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Nano-crytalline hydrotalcite derived reduced mixed oxides containing magnesium, nickel and aluminium (MNAM)

have  been synthesized using coprecipitation and showed successfully nickel catalysed reversible hydrogen adsorp-

tion  using the temperature programmed technique under near ambient conditions. ICP-MS and XRD analysis ensured

the  adsorbent homogeneity and different crystalline phases of mixed oxides. Morphology and textural properties of

mixed oxides have been explored using the FESEM, BET and HRTEM analysis techniques. Nano-crystalline and mes-

porous reduced mixed oxides exhibited a 3.9 wt% H2 adsorption capacity in where desorption capacity was 1.9 wt%

H2. Hydrogen adsorbed surface and different phases were analysed by XPS, Raman and FTIR analysis techniques.

The  hydrogen adsorption enthalpy (�H) and entropy (�S) changes of reduced mixed oxides were −47.58 kJ/mol and

−120.98 J/mol K, respectively, and the promising desorption activation energy of 65 kJ/mol correspond its reversibility
as  potential energy storage material.

© 2013 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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properties of hydrotalcite derived mixed oxides are governed
.  Introduction

ydrogen is a potential energy carrier and one of the emission
ree future fuels. Nano-crystalline particles enhance hydrogen
torage and release kinetics (Cornelis et al., 2006) and often
how different behaviour compared to bulk particles. Hydro-
en can be stored via physical way such as compressed and
iquid hydrogen gas methods, and chemical way via metal
ydrides and complex hydrides (Vajo and Olson, 2007). Metal
ydrides are potential hydrogen storage material that can
eet the demand of on board vehicles as primary energy

ource. None of them meet the U.S department of energy (DOE)
oal yet for reversible hydrogen storage. Magnesium has been
xplored in different ways due to its high gravimetric and
olumetric hydrogen density and its availability (Bogdanovic
t al., 1993). Magnesium can form a structure (MgH2) with
.6 wt% hydrogen. Nickel can be used as catalyst to dissoci-
te hydrogen and enhance the hydrogen sorption (Borgschulte
t al., 2006). When hydrogen combines with magnesium (Mg),
t forms the inter-metallic compound. Ternary hydride alloy,
Please cite this article in press as: Salam, M.A., et al., Catalytic hydrogen
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g2Ni can form a hydrogen-rich hydride complex such as
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Mg2NiH4. The material which could store hydrogen at near
ambient conditions via physical and/or chemical way and
release hydrogen at low decomposition temperature might
be a promising material for hydrogen storage (Arean et al.,
2010). Some materials exhibit high hydrogen storage capaci-
ties such as alanates and metal hydrides but their practical
use is limited due to their non-favourable thermodynamics
and kinetics and their regeneration limitation.

Mixed oxides have recently emerged as promising candi-
dates of hydrogen gas adsorbents. Hydrotalcite derived mixed
oxides have important features in forming highly dispersed
metallic particles upon reduction (Salam et al., 2013, 2013a,
2013b). Controlled thermal decomposition of hydrotalcites
produced high specific surface area of mixed oxides that have
various applications such as removal of CO2, SOx and NOx, par-
tial oxidation and hydrogenation (Bergada et al., 2007; Kirm
et al., 2004; Mahasweta et al., 2009). Another important prop-
erty of this material is acid–base pairs that can be created
active site for many  reaction or gas adsorption. The acid–base
 adsorption of nano-crystalline hydrotalcite derived mixed oxides.
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by the molar ratios, calcination temperature and synthesis
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conditions. The surface of the reduced mixed oxides is more
reactive than the oxide with the gases and can form possi-
ble yields (Shouli et al., 2010). The surface energy and texture
of the adsorbents enhance the physical adsorption. Hydrogen
gas can react chemically with the basic side of the hydrotal-
cite derived metal oxides. Mixed oxides have the ability to
recover the layered structure after rehydration or immersion
in solutions containing anions. Hydrotalcite derived mixed
oxides with different cations are well dispersed and inter-
active showed moderate interaction (Kubas interaction) with
hydrogen (Salam et al., 2013a, 2013b). After hydrogen treat-
ment (H2 reduction), mixed oxides contain anion vacancies
generated by the elimination of water (H2O). The vacancies
created on the surface of the solids are able to capture/receive
hydrogen in hydride form. Mixed oxides have gained con-
siderable attention in being designed as adsorbent due to
their wide variety of chemical compositions (Bergaya et al.,
2006) and their textural and surface morphology that can be
tuned. Mixed oxides formation leads to the modification of an
electronic structure, the band gap, Fermi level position and
transport properties etc. in the solid solution (Zakrzewska,
2001). Hydrogen adsorption on reduced mixed oxides had
already been reported on CeM0.5NixOy and Cu added Fe/Ce/Zr
mixed oxides were investigated by Jalowiecki et al. (2008)
and Hong-Soon et al. (2010) through experimentation at high
temperatures. In the gas phase, hydrogen readily attaches to
other molecules or atoms. The molecular cations H2

