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Abstract

The hydrogen desorption (HD) properties of MgH2-CeO2 composite prepared by mechanically milling of MgH2 and cubic CeO2nano have been

examined. Morphology and microstructure of composites have been studied by X-ray powder diffraction (XRD), scanning electron microscopy

(SEM), laser scattering analysis and correlated with desorption properties obtained by means of temperature programmed desorption (TPD). It has

been shown that decrease of crystallite and particle size of the samples lead to significant lowering of desorption temperature. Further, the

activation energy for desorption ðEdes
A Þ has been calculated using Kissinger equation. Obtained value of 60 � 10 kJ/mol indicates that the activation

energy of hydrogen desorption is sufficiently decreased by the catalytic effect of vacant CeO2 structure. Consequently the surface activation of

sample plays a major role in HD reaction.
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1. Introduction

Among different materials for hydrogen storage, MgH2 is

one of the most promising material since of its high hydrogen

capacity (7.6 wt.%), low cost, reversibility and high abundance.

However, MgH2 has high thermodynamic stability and slow

hydrogen sorption kinetics. These disadvantages strongly limit

its practical application. For the last decade, mechanical ball

milling appeared as efficient way of MgH2 structural

destabilization [1]. The ball milling is well known method

of mechanical deformation, which leads to reduction of particle

and crystallite size and increase of specific surface area. On the

other hand, great improvement was made by adding impurities

and/or catalysts [1]. Sufficiently fast hydrogen sorption kinetics

was achieved using metals, metal oxides, transition metal and

transition metals oxides as additives [2–8].

Oelerich et al. investigated the influence of metal oxides on

the sorption behavior of nanocrystalline Mg-based systems [2].

They found that the addition of oxides of the transition metals
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Ti, V, Cr, Mn and Fe, leads to significantly enhanced hydrogen

desorption kinetics. The highest desorption rates were achieved

with V2O5 and Fe3O4. Comparing to MgH2–TM (TM – transition

metals) composites, one can say that the metal oxides are

dispersed more homogeneously in the material due to their

brittleness and even in very small doses improves the desorption

kinetics. The importance of the local electronic structure of

catalysts was also pointed out [2,3]. From XANES spectra

analysis of the MgH2–TM oxide composites after ball milling, it

was confirmed that the additives were reduced by MgH2 to the

metal oxides with lower oxidation states (+2 or +3) [4]. Therefore,

the improvement of hydrogen sorption of MgH2 occurs by the

catalytic effect of the metal oxides, which has low oxidation state

and the disarranged local structure. Bormann et al. proposed that

oxide interfaces attached to the oxide catalysts might locally

destabilize magnesium hydride phase [5]. The number of these

oxide interfaces and their stability is determined by the type of the

catalyst and the preparation method.

Shang and Guo reported a beneficial effect of CeH2.35 for

desorption kinetics in milled MgH2–Ce mixture [6]. Interesting

results were obtained for MgH2 ball-milled with CeO2 doped

with 6 at.% of Pt [7]. The obtained hydrogen desorption rate in

first 15 min was 5.2 wt.%. Authors reported that the addition of
d.
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non doped CeO2 on MgH2 appears to be irrelevant for

desorption properties [7] while Song et al. reported the

beneficial effect of CeO2 on MgH2 sorption kinetics [8].

As it can be seen a wide range of different metal oxides were

used to improve the properties of MgH2 as a hydrogen storage

material. Despite the abundant literature on this subject, more

research is needed in order to elucidate relative effects of

particle size, presence of defects, grain boundaries, ternary

magnesium–metal oxides, impurities, cycling, and so on. It has

been unclear yet what the actual mechanism of catalysis for

hydrogen sorption is; whether it is the influence of electronic

structure, oxidation state, crystal structure of additives or

formation of very high defect density on the surface of the

powder particles. Understanding the factors involved in the

dehydration reaction is necessary in order to gain influence on

it.

In some papers, it was concluded that the rate-determining

step of the hydrogen desorption (HD) reaction for pure MgH2

was the nucleation and growth of Mg phase [9,10]. However,

Hanada et al. modified the surface condition of the MgH2

powder by Ni catalyst and HD reaction was significantly

improved and transformed into a first-order one [11]. Since Mg

has no strong catalytic effect for dissociation of H2 molecule

into H atoms on the surface, the recombination process on the

MgH2 surface should be taken into account as a rate

determining step of the HD reaction for pure MgH2 [12].

Hence, Hanada et al. proposed a new HD reaction model [11].

They assumed that the HD reaction from MgH2 to Mg + H2

follows a modified first-order reaction model, in which a

surface condition is taken into account. As the surface

condition, they introduce an activated surface area 1 � u(t)

and a non-activated surface area u(t) on the non-catalyzed

MgH2 powder, which are normalized by the total surface area.

