403)
for thermal analysis mass spectrometry (TA/MS) measurements, using a heating
rate of 10 ◦C min−1 under 1 atm argon atmosphere.

TPD curves were determined by volumetric methods with a Sieverts-type Gas
Reaction Controller (GRC), a product of Advanced Materials Corporation (USA). Both
isothermal and non-isothermal measurements were made. In the non-isothermal
experiment, the sample was gradually heated to the desired temperature at an
average ramp of 1, 3, 5 and 10 ◦C/min, respectively (initially in vacuum). For isother-
mal desorption kinetic measurements, the sample was quickly heated to and then
kept at the given temperature. The pressure change in the reactor with time was
recorded over the temperature range of 300–360 ◦C. Quantities of hydrogen des-
orbed were determined by the pressure changes in the reactor by means of the ideal
gas law calculation. Pressure–composition–temperature (PCT) isotherm measure-
ments were carried out in the same Sieverts-type instrument. A ∼200 mg sample
was loaded into a sample holder having a thermocouple well-located in the center of
the sample. Temperatures and pressures of the sample and the gas reservoirs were
monitored and recorded by the GrcLV-LabVIEW-based control program software
during sorption process.

3. Results and discussion

The hydrogen desorption of the Ca(BH4)2 was studied by means
of DTA and TA/MS, as shown in Fig. 1. One sharp and one broad
endothermic peak with small shoulders are observed between 200
and 600 ◦C in the DTA curve. Correspondingly, at least two over-
lapping peaks are confirmed in the TA/MS curve of Ca(BH4)2. As
seen from the TA/MS results, two peaks of hydrogen evolution are
obvious in the temperature range of 300–500 ◦C, with the peak
temperatures at around 370 and 460 ◦C, respectively. The DTA
and TA/MS results indicate that the dehydrogenation process of

Ca(BH4)2 is a two-step reaction, which suggests the presence of
an intermediate compound, similar to the case of LiBH4 [12]. So far,
Ca(BH4)2 has been reported to desorb hydrogen in accordance with
Eq. (3), and an intermediate compound has also been suggested
[31,32].
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ig. 2. XRD patterns of Ca(BH4)2 before (a) and after dehydrogenation at (b) 500 ◦C
nd (c) 320 ◦C.

To better understand the decomposition mechanism, XRD
iffraction analysis was carried out on the as-received Ca(BH4)2,
s well as on the dehydrogenation products. Fig. 2 shows the XRD
atterns of the as-received Ca(BH4)2 before and after dehydrogena-
ion at 320 and 500 ◦C, respectively. The as-received Ca(BH4)2 is

mixture of �-, �-, and �-Ca(BH4)2, but is mainly �-Ca(BH4)2.
fter dehydrogenation to 320 ◦C, most Ca(BH4)2 peaks were absent,
nd new compounds, corresponding to an intermediate com-
ound and some CaH2 were observed. The peak positions of the

ntermediate compound agree well with previous reports [29,31].
owever, there is still some disagreement about the intermedi-
te phase. Ozolins et al. [34] predicted the possible intermediate
aB12H12 by theoretical first-principle methods. Wang et al. [33]
uggested the intermediate compound to be CaB12H12 by exper-
ment and first-principle calculations. However, Riktor et al. [32]
ave proposed CaB2Hx as the unknown intermediate compound
y high-resolution synchrotron radiation powder X-ray diffraction
nd suggested that the x most probably equals 2. The different
esults show that the decomposition scheme for Ca(BH4)2 may
ighly depend on the experimental conditions. After dehydrogena-
ion at 500 ◦C, the intermediate disappeared and the main phase is
aH2. The results of XRD also indicate that the dehydrogenation
rocess of Ca(BH4)2 is a two-step reaction.

