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Abstract

The influence of TiB, and SiC ceramics on H-desorption kinetics from MgH, based composites was investigated and correlated with
the microstructure and morphology of the composites. The mechanism of desorption and the activation energy for desorption was
investigated by applying non-isothermal kinetic analysis of thermodesorption spectra. It has been shown that TiB, addition leads to
significant decrease of the activation energy for desorption, while SiC addition has effect on the interface reaction between hydride and
hydroxide. The mechanism of desorption change from Avrami-Erofeev n=3 for pure MgH, to Avrami-Erofeev n=4 for composite
materials. The change from 3 to 4 can be due to the modification of the nucleation process or a change in the dimensionality of the
growth. Those high values of n discard a diffusion control as a rate limiting step.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Mechanical milling; Composites MgH,-TiB,-SiC; Hydrogen storage; Kinetics

1. Introduction

Although hydrogen is an ideal energy carrier, there are
still substantial technological challenges which hinder its
use as a fuel. The development of safe, non-expensive and
lightweight storage material is one of the major tasks for a
future hydrogen technology, for both mobile and station-
ary applications. Hydrogen storage in lightweight metals
or compounds is considered as the most promising method
for a solid state storage. The solid state bonding of
hydrogen in metals provides several advantages: high
hydrogen density, which is ideal for transportation, there
is no risk of leakage or explosion and finally, the hydrogen
retained by this method has high purity, which is essential
for its utilization in the fuel cells.

*Corresponding author. Tel.: 4381 11 3408 552;
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Among the metal hydrides, magnesium hydride is one of the
most investigated materials owing to the fact that MgH, has
high gravimetric density of hydrogen (7.6 wt%) [1]. However,
slow sorption reaction rate is a major problem to solve, several
methods of the lattice destabilization have been proposed: use
of ion irradiation to introduce structural defects and strain in
hydride lattice [2,3]; decrease of crystallite size of composite to
nanoscale through mechanical milling [4-6], use of suitable
oxide and non-oxide additives or catalysts together with
mechanical milling [7-12].

Metal oxides are both catalysts and very efficient milling
agents that can create defects in magnesium hydride
structure due to their ceramic nature and ability to
produce small grain size [9]. Because of their brittleness,
the distribution of metal oxides in hydride matrix is quite
homogeneous. They can also improve desorption kinetics
even if they are added in very small doses [13,14].

Non-oxide ceramics such as SiC, TiC, TiB, also facilitate
the rupture of MgH, particles and consequently reduce the
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particle size and increase the specific surface area [15-18].
Superior hydrogen storage properties of MgH,—TiC have been
reported by Fan et al. [19]. They have observed that composite
releases 6.3 wt% of hydrogen at 573 K. Furthermore, halide
additives milled with magnesium hydride reveal a strong
catalytic influence on Tone and Tpeax of MgH, decomposi-
tion. The influence of TiB, on hydrogen desorption from
MgH, has already been observed [11,20,21] and maximum
temperature decrease of hydride decomposition was found to
be 60 °C. Also, TiB, is known to be an excellent candidate for
hydrogen storage by itself [22].

Even though the desorption temperature is decreased,
the problem of rate limiting step still remains unresolved,
since the general mechanism of (de)hydriding reaction can
be described by several steps and any of them could be rate
limiting [23].

To understand the kinetic and thermodynamic proper-
ties of MgH, based composites, thermal stability of
MgH,-TiB,-SiC and MgH,-TiB, powders was studied,
employing the method of thermodesorption spectroscopy
(TDS). Microstructure of the initial powder mixture and
obtained composites was studied by scanning electron
microscopy (SEM). X-ray powder diffraction analysis
(XRD) was used to identify crystalline phases, lattice
parameters, as well as crystalline size and strain, while
particle size of composites was obtained using laser
scattering method (PSD).

2. Experimental part

Tetragonal MgH, powder (Alfa Aesar, 98%) with
average particle size of 38 um, cubic B-SiC (B10 Hermann
C. Starck) with average particle size of 31 um [15] and
hexagonal TiB, (Hermann C. Starck) with average size of
10 pm have been milled in high energy Turbula Type 2TC
Mixer mill under argon atmosphere for 10 h, using ball to
powder ratio of 10:1. The starting composition and
nomenclature of obtained materials are given in Table 1.