On the activated surface area, they assumed that hydrogen

atoms are easily recombined into hydrogen molecules and then

released. Furthermore, the non-activated surface area u(t) is an

exponential type decreasing function of reaction time as

follows:

uðtÞ ¼ exp ð1 � vtÞ (1)

where n is a reaction rate constant. Thus, the activated

surface area 1 � u(t) increases with time evolution and finally

reaches 1. This assumption suggests that the recombination rate

of H2 on the surface gradually increases with the increasing

time by a surface modification during the HD reaction.

If the HD reaction as a function of time is described by first

order reaction, the activation energy can be determined by

Kissinger method [13].

Cerium oxide is well known for its ability to interact with

molecular hydrogen [14]. It has a fluorite crystal structure

(CaF2), consisting of a cubic close-packed array of metal atoms

with all tetrahedral holes filled by oxygen atoms. Each Ce4+

cation is surrounded by eight O2� ions, which form the corners

of a cube coordination. Each O2� ion is surrounded by four

cations in tetrahedron coordination. The interaction with

hydrogen can be reversible [15,16] and it is spontaneous below

665 K [17]. Hydrogen insertion in ceria involves a progressive
reduction of cerium cations [16,18–21] and its lattice expansion

[22], with subsequent formation of OH groups [17].

The aim of this paper was to examine and describe the

influence of cubic CeO2nano as catalyst on hydrogen desorption

from MgH2, having in mind various factors mentioned above.

2. Experimental details

The commercial (Alfa Aeser) MgH2 powder (AA) and

CeO2, synthesized by sol gel procedure in our laboratory [23],

were used as starting materials. Ball milling process was

performed under argon atmosphere for 10 h in Turbula Type

2TC Mixer using hardened steel vial and balls with BPR fixed

at 10:1. Morphological and microanalytical characterization

was carried out by VEGA TS 5130MM, Tescan Brno SEM

equipped with EDS detector. XRD analysis was carried out on

Siemens KRISTALLOFLEX D-500, with Cu-Ka Ni filtrated

radiation (l = 1.5406 Å). The diffracted X-rays were collected

over 2u range 10–908 using a step width of 0.028 with

measuring time of 1 s per step. Since the Bragg peak

broadening in XRD pattern is due to a combination of grain

refinement (nanograin/crystallite) and lattice strain effects, it is

common use to separate these two contributions by means of

computation techniques. The separation of crystallite size and

strain was obtained from Cauchy/Gaussian approximation by

the linear regression plot according to the following equation:

d2ð2uÞ
tan2u

¼ kl

L

dð2uÞ
tanu sinu

� �
þ 16e2 (2)

where the term kl/L is the slope, the parameter L is the mean

dimension of the nanograin (crystallite) composing the powder

particle, k is constant (�1) and e is the so-called ‘‘maximum’’

microstrain (calculated from the intercept), l is the wave length

and u is the position of the analyzed peak maximum. Malvern

2000SM Mastersizer laser scattering particle size analysis

system was used to obtain the quantitative MgH2 particle size

distributions. The specified resolution range of the system was

sub-mm to 2 mm. 2-Propanol was used as suspension media.

All samples were ultrasonicated for 15 min prior to measure-

ments. All measurements were performed in the same stirring

speed and obscuration level. Desorption properties of obtained

MgH2–CeO2 composites were followed by TPD measurements

at different heating rates ranging from 5 K/min to 25 K/min,

starting from room temperature to 973 K, under initial vacuum

of 3 � 10�6 mbar, utilizing homemade equipment with a

quadruple mass spectrometer EXTORR XT300.

3. Results and discussion

X-ray diffractograms of commercial MgH2 (AA) and milled

composite MgH2–CeO2 are presented in Fig. 1. It can be seen

that the mechanical milling of MgH2 with CeO2 led to

broadening of typical b-MgH2 peaks (b-MgH2 has tetragonal

structure, space group P4/2mnm), 2u = 28.18 (1 1 0), 35.968
(1 0 1), 40.18 (2 0 0). This is the result of crystallites size

reduction and increase of microstrain. Crystallite size from



Fig. 1. XRD patterns of MgH2 powder milled with 5 wt% of CeO2 (C) and pure

MgH2 (AA).

Fig. 3. Particle size distribution for MgH2–CeO2 composite (C) and non treated

MgH2 (AA).