+ and
H3

+ have only a transitory existence in the gas phase. Metal
oxides are surrounded by H2 resulting in an instantaneous
polarity on the atom. During this time, the polarized atom
acts as a very weak dipole. The molecular form of H2 binds
with the oxide surface under ambient conditions induced by
Van der Waals forces (meV range). A few studies have been
reported regarding hydrogen adsorption on reduced (H2 reduc-
tion) oxides/mixed oxides and magnesium containing alloys
(milled mixture) (Cui et al., 1996). A full feature of hydrogen
sorption study in reduced mixed oxide at ambient conditions
and characterizations of mixed oxide and hydrogen adsorbed
reduced mixed oxides are essential to realize its applications
as energy storing material.

In this work, we  studied the hydrogen sorption capacity of
reduced mixed oxides and it hydrogen adsorption thermody-
namics, kinetics at a near ambient conditions, and activation
energy of desorption. Different techniques have been used
to explore the mixed oxides and hydrogen adsorbed reduced
mixed oxides properties as hydrogen adsorbents.

2.  Experimentation

2.1.  Adsorbent  preparation

The hydrotalcite derived mixed oxides containing magne-
sium, nickel and aluminium (MNAM)  were synthesized by
using the coprecipitation method (Salam et al., 2013a, 2013b)
from metal nitrate precursors and Na2CO3 as the precipitating
agent. Three solutions, each containing appropriate quanti-
ties of the metal nitrate precursors of magnesium, nickel, and
aluminium were prepared. The mixed nitrate solution was
added drop wise into a 0.5 M sodium carbonate solution main-
tained the temperature 55 ◦C with a vigorous stirring to get the
optimum precipitate of layered material. The pH was varied
Please cite this article in press as: Salam, M.A., et al., Catalytic hydroge
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from 12.5 to 9. The resulting precipitates were washed several
times to remove the excess Na+ and NO3

− ions then filtered
and dried. The fresh dried material was calcined at 650 ◦C for
2 h to convert the mixed oxides. The mixed oxides samples
were designated by MNAM-xyz, respectively; MNAM stands for
Mg–Ni–Al mixed oxides and xyz stands for the molar ratios of
the Mg:Ni:Al samples.

2.2.  Experimentation

An elemental chemical analysis for magnesium, cobalt and
aluminium has been performed using the ICP-MS (Induc-
tively coupled plasma mass spectrometry), from Agilent 7500
series. Mixed oxides identification and its crystallinity were
analysed by using powder X-ray diffraction (XRD) technique
using a Bruker D8 advanced diffractometer with Cu K� radi-
ation. The surface morphology of the mixed oxides were
studied by using a field-emission scanning electron micro-
scope (FESEM) from the CARL Zeiss Supra 55VP instrument
equipped with the Oxford INCA 400 EDX microanalysis sys-
tem. The characterization of microstructure (specially SAED
pattern) of mixed oxides has been carried out using a CARL
Zeiss LIBRAR 200FE transmission electron microscope with
an acceleration voltage of 200 kV on ultrasonically dispersed
samples in isopropanol. Nitrogen gas adsorption–desorption
isotherms of the samples were obtained using a micromeri-
tics ASAP 2020 sorptometer. The total surface areas (SBET) were
calculated with the Brunauer–Emmet–Teller (BET) method.