Microstructural and morphological characterization of
obtained composites was done by XRD analysis using
Siemens Kristallflex D-500. The crystallite size and strain
as well as phase composition of samples were calculated
using the PowderCell 2.3 software [24]. Pseudo-Voigt (pV)
function was selected to refine peak profile. Volume
particle size distribution (PSD) is obtained by Mastersizer
2000SM, while SEM analysis was done using scanning
electron microscope VEGA TS 5130MM, Tescan Brno.

Table 1
Chemical composition of synthesized material.

Sample MgH, (Wt%) TiB, (Wt%) SiC (wt%)
AA 100 - -

TiB5 95 5 -

TiB045 95 45 0.5
TiB005 95 0.5 45

Thermal desorption behavior of composites was fol-
lowed in a combined DSC-TDS apparatus [25]. In this
system the H, desorbed from the sample during non-
isothermal conditions (heating rate of 5 K min~' in tem-
perature range 50-550 °C) was carried by an Ar flow
(40 sccm min~ ') to a vacuum chamber. The quantitative
analyses of H, desorbed from the samples were carried out
using a quadrupole mass spectrometer type QMS 200
Balzers. Calibration of the spectrometer was performed
with commercial MgH,. More information about the
experimental settings can be found elsewhere [25]. To
obtain kinetics information of the H-desorption from the
materials, non-isothermal numerical fitting of experimental
data were used as explained in [23,26,27].

3. Results and discussion
3.1. Microstructure of material

X-ray diffractograms of commercial, non-treated MgH,
(AA) and milled composite materials are presented in Fig. 1.
It can be seen that the mechanical milling of MgH, with
additives led to broadening of typical tetragonal B-MgH,
peaks. The XRD patterns of the composites show additional
peaks corresponding to TiB, and SiC. The broadening of
XRD patterns indicates that there is a change in crystallite size
and strain. The results of crystallite size reduction and increase
of microstrain are presented in Table 2.

It was found that the crystallite size of B-MgH, has been
decreased during milling with TiB, and SiC (see Table 2).
This is a well known fact which can be ascribed to the
creation of dislocations [28]. Since the observed MgH,
peaks positions are slightly moved from database posi-
tions, there is an expansion of MgH, unit cell and there-
fore a possibility of non-stoichiometric MgH, phase
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Fig. 1. XRD patterns of commercial, non-treated MgH, (AA) and mechani-
cally milled composites: TiBS: 95% MgH>—5% TiB,; TiB045: 95% MgH,—
4.5% TiB,-0.5% SiC and TiB045: 95% MgH-0.5% TiB,-4.5% SiC.
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Table 2

Crystallite size and microstrain of commercial, non-treated MgH, (AA) and mechanically milled composites TiB5, TiB045 and TiB005 obtained by

refinement of XRD data by the PowderCell 2.3 software.

Sample Crystallite size Microstrain Lattice parameters and volume of MgH,
(nm) x 1073 (%)
a(A) ¢ (A) V(A%

AA 83 1.4 4.5168 3.0205 61.62
TiB5 41 2.5 4.5209 3.0206 61.73
TiB045 48 14 4.5179 3.0215 61.67
TiB005 29 0.6 4.5212 3.0266 61.86
Table 3 10
Phase composition of commercial, non-treated MgH, (AA) and mechani- —=—AA
cally milled composites TiB5, TiB045 and TiB005 obtained by refinement oo TiB3 iﬂ\
of XRD data by PowderCell 2.3 software. g4 7 T?BO45

TiBO05
Phases (wt%) AA TiBS5 TiB005 TiB045
MgH, 96 86.70 81.45 82.04 64
Mg(OH), 0.6 7.85 12.86 12.58 )
Mg 34 1.54 1.25 1.85 ©
MgO - 1.11 0.48 1.20 E
TiB, - 2.81 1.43 2.33 ;_5
SiC - - 2.52 <1

formation [29,2] that could influence the kinetics of MgH,
desorption.

Observed high quantities of Mg(OH), result from the air
exposure during the experiment. Although, milling was
performed in Ar atmosphere, the oxide attached to the vial
and the balls cannot be avoided and pure magnesium
present in the starting powder is easily reduced to MgO
and Mg(OH), [2,3]. After milling, the powder is highly
reactive because of energy transfer during collisions and it
easily captures H,O molecules from the air moisture
producing Mg(OH),. It was observed that SiC addition
increases the quantity of hydroxide. The ratio between
phases in obtained composites is given in Table 3.