Fig. 4. TPD spectra of pure MgH2 (AA) and MgH2–CeO2 composites (C)

obtained with heating rate 5 K/min.
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83 nm for commercial MgH2 was reduced to 36 nm for the

composite, while the value for the microstrain was increased

from 2.949 � 10�4 to 3.919 � 104. The XRD pattern also

reveals additional peaks corresponding to CeO2 at 2u = 33.208,
47.608, metallic Mg at 2u = 32.178, MgO at 2u = 42.828,
Mg(OH)2 at 2u = 18.448 and 38.108, and minor peaks assigned

to g-MgH2.

Scanning electron micrographs of MgH2–CeO2 composite

after ball milling are presented in Fig. 2. The composite has

irregular shape agglomerates with sponge like structure ranging

from 1 to 10 mm. Particle size distribution (PSD) of obtained

composite has monomodal distribution with maximum at 4 mm

(Fig. 3). At first glance, the results of SEM and PSD analysis

seem to be contradictory, but one should have in mind the fact
Fig. 2. Morphology of MgH2–CeO2 composites obtained by SEM BSE tech-

nique.

Fig. 5. H-desorption rate curves for MgH2–CeO2 at different heating rates. 5 K/

min (solid line) 10 K/min (dash line), 15 K/min (empty circle), 20 K/min (filled

square), 25 K/min (empty triangle).



Table 2

Activation energy Edes
A obtain in literature compared with our results.

Refs. Composite Edes
A ðkJ=mol H2Þ

[11] MgH2–Ninano 94 � 3

[27] MgH2/Mg(OH)2 mole fractions

lower than 0.1 mole

167 � 15

[29] MgH2–Nb2O5 71 � 3

[31] MgH2–0.2 mol Nb2O5 62

[32] Pure MgH2 161 � 15

[33] MgH2–0.1 mol.% cubic TiH2 58.4

[37] MgH2–Ni/Ti (Ni/Ti) 4:1 81 � 2.5

This study MgH2–CeO2 cubic 60 � 10
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that PSD analysis was done in constant ultrasound regime since

the particles tends to agglomerate.

Results of TPD measurements are presented in Figs. 4 and 5.

The starting material almost completely releases hydrogen in

the single process around 706 K (Fig. 4). Two desorption

maxima are visible for composite sample. The high temperature

peak (HT) is positioned at 619 K while the low temperature

peak was observed at 431 K (Fig. 4). It was found that the low-

temperature peak (LT) originates from decomposition of

Mg(OH)2 while high temperature peak originate from H2

[24,25]. Appearance of multiple peaks in TPD spectra could be

related also to existence of both nanoparticles and coarse

particles in the MgH2–CeO2 system, in accordance with

literature data [26,27]. Anyhow, monomodal particle size

distribution (by volume) is contradictory to this presumption,

but one must have in mind that the fact that the particles have a

tendency to agglomerate. The agglomerates of different sizes

are visible in SEM figures (see Fig. 2). Fig. 5 shows TPD

profiles at several heating rates, ranging from 5 K/min to 25 K/

min as a function of temperature. Temperatures of HT maxima

in relation to corresponding heating rates are given in Table 1.

The HT maxima shift to higher values when the heating rate

increases from 5 K/min to 25 K/min. On the other hand, LT

peaks do not follow linear dependence. This could be explained

by the fact that hydrogen in LT peak comes from reactions of

Mg(OH)2 decomposition. According to results of DFT

calculations done by Chafi et al., the existence of hydroxide

can be explained by the reaction of one H atom and two O

atoms coming from CeO2. They demonstrated that (1 1 0) CeO2

surface is particularly reactive, adsorbing easily H which

penetrates below the surface without energy consumption [28].

When H-desorption occurs, the Mg–H bond of MgH2 is

triggered by the catalyst, in such way that the electrons of MgH2

bonding orbitals are donated to the unoccupied orbitals of the

catalyst, accompanied by a back-donation from the electrons of

the occupied orbitals of the catalyst to the anti-bonding orbitals

of MgH2. This electronic exchange reaction has a consequence

in easier Mg–H dissociation and therefore the accelerating

recombination of hydrogen atoms.

The activation energy for the hydrogen desorption reaction,

Edes
A was obtained from TPD measurements at different heating

rates using Kissinger equation [13]. The Edes
A values were

determined from the slope of the plot ln ðb=T2
pÞ ¼ f ð1=T pÞ:

The obtained Edes
A ; together with other literature data, is given in

Table 2. The value of Edes
A ¼ 60 � 10 kJ=mol for composite

indicates that the activation energy of hydrogen desorption is

sufficiently decreased by the catalytic effect of CeO2 [29], so

the surface activation of sample plays an important role in HD
Table 1

Heat rate and Tmax for both H desorption maxima in composite sample.

b(K/min) Tmax(HT) (K) Tmax (LT) (K)

5 619 431

10 650 465

15 655 429

20 677 456

25 706 473
reaction [30]. Hanada et al. found the activation energies for

catalyzed (MgH2–Ninano) to be 94 + 3 kJ/mol H2 and

323 + 40 kJ/mol H2 for non catalyzed (MgH2) samples [11].