The hydrogen adsorption equilibrium and the kinetics on
the mixed oxides at a near ambient temperatures and pressure
were measured using a micromeritics ASAP 2020C chemical
adsorption apparatus. The pretreatment of the adsorbents
performed as a temperature programme reduction (TPR) pro-
cedure (A 20 mg  sample was reduced by a 5% H2 gas balanced
with N2 gas flowing at 20 ml/min and, with the heating rate of
10 ◦C/min up to 850 ◦C than cool down to 30 ◦C before hydrogen
adsorption isotherm analysis at 30 ◦C and a pressure ranging
from 0 to 760 mmHg. High purity hydrogen gas (99.999%) was
introduced into a separate gas inlet of the adsorption unit for
the hydrogen adsorption measurements. Two more  adsorp-
tion isotherms of MNAM-211 have been performed at 60 ◦C
and 90 ◦C to calculate thermodynamics of hydrogen adsorp-
tion using same method. The final adsorbed amount at the
terminal pressure gave the adsorption equilibrium amount
at a certain condition. H2-TPD have been carried out follow-
ing the TPR experiments after cooling the reduced sample to
30 ◦C by using a Thermo Finnigan TPD/R/O 1100 instrument.
The samples were maintained at 30 ◦C under a flow of hydro-
gen to adsorb hydrogen using the same analysis method that
was conducted for the hydrogen adsorption by using ASAP
2020 C. The H2-TPD was conducted up to the temperature of
500 ◦C with a ramp of temperature of 5 ◦C/min and under the
flow of nitrogen 20 ml/min. A gas calibration for the 5% H2 in
N2 (20 ml/min) was performed to determine the TCD signal
response. TCD responses represent the different concentra-
tion of H2 and quantify the peak area to the volume data
of H2-TPD using calibration factor and sample amount. Two
more H2-TPD of MNAM-211 has been conducted at different
heating rates (7 ◦C/min and 9 ◦C/min) to calculate desorption
activation energy.

The Raman spectra of hydrogen adsorbed mixed oxides
MNAM-211 powder was analysed by a HORIVBA Jobin Yvon,
HR800 spectroscopy equipped with micro-raman set up and
‘NGSLabspec’ computer programme. The FTIR spectra of
n adsorption of nano-crystalline hydrotalcite derived mixed oxides.

hydrogen adsorbed mixed oxide of MNAM-211 were recorded
using Perkin Elmer Spectrum One FTIR spectrometer with

dx.doi.org/10.1016/j.cherd.2013.05.024
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Table 1 – Elemental composition and textural properties of MNAM with different molar ratois.

Adsorbent name MII/MIII (expt.) Elemental composition BET surface area/(m2/g)

Mg  Ni Al

MNAM-031 3.25 – 18.89 5.81 110
MNAM-121 2.94 4.75 7.62 4.20 284
MNAM-211 3.07 9.38 5.02 4.69 325

– 5.81 124
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MNAM-301 2.92 17 

uto image  microscope attachment in the frequency region
f 100–5000 cm−1. The surface composition of the hydrogen
dsorbed reduced mixed oxide of MNAM-211 was determined
y X-ray photoelectron spectroscopy (XPS) using a Perkin
lmer 1257 model, operating at a base pressure of 3.5 × 10−6 Pa
t 300 K with a non-monochromatized Al K� line at 1486.6 eV
nd a hemispherical sector analyser.

.  Results  and  discussion

.1.  Adsorbents  physiochemical  properties

he elemental chemical analysis using ICP-MS is summarized
n Table 1 where the results are shown in metal weight percent.
he molar ratios of the metal in the mixed oxides are close to

he value in the starting solutions (synthesis molar ratio). The
esults demonstrate that the degrees of the precipitation of the

etals are about 95%, and the mixed oxides are homogenous.
Hydrotalcite decomposition can be performed through a

ew steps below such as dehydration, dehydroxylation and
he decomposition of anions and resultant yields are the crys-
alline mixed oxides (Ping et al., 2011)

MII
(1−x)M

III
x (OH)2](An−)x/n · mH2O → [MII

(1−x)M
III
x (OH)2]

x+
(An−)x/n

→ [MII
(1−x)M

III
x O]

x+
(An−)x/n → MII

(1−x)M
III
x O1+(x/2)

→ MIIO + MIIMIII
2 O4 (1)