As can be seen from particle size distribution curves, the
composites exhibit polymodal distribution (see Fig. 2).
Regarding the composite TiB5 (dot line), more than 70% of
particles have the particle size ranging from 1 to 10 pm, while
30% of particles have particles less than 1 pm. However, there
are also agglomerates of about 100 um (see SEM analysis,
Fig. 3b). When SiC is added to the composite there is
considerable increase of particles with size smaller than 1 pm
(12% for composite TiB005 (solid line) and 6% for composite
TiB045 (dashed line)). Further, there is a noticeable increase of
particles with size ranging from 1 to 10um (52% for
composite TiB005 (solid line) and 32% for composite
TiB045 (dashed line)). This considerable decrease can be
attributed to the addition of SiC [15] even though both SiC
and TiB, has similar Mohs hardness (9-9.5). The average
particle size of all samples is given in Table 4. Although, the
average particle size is the lowest for the sample catalyzed only
with TiB,, the desorption temperature of this composite is
higher than in systems catalyzed with SiC (see Section 3.2).

T T T

0.01 0.1 1 10 100 1000
Particle Size (um)

T T T T T T T T T

Fig. 2. PSD of commercial, non-treated MgH, (AA) and mechanically
milled composite: TiBS5 (dot line), TiB045 (dashed line) and TiB005 (solid
line). The chemical composition of composite is given in Table 1.

According to several authors, the decrease of particle size is
responsible for improved desorption properties of MgH, based
materials and changed kinetics [2,11,18,28].

SEM micrographs (Fig. 3a) shows that the TiB, agglom-
erates have smooth surface and irregular shape with size
ranging from 1 to 10 pm (confirmed by PSD). The layered
structure is also noticeable. On the other hand, flaked
MgH, particles [10] undergone to the significant changes
due to intensive milling with TiB, (Fig. 3b). Noteworthy,
the noticeable quantity of nanosize particles with sponge-
like structure was formed, but large agglomerates are still
visible. Milling with SiC as additive further changes the
microstructure since large quantity of small sponge-like
particles occur in both observed samples (Fig. 3¢ and d)
[15]. Tt originates from Mg(OH),, accordingly to its higher
concentration, as can be seen from XRD patterns in Fig. 1.
Observed microstructural characteristics significantly
change the properties of the system.

3.2. Desorption behavior of samples

Desorption behavior of non-treated MgH, (AA) and
mechanically milled composite materials was examined by
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100 pum

Fig. 3. SEM micrographs of pure TiB, (a) and mechanically milled composite materials: TiB5 (b), TiB005 (c) and TiB045 (d). The chemical composition

of obtained composites is given in Table 1.

Table 4

Average particle size of all samples obtained from PSD analysis.
Sample Average particle size

LV (um)* IV (um)* HV (um)*

AA - - 38

TiB5 0.181 4 10
TiB045 0.120 0.166 17
TiB005 0.120 0.166 36

“LV—small particle size, I[V—intermediate particle size, HV—coarse
particles.

thermodesorption spectroscopy (TDS) and is presented in
Fig. 4. All studied materials exhibited three desorption
maxima, similar to those obtained in the literature
[15,23,30]. Hydrogen release from the sample AA is visible
at 450 °C (high temperature peak, HT-H,), 350 °C the
intermediate temperature peak, (IT-H,) and at 180 °C, low
temperature peak, LT-H,.
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Fig. 4. TDS spectra of commercial, non-treated MgH, (AA) and mechani-
cally milled composite materials: TiB5 (dot line), TiB045 (dashed line) and
TiB005 (solid line). The chemical composition of composite is given in
Table 1.
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Having in mind the fact that the quantity of produced
Mg(OH), during the synthesis is quite high, one could say
that the MgH,/Mg(OH), composites have been obtained
during mechanical milling. Slight increase of T,.x of
HT-H, maxima in all composite materials can be attrib-
uted to the high quantity of hydroxide. As it was explained
by Leardini et al. [30] besides the H,O and H, desorption
process due to Mg(OH), dehydration and MgH, decom-
position reactions, respectively, the solid-state reactions
between MgH, and Mg(OH), give rise to hydrogen
desorption through another two channels. The low tem-
perature H, peak (LT-H, 7'=180 °C) is associated to the
reaction between H atom diffusing from MgH, and a
surface OH group, whereas the intermediate temperature
H, peak (IT-H, T=350 °C) is due to interface reaction
between the hydride and the hydroxide. Quite interesting is
the fact that for both TiB005 and TiB045 i.e. composites
with SiC, desorption of IT-H, starts at lower temperature,
so one can argue that SiC addition actually influences the
interface reaction between hydride and hydroxide. As it
can be seen from Fig. 5, the quantity of desorbed hydrogen
is higher in the samples where SiC is added. Probably,
the quantity of added TiB, in TiB5 composite was
high enough to introduce negative effects on desorption
capacity by blocking the H, diffusion paths even though
the particle size of this sample is very small [16,18].