The quantity of hydrogen desorbed from each reaction step
as further measured by the volumes of hydrogen gathered, start-

ng from vacuum. Fig. 3(a) shows the TPD results for Ca(BH4)2 at
ariable heating rates. Hydrogen desorption starts at about 320 ◦C
ith two evident desorption steps, comparing well with the TA/MS

esults. Hydrogen desorption curves were shifted to higher tem-
eratures as the heating rate increased from 1 to 10 ◦C/min, as
xpected. In the case of 1 ◦C/min, the two dehydrogenation steps
ake place one after the other in the temperature ranges of 310–350
nd 350–500 ◦C to desorb 5.66 and 4.23 wt% hydrogen, respectively.
n the case of 10 ◦C/min, the two dehydrogenation steps take place
ne after the other to desorb 5.96 and 3.88 wt% hydrogen, respec-
ively, in the temperature ranges of 310–380 and 380–500 ◦C. The
ydrogen desorption rates of Ca(BH4)2 were calculated from the
ydrogen desorption curves by plotting the hydrogen desorption
apacity against time (Fig. 3(b)). Two maximum desorption rates
ere clearly observed in all the cases of different heating rates,

orresponding to the two-step dehydrogenation of Ca(BH4)2 and

omparing well with the TA/MS and TPD results. The temperatures
or the first maximum desorption rate are 335, 348, 357 and 366 ◦C;
11, 427, 437 and 443 ◦C are observed for the second maximum
esorption rate, corresponding to the heating rates of 1, 3, 5, and
0 ◦C/min, respectively. The discrepancy in the peak temperatures
Fig. 3. TPD (temperature-programmed desorption) (a) and hydrogen desorption
rate (b) curves of Ca(BH4)2 at various heating rates; and the Kissinger’s plot (c).

originates from the particular temperature-hydrogen desorption
experiments, as the TA/MS and DTA were carried out in hydrogen
atmosphere and in inert gas, respectively.

The activation energy (Ea), for the hydrogen desorption mech-
anism of Ca(BH4)2 was obtained from TPD measurements at
different heating rates by Kissinger’s method [35]:

ln

(
ˇ

T2
m

)
= − Ea

RT
(4)

where ˇ is the heating rate in ◦C/min, Tm is the absolute tempera-

ture for the maximum desorption rate, and R is the gas constant. In
the present study, Tm was extracted from the hydrogen desorption
rate curves at variable heating rates, as shown in Fig. 3(c). The Tm

shifts to higher values when the heating rate increases from 1 to
10 ◦C/min. The plot of ln(ˇ/T2

m) versus 1/Tm is also a straight line,
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Table 1
Kinetic models examined in the isothermal dehydrogenation curves of Ca(BH4)2 at
360 ◦C.

Symbol Model Integral f(˛) form R2

D1 1D diffusion ˛2 1.469
D2 2D diffusion ˛ + (1 − ˛)ln(1 − ˛) 1.663
D3 3D diffusion (Jander equation) [1 − (1 − ˛)1/3]2 1.935
D4 3D diffusion

(Ginstling–Braunshteinn
equation)

1 − (2˛/3) − (1 − ˛)2/3 1.728

F1 First-order reaction −ln(1 − ˛) 1.173
R2 Contracting area 1 − (1 − ˛)1/2 1.003

than 30 bar. At 629 K, the desorbed amount of hydrogen is 6.24 wt%.
As the operating temperature increased, the desorbed amount of
hydrogen distinctly increased. The desorbed amount of hydrogen
is 6.59, 6.95 and 7.71 wt% at 647, 662, and 686 K, respectively. The
ig. 4. Isothermal hydrogen desorption curves (a) of Ca(BH4)2 at 300–360 ◦C and
b) the Arrhenius plot.

s shown in Fig. 3(c). From the slope of the straight line, the acti-
ation energy Ea was determined to be approximately 225.37 and
80.51 kJ/mol for the first-step and second-step dehydrogenation
eactions of Ca(BH4)2, respectively.