The XRD patterns of the mixed oxides are shown in Fig. 1
ndicate that the precursor of the synthesized materials have
Please cite this article in press as: Salam, M.A., et al., Catalytic hydrogen
Chem. Eng. Res. Des. (2013), http://dx.doi.org/10.1016/j.cherd.2013.05.024

een decomposed fully at 650 ◦C and have led to the various
xide derivatives. The XRD analysis results compared with

ig. 1 – XRD pattern of MNAM  mixed  oxides with different
olar ratios (Used symbol indicate: MgO  = ‘*’, MgAl2O4 = ‘#’,
iO = ‘@’, NiAl2O4 = ‘  ̂ ’, (Mg,Ni)-O = ‘o’).
Fig. 2 – FESEM Micrograph of porous surface of MNAM-211.

the JCPDS (joint committee of powder diffraction standard)
references to assign the oxides and spinels of correspond-
ing materials. The oxides and spinels have been symbolized
with different symbols in Fig. 1. For samples containing both
Mg and Ni and Al, the oxides are mainly of the spinel phase
with the characteristic diffraction peaks of NiAl2O4 (JCPDS 10-
0339), Mg2NiO4 (JCPDS 1-77-396) and magnesium aluminates,
MgAl2O4 (JCPDS-21-1152) in addition to the individual spinels:
nickel oxides, (JCPDS-22-1189) and magnesium oxides MgO
(JCPDS-4-829). The situation of overlapping is also observed
between MgO and some of the spinels. The elemental analysis
and XRD results clearly correspond and show that the mixed
oxides are homogenous and nano-crystalline. The measured
crystal sizes lies in the 20–23 nm range.

The FESEM image  of MNAM-211 exhibits a porous
microstructure (Fig. 2) which can be ensured by BET nitrogen
adsorption–desorption at −196 ◦C. The surface morphology of
the mixed oxides depends on the synthesis condition (tem-
perature, pH) and chemical composition. The mixed oxides
show two types of morphology which are the hexagonal plate-
like with an opening pore (not shown here) and the coral-like
(MNAM-121) with a pore size of 80−100 nm and a slit-shape
pore between two  plates. Porous materials with plate-like par-
ticles have geometry with openings between the plates.

The nitrogen adsorption–desorption isotherms of the
Mg–Ni–Al mixed oxides with different molar ratios showed a
Type IV isotherm which indicates that the investigated materi-
als are mesoporous. The slit-like pore allowed the adsorption
of the H2 molecule with the nearest neighbour interactions.
Mixed oxides with different molar ratios exhibited quite a
narrow pore size distribution (PSD). The narrow pore size dis-
tribution curve (not shown here) implied that this material
possessed very regular pore channels. The textural properties
obtained from the BET analysis are summarized in Table 1.
 adsorption of nano-crystalline hydrotalcite derived mixed oxides.

The temperature programmed reduction (TPR) results
(Fig. 3) ensured that most of the mixed oxides reduced

dx.doi.org/10.1016/j.cherd.2013.05.024
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Fig. 3 – TPR profile of Mg–Ni–Al mixed  oxides with different

Fig. 4 – Hydrogen adsorption capacity of reduced MNAM
molar ratios.

and activated for hydrogen adsorption. The reductions
phenomena have been classified below. One reduction peak
with a higher intensity is observed at 410 ◦C for binary mixed
oxides of MNAM-031 and the peak reached to the base line
with a shoulder. Aluminium supported NiO showed its reduc-
tion peak at 410 ◦C which can be ascribed to the reduction of
Ni2+ species from NiO present (Rives et al., 1995) in the mixed
oxides whereas the reduction of unsupported NiO is known to
display a single reduction peak at approximately 367 ◦C (in the
range of 250–427 ◦C).

NiO + H2 ↔ Nio + H2O

Thus, the peak indicates to the NiO reduction since this
peak cannot be seen in the reduction profile of MNAM-301.
Meanwhile, The longer soldier with wide range of temperature
is might be due to the reduction of remaining Ni2+ species in
Ni(Al)O (NiO·Al2O3 → Nio/Alo) that showed subsequent hydro-
gen uptake as temperature is decreased which was evidenced
by tailing of the curve.

The TPR profile of MNAM-301 indicates a peak maximum
at 675 ◦C which is due to the reduction of Mg  from the free MgO
phase as equation below. Only one reduction peak present in
the mixed oxides at higher temperatures may be due to the
absence of isolated MgO  in the Mg(Al)O solid solution (Dung
et al., 1998)

MgO  + H2 ↔ Mgo + H2O

The ternary mixed oxides, MNAM-121 and MNAM-211,
show different reduction patterns from those of binary oxides.
The mixed oxide of MNAM-211 showed two reduction peaks.
The reduction of nickel oxide (NiO) at 510 ◦C which is due to
the weak interaction between NiO and the Mg(Al)O phase.