In order to investigate in detail the mechanism of MgH,
decomposition in these samples, the shapes of the HT-H,
desorption curves have been analyzed using different
kinetic models (Fig. 6) [23]. The best fit for all samples
have been obtained using the non-isothermal Avrami—
Erofeev model which describes the kinetics of MgH,
decomposition by assuming the nucleation mechanism.
According to this model [23], the reacted fraction

8
I [_1wt% H using area under HT-H, peak
" ] VZZZ1 wt% H using total area
5
IN
R 47
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Fig. 5. Hydrogen evolution from the samples obtained using area under
TDS maxima.
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Fig. 6. Temperature evolution of the reacted fraction (0) corresponding to
MgH, decomposition, obtained by integration of HT-H, peak for
commercial, non-treated MgH, (AA) and catalyzed samples TiBS5,
TiB045 and TiB005. Inset figure: from In[g(0)/T?]versus 1/T plots, the
best fit of experimental data is obtained for nucleation model (see
Table 5); g(0) = [—In(1—0)]"/".

0 can be related to temperature (7)) by:

—In(1—0)](1/") 1000
In [%] =f(T> (1)

It can be noticed that parameter n (see Table 5) is changed
from 3 (three-dimensional growth, 3D) for AA sample, into
n=4 for all catalyzed material. Those large values discard a
diffusion control and can be due to a change in the nucleation
or a change in the dimensionality of the growing. Obtained
activation energies, E, (kJ/mol) of the HT-H, peak (Table 5)
are close to values reported in the literature for MgH,
decomposition [31-35]. The samples exposed to air exhibit
very high values of parameter n, approximately 4-7 and high
apparent activation energies in the order of 230-300 kJ/mol
[35]. According to Varin et al. [34] the activation energy of the
un-milled hydrolyzed MgH, is ~217 kJ/mol which can be
ascribed to Mg(OH), layer. They have also observed that even
after milling in the Ar atmosphere, the values of the activation
energy are still high and depend on milling time. Using ab
initio  DFT calculation Du et al. [32] estimated similar
activation energy for desorption (2.86 ¢V-280 kJ/mol). More-
over, Hanada et al. [31] found even higher activation energy
for MgH, desorption (323 kJ/mol). Anyhow, those values and
values obtained in our research are considerably higher than
those obtained by Fernandez et al. (160 kJ/mol for pure MgH,
for nucleation and growth [36]) and could be a consequence of
different kinetic model used for fitting of experimental data
[31] or simply a consequence of the presence of Mg(OH),
[34,35]. As it can be seen from Table 5, the activation energy
for TiB,-catalyzed MgH, system is considerably lower than
activation energy for pure, non-treated MgH,. Therefore, the
activated surface significantly decreases the activation energy
of hydrogen desorption.
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Table 5

Activation energies corresponding to H, desorption from HT-H, peak obtained by the non-isothermal kinetic approach for all samples.

Sample 0 E, (kJ/mol) R* 9(0) = [-In(1—0)]"/" (Avrami-Erofeev)
AA 0.3-0.8 276 0.996 [—1n(1—0)](]/3)

TiB5 0.3-0.8 173 0.998 [—In(1—8)] /¥

TiB045 0.3-0.8 318 0.997 [—In(1—6)] "/

TiB005 0.3-0.8 289 0.997 [—In(1—6)"/%

*R2_correlation coefficient.

4. Conclusion

The catalytic effect of TiB, and SiC ceramics on
desorption kinetics of MgH, based composites obtained
by mechanical milling has been investigated by thermo-
desorption spectroscopy and non-isothermal Kkinetic
approach. The composites exhibit three desorption max-
ima with HT-H, maximum slightly moved toward higher
temperatures in comparison to commercial non-treated
MgH,. This can be ascribed to increased quantity of
Mg(OH), which is formed during mechanical milling. It
has been shown that TiB, addition leads to significant
decrease of activation energy for desorption (173 kJ/mol),
while SiC addition affects T, of IT-H; maximum, i.e.
the interface reaction between hydride and hydroxide. The
mechanism of H,-desorption for all samples is Avrami—
Erofeev which describes the kinetics of MgH, decomposi-
tion by assuming the nucleation mechanism, but the nuclei
grow in different directions since parameter n changes
from n=3 for non-treated MgH, to n=4 for composite
materials.
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