Further, they have shown that the activation energy of surface

activation process on the MgH2 surface in the HD reaction is

about 230 kJ/mol, indicating that the catalytic effect due to

Ninano-doping significantly decreases the activation energy for

hydrogen desorption by surface activation. Other authors has

observe that the activation energy varies exponentially with the

oxide content and reaches a limit of 62 kJ/mol at 0.2 mol% of

oxide [31]. Consenquently, the rate-limiting step of the

desorption has been changed from ‘surface-controlled’ to

‘interface-controlled’. Taking into account pure MgH2,

Fernandez and Sanchez have determined the activation energy

of the HD process [32]. They obtained the activation energy of

161 kJ/mol H2. The observed disagreement in Edes
A for HD

reaction of pure MgH2 may be due to the difference between the

used models. If one adopts the first-order reaction model

without considering surface activation process, the activation

energy is deduced to be as low as160 kJ/mol H2. Lu et al.

calculated the activation energy for dehydrogenation of MgH2

in MgH2 �0.1 mol.% cubic TiH2 to be 58.4 kJ/mol H2 [33].

This value is very close to the value obtained in our work. As we

mentioned in the introduction, observed improvement in

hydrogen desorption kinetics can be explained in terms of

nonstoichiometric and/or vacant structure of CeO2 after

exposure to the hydrogen during desorption. The primary

defects of concern are oxygen vacancies and small polarons

(electrons localized on cerium cations). In case of oxygen

defects, the increased diffusion rate of oxygen in the lattice

causes increased catalytic activity. Borgschulte et al. investi-

gated desorption properties of MgH2 covered by the dissociated

and recombined hydrogen during absorption/desorption at the

oxide surface, as a function of vacancies formation [34].

According to DFT calculation performed by Du et al. the

diffusion of H-vacancy from an in-plane site to a bridge site on

the surface has the smallest activation barrier of 0.15 eV and

should be fast at room temperature [35]. The calculated

activation barriers for H-vacancy diffusion from the surface

into sublayers are all less than 0.70 eV and are much smaller

than the activation energy for desorption of hydrogen at the

MgH2 (1 1 0) surface (1.78–2.80 eV/H2). This suggests that

surface desorption is more likely than vacancy diffusion to be

rate determining. Therefore, finding the effective catalyst on the
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MgH2 surface to facilitate desorption is very important for

improving overall dehydrogenation performance. Obtained

activation energy of 60 KJ/mol (0.63 eV) in case of MgH2

catalyzed by CeO2 supports the previous observations. Due to

CeO2 fluorite structure, the oxygen atoms in the ceria crystal are

positioned in same the crystallographic plane, thus allowing

rapid diffusion as a function of the number of oxygen vacancies.

Mechanical milling increases the number of vacancies and

easiness of oxygen movement in the crystal lattice, allowing the

ceria to reduce and oxidize molecules or co-catalysts on its

surface. So, the catalytic activity of ceria is directly related to the

number of oxygen vacancies in the crystal [36]. According to

Oelerich et al. oxides in which metal can have different valences

have a superior catalytic effect, so the ability of the metal atom to

take different electronic states could play an important role with

respect to the kinetics of the solid–gas-reaction [2,3]. The

influence of defects on the desorption properties has been

resolved by Henrich. They have shown that (almost) perfect TiO2

single-crystal surfaces are inert towards reactions with H2, while

H2 is absorbed by TiO2 surfaces that contain a higher density of

defects in their crystal structure and thus also in the electronic

surface structure [36]. Accordingly, the fast sorption kinetics of

nanocrystalline MgH2–CeO2 systems may originate from a very

high defect density, introduced at the surface of the metal oxide

particles during high-energy ball milling [1,26,34].

4. Conclusion

The hydrogen desorption (HD) properties of the catalyzed

MgH2–CeO2 composite prepared by mechanically milling the

mixture of MgH2 and cubic CeO2nano has been investigated by

means of TPD and Kissinger equation. The obtained value of the

activation energy (Edes
A ¼ 60 � 10 kJ=mol) indicates that of

hydrogen desorption is sufficiently decreased by the catalytic

effect of CeO2, so the surface activation of sample plays a major

role in HD reaction. Morphology and microstructure of the

samples were examined by XRD, SEM and particle size

distribution and correlated with desorption properties. Signifi-

cant improvement can be ascribed to the vacant CeO2 structure.
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