The increase in the nickel (molar ratio) enhanced a
weakening of this interaction which lowers the reduc-
tion temperatures. The less content of nickel decrease the
reducibility of NiO and increase of magnesium (molar ratio)
in the Mg(NiAl)O solid solution make the peak less intense
and reduction occurred in a wide range of temperature
Please cite this article in press as: Salam, M.A., et al., Catalytic hydroge
Chem. Eng. Res. Des. (2013), http://dx.doi.org/10.1016/j.cherd.2013.05.024

(450–850 ◦C). It can be seen from TPR profile of MNAM-121
and MNAM-211 (Fig. 3), when the Mg  content is increased
with different molar ratios.

in the MNAM-211 mixed oxides, the reduction peaks shifted
towards higher temperature. The higher reduction tempera-
ture for higher magnesium (Mg) molar ratio which is due to the
stabilization of the Ni2+ that is incorporated into the periclase
Mg(Al)O via the formation of solid solutions such as Mg(Ni,Al)O
(Rives et al., 1995). In this case, the nickel (Ni) react with the
MgO yielded NiO–MgO solid solution which is highly stable and
difficult to be reduced. It is worth mentioning that the solid
solution of Mg(NiAl)O melt down if the reduction temperature
goes higher than 850 ◦C. The increase of NiO reduction tem-
perature for ternary mixed oxides (Mg(NiAl)O solid solution)
than that of binary mixed oxides attributed that homogeneous
inter-dispersion of the elements in mixed oxides yielded a
strong interaction among them in the correspondent mixed
oxides.

The second broad peak with maxima at 750 ◦C temperature
can be assigned to the reduction of the non-stiochiometric
amorphous nickel aluminate or nickel oxides strongly inter-
acted with the Mg(Al)O phase (Ichikuni et al., 2000).

NixAl2O3+x + x·H2 ↔ x·Nio + x·H2O + Al2O3

The ternary mixed oxide is better than the binary mixed
oxides for hydrogen adsorption since the multi-composition
reduced elements catalyse each other to reduce fully and cre-
ate better surface for adsorption.

3.2.  Hydrogen  sorption  of  mixed  oxides  adsorbent

The hydrogen adsorption capacities of the Mg–Ni–Al reduced
mixed oxides are shown in Fig. 4. MNAM-031 or mixed oxides
without magnesium show less hydrogen adsorption capacity
whereas MNAM-301 or mixed oxides without nickel achieved
higher capacity than that of MNAM-031. The trend of the
results is consistent with the stiochiometric capacity of mag-
nesium and nickel. The significant phenomenon that can be
observed, ternary mixed oxides show higher hydrogen adsorp-
tion capacities than binary mixed oxides (Table 2). MNAM-211
shows 3.9 wt% hydrogen adsorption capacity. Nickel works as
a co-factor to improve kinetics, lower the binding energies of
hydrogen with a magnesium surface and reduced the migra-
tion barrier for the hydrogen, thus enhancing fast loading and
uploading of hydrogen. The surface of reduced mixed oxides
n adsorption of nano-crystalline hydrotalcite derived mixed oxides.

has a different lattice structure than a pure element struc-
ture (Mg) which is also an important factor to enhance the

dx.doi.org/10.1016/j.cherd.2013.05.024
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Table 2 – Hydrogen adsorption and desorption capacity
of reduced mixed  of MNAM.

Adsorbent Ads. capacity/(mg/g
adsorbent)

Des. capacity/(mg/g
adsorbent)