For further investigating the mechanism of the reaction kinet-
cs, isothermal dehydrogenation experiments were carried out at
00–360 ◦C. Fig. 4(a) shows the isothermal dehydrogenation curves
f Ca(BH4)2 at 300, 320, 340, and 360 ◦C. As the operating temper-
ture increased, the dehydrogenation rate distinctly speeded up.
t 300 ◦C, only 0.77 wt% hydrogen was released at 120 min. In con-

rast, 3.8, 4.3, and 5.37 wt% hydrogen can be released at 120 min at
20, 340, and 360 ◦C, respectively. The isothermal dehydrogenation
urves at 320, 340 and 360 ◦C exhibit the typical sigmoidal shape,
ith a short induction period, followed by an acceleration period

or dehydrogenation, and finally a decaying period. It takes 4 min
o desorb 50% of the hydrogen from the first-step desorption at
60 ◦C, but 14 and 49 min are required to desorb the same amount
f hydrogen at 340 and 320 ◦C, respectively.

To further investigate the rate constant, the activation
nergy (Ea) of the first-step dehydrogenation of Ca(BH4)2
as further evaluated by the Arrhenius equation [36,37]: rate

wt%/h) = koexp(–Ea/RT), where k0 is a constant. As shown in
ig. 4(b), this is achieved by plotting ln(H2 release rate) versus
/T. The apparent activation energy (Ea) for H2 release was deter-
ined to be 210.80 kJ/mol, which is very close to the value that was

etermined by Kissinger’s method.

In the literature, several solid-state reaction mechanism mod-

ls have been proposed, including the nucleation, the geometrical
ontraction, the diffusion, and the reaction order models, based on
he different geometries of the particles and the different driving
R3 Contracting volume 1 − (1 − ˛)1/3 1.059
A2 Avarami–Erofeev [−ln(1 − ˛)]1/2 0.657
A3 Avarami–Erofeev [−ln(1 − ˛)]1/3 0.461

forces, which are listed in Table 1 [38–44]. To identify the solid-
state reaction mechanism, a Jones method [45] was used to select
a proper model which involves all essential chemical steps. In the
Jones method, the theoretical value (t/t0.5)theo is plotted against
the experimental data (t/t0.5)exp of different rate equations to pro-
duce a linear plot, where t is the time and t0.5 means half the time
for the reaction to be completed. The value of the linear slope of
an acceptable model should be very close to 1. The relationship of
(t/t0.5)exp versus (t/t0.5)theo for the dehydrogenation of Ca(BH4)2 at
360 ◦C is listed above the graphs in Fig. 5. It can be seen that the
(t/t0.5)exp value plotted against the (t/t0.5)theo value of the R2 model
exhibits a good linear relationship, with a slope close to 1. This
finding indicates that the hydrogen desorption reaction of Ca(BH4)2
correlates closely to the geometrical contraction-controlled kinetic
mechanism represented by the R2 model. This model assumes that
nucleation occurs rapidly on the surface of the crystal. The rate of
degradation is controlled by the progress of the resulting reaction
interface toward the center of the crystal. Dehydration of calcium
oxalate monohydrate has been shown to follow a geometrical con-
traction model [46–48].

The isothermal dehydriding properties of Ca(BH4)2 in hydro-
gen atmosphere at 629, 647, 662, and 686 K from investigation by
using PCT (pressure, composition and temperature) measurements
are shown in Fig. 6. The measurements at 629 K were started at
a pressure of 30 bar, and the other measurements at higher tem-
perature were started at a higher pressure (60 bar) because the
plateau pressures were expected to be at much higher pressures
Fig. 5. (t/t0.5)theo vs. (t/t0.5)exp of Ca(BH4)2 dehydrogenated at 360 ◦C for various
solid-state reaction equations.
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[27] E.H. Majzoub, E. Rönnebro, J. Phys. Chem. C 113 (2009) 3352–3358.
[28] K. Miwa, M. Aoki, T. Noritake, N. Ohba, Y. Nakamori, S. Towata, A. Züttel, S.
ig. 6. Pressure–composition–temperature (PCT) curves of Ca(BH4)2 measured at
29, 647, 662, and 686 K. The inset shows the van’t Hoff plot for Ca(BH4)2.