MNAM-031 20.40 4.98
MNAM-121 28.80 15.72
MNAM-211 38.69 18.95
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MgH2 → Mg + H2(395◦C)
MNAM-301 22.40 5.75

orption of hydrogen. The dissociation of hydrogen molecules
n the surface might occur with the help of nickel (Huang
t al., 2006). Magnesium with other light, main group elements
uch as aluminium (Al) lowers the affinity to hydrogen and
ompetes with hydrogen for the valance electron of magne-
ium (Topler et al., 1982), and reduces the bonding strength
etween magnesium and hydrogen. Though nickel cataly-
es the magnesium to enhance the hydrogen adsorption, it
educes the weight percent of hydrogen in hydride. A mecha-
ism can be considered for hydrogen adsorption on the basis
f investigated chemical and structural properties. The disso-
iated hydrogen penetrates into magnesium and rapidly forms

 layer of MgH2 due to the negligible solid solubility of the
ydrogen in the magnesium which also prevents the hydro-
en for further diffusion. In the binary and ternary reduced
ixed oxide, hydrogen may diffuse along boundaries between

he Mg2Ni and Mg3Al2 phases and also inside the Mg2Ni phase.
he hydrogen bonded with different phases of the magnesium
ompound and the resultant yields (Duarte et al., 2006; Billur
t al., 2007) below can be observed through the characteriza-
ions performed in this study:

g  + nH = MgHn,

g2Ni + nH = Mg2NiHn

.3.  Sorption  thermodynamics  and  kinetics

ccording to the investigation, a majority of the total
hemisorption occurs in the isotherm pressure range of
0–80 mmHg. The temperature dependant adsorptions lie in
his pressure range. The van’t Hoff equation is an efficient tool
o observe the pressure–temperature relationship of hydrogen
dsorption.

n(P) = �H

RT
− �S

R
(2)

here, �H is the enthalpy of the hydride in kJ/mol and
S is the entropy change in kJ/mol k, R is the gas con-

tant = 8.314 J/k mol, P is the mean pressure of isotherm. A
lot of ln(P) verses 1/T  shown in Fig. 5 which gives the
dsorption entropy (�Sads) and enthalpy change (�Hads) of
20.56 J/mol k and 47.25 kJ/mol, respectively. The thermody-
amics values are more  promising compare to the previous

nvestigation (Yamada et al., 2001; Noritake et al., 2002) due
o the reduced mixed oxides of magnesium containing nickel
nd aluminium. The enthalpy value predicted that the adsorp-
ion was chemisorption dominant since the chemisorptions
nthalpy range is in between 40 and 120 kJ/mol. The results
ttributed that the adsorption process was exothermic and
avourable for high temperatures since reduced mixed oxides
eacted with hydrogen with different conditions and were
Please cite this article in press as: Salam, M.A., et al., Catalytic hydrogen
Chem. Eng. Res. Des. (2013), http://dx.doi.org/10.1016/j.cherd.2013.05.024

atalysed by nickel (Lin and Chen, 2004). The negative value
f the entropy indicated the randomness of the hydrogen
Fig. 5 – Van’t Hoff plot of MNAM system.

decreased from the molecular state to the adsorbed state and
the regular ordering of the hydrogen on the mixed oxides sur-
face.

Hydrogen adsorption kinetics can be assumed by observing
the type I adsorption isotherm (Fig. 4) curves. The maxi-
mum hydrogen adsorbed in the pressure range of 40–80 mmHg
which is indicated that the phenomena were fast (based on
time). The freshly reduced mixed oxides were in the activated
form and ready to adsorb hydrogen physically and chemically.
Dissociated hydrogen diffused to bulk and reacted with active
site of the metal surface and adsorbed into the pores. This is
the reason for showing fast hydrogen adsorption kinetics.

H2-TPD profile of ternary mixed oxide displayed two signif-
icant desorption peaks (Fig. 6). The first peak at around >200 ◦C
which is due to the desorption of hydrogen from Mg2NiH4 and
the second peak around 350–400 ◦C is due to the hydrogen
desorption from MgH2. Hydrogen adsorbed phases of MgH2

and Mg2NiH4 generally decompose at the temperature range
of 200–400 ◦C and follow the decomposition reaction as men-
tioned below (Zou et al., 2012)

Mg2NiH4 → Mg2Ni + 2H2(240◦C)
 adsorption of nano-crystalline hydrotalcite derived mixed oxides.

Fig. 6 – H2-TPD of mixed  oxides of MNAM with different
molar ratios.

dx.doi.org/10.1016/j.cherd.2013.05.024
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Fig. 7 – Desorption activation energy of MNAM-211.
Fig. 8 – SAED pattern of hydrogen adsorbed crystal of
MNAM-211.
So, the maximum hydrogen was desorbed from the men-
tioned hydrogen adsorbed phases as showed above. The
metal-support interaction showed an important role. During
desorption, hydrogen atoms on the support would migrate
back to the metal surface and recombine with hydrogen
molecules then desorb from the surface due to the hydrogen
spillover process between them. It is thought that the elec-
tronic property of Nio changes more  rigorously with increasing
the molar content of Mg  and Ni (Kim et al., 2005) which
enhance the adsorption and desorption process.