mount of hydrogen desorption for Ca(BH4)2 observed from the PCT
easurements is larger than that indicated by the temperature-

rogram desorption results; this can be attributed to the different
xperimental conditions (temperature and hydrogen pressure) or
he low kinetics of the dehydriding reaction in the programmed
xperimental time. One plateau is observed at 629 K at a hydrogen
ressure of 11.5 bar, whereas two plateaus are observed for 647,
62, and 686 K within the hydrogen pressure range of 15–60 bar, in
greement with the two-step dehydriding reaction from Ca(BH4)2
o CaH2, as shown by the TPD curves (Fig. 3(a)). Therefore, the
sothermal dehydriding reaction results also strongly indicate the
ormation of some intermediate compound during the dehydriding
rocess from Ca(BH4)2 to CaH2, as indicated by the TPD results.

It is well-known that the thermodynamic parameters, the des-
rption enthalpy change (�H) and the entropy change (�S), of a
etal hydride can be calculated from the temperature-dependent

quilibrium pressure (P) in the van’t Hoff equation [49]:

n
(

Peq

Po

)
= �H

RT
− �S

R
(5)

here Po is the standard pressure (1.01325 bar), T is the absolute
emperature and R is the gas constant. The slope of the straight
ine is proportional to �H and the axis intercept is proportional to

S. The van’t Hoff plot for the dehydriding reaction from Ca(BH4)2
o CaH2 is shown in the inset to Fig. 6. As discussed above, there
re two plateaus in the PCT curves at 647, 662, and 686 K, and
t is difficult to exactly distinguish these two regions. Therefore,
he enthalpy and entropy are roughly estimated; the equilibrium
ressure Peq at each temperature is designated as the pressure
alue at the median of dehydrogenation capacity. Based on the
an’t Hoff plot, the enthalpy and entropy for the dehydriding reac-
ion from Ca(BH4)2 to CaH2 are estimated to be �H = 87 kJ/mol-H2
nd �S = 158 J/K mol-H2, respectively. These values are higher than
he standard enthalpies and entropies of reaction assumed from
ensity functional theory (DFT) calculations [31]. Because the dehy-
rogenation reaction of Ca(BH4)2 was a two-step reaction and the
ssumed enthalpy and entropy by density functional theory (DFT)
alculations is based on one-step reaction. It cannot be excluded
hat the equilibrium is not fully reached although the fitted points
re well-located on straight lines for the extrapolation to equilib-

ium and on the van’t Hoff plot. More details on the kinetics and
hermodynamics, as well as the structures of intermediate com-
ound are in progress.

[

[

mpounds 500 (2010) 200–205

4. Conclusions

The dehydrogenation kinetics and thermodynamics of Ca(BH4)2
were systematically investigated. The dehydriding reaction of
Ca(BH4)2 starts at approximately 320 ◦C, and approximately 9.6%
of the hydrogen is desorbed up to 500 ◦C in a two-step reac-
tion. Kinetic investigations indicated that a relatively high kinetic
barrier needs to be surmounted for hydrogen desorption from
Ca(BH4)2, with an activation energy of approximately 225.37 and
280.51 kJ/mol for the first step and the second step, respectively. A
geometrical contraction-controlled kinetic mechanism was iden-
tified for the first-step dehydrogenation by analyzing isothermal
hydrogen desorption curves by a linear plot method. Based on the
results of the PCT measurements, the enthalpy change and entropy
change were estimated to be 87 kJ/mol-H2 and 158 J/K mol-H2,
respectively, by using the van’t Hoff equation.
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