The activation energy of desorption mainly predicts the
energy that is needed to desorb hydrogen from hydrogen
adsorbed materials. With the corrected kinetic equation sug-
gested by Kissinger’s following the relation between the
heating rate and active gas molecules, activation energy can
be calculated using the equation below:

ln

(
ˇ

T2
p

)
= ln

AR

Ed
− Ed

RTp
(3)

where, Tp is the desorption peak temperature (K),  ̌ is the heat-
ing rate (K/min.) Ed is the energy of desorption is in kJ/mol,
A is the pre-exponential factor (1/sec). The slop value of a
plot of ln(ˇ/T2

p ) verses 1/Tp is used to calculate the energy
of desorption (Fig. 7). The linear fitting of the logarithmic
relation (Kissinger’s equation) provides activation energy of
65 kJ/mol under a constant driving force (1 bar). So, the calcu-
lated activation energy and thermodynamics may consider for
thermal dissociation of hydrogen across the metal–hydrogen
interface.

3.4.  Hydrogen  adsorbed  phase  characterizations

The microstructures of Mg–Ni–Al mixed oxide investigated
by using high resolution transmission electron microscopy
(HRTEM) together with their electron diffraction pattern. The
average crystal size was 12–22 nm and hexagonal plate-like
(not shown here). Most of the investigated mixed oxide adsor-
bents as appeared in the high resolution images (HRTEM) were
polycrystalline. The diffused rings and with bright spots in the
Please cite this article in press as: Salam, M.A., et al., Catalytic hydroge
Chem. Eng. Res. Des. (2013), http://dx.doi.org/10.1016/j.cherd.2013.05.024

SAED pattern (Fig. 8) of hydrogen adsorbed crystal of MNAM-
211 indicated the planes of (1 1 0), (2 0 2), (2 2 0), and (3 3 0). The
planes are corresponding that the crystal is consisted with
MgH2, Mg2NiH4 and MgO (Zou et al., 2012; Tanaka et al., 1999).
The sample was kept under high vacuum for several hours
during analysis. It is reasonable to consider that dehydration
might be occurred in this period. The diffuse rings correspond
the hydrogen adsorbed phases that can be confirmed through
the post characterizations of hydrogen adsorbed reduced
mixed oxides by using XPS, FT-IR ad Raman techniques.
The nano-crystalline material has a well-established diffu-
sion path for the hydrogen atom along the numerous grain
boundaries and a slit shaped pore with opening geometry.
In the case of nickel containing nano-crystalline mixed
oxides, the nickel atoms may occupy meta-stable positions
in the deformed grains that are caused by the change of
the electronic structure of a valance band. So the strong
modifications of the electronic structure of nano-crystalline
mixed oxides could effectively influence their hydrogenation
behaviour.

FT-IR and Raman spectra of hydrogen adsorbed MNAM-
211 are shown in Fig. 9. The IR spectrum showed the three
IR band at 450, 1000 and 1650 cm−1. The bands at 450 and
1000 cm−1 are due to the formation of MgH2 after adsorp-
tion of hydrogen (Hiroshi, 2010; Santisteban et al., 2000).
And the band at 1650 cm−1 is attributed to the formation of
Mg2NiH4 (Huang et al., 1989). Raman spectrum of hydrogen
adsorbed MNAM-211 displayed several Raman shifts. Three
Raman shifts at 313, 950 and 1270 cm−1 ensured the forma-
tion of the �-MgH2 and the shifts are very consistent with the
works of Santisteban et al. (2000) and Schimmel et al. (2004).
Again the Raman shifts with less intensity at 509, 707 cm−1

attributed the formation of �-MgH2 (Moriwaki et al., 2006).
It is not clear the Raman shift at 1600 cm−1. By comparing
with the FT-IR result, it can be considered that the shift is
due to the Mg2NiH4 which indirectly implied by Nakamoto
(1986).

Generally, the binding energy of elemental species is less
than their corresponding hydrides because of partial extrac-
tion of one electron from the metal by the hydrogen to
create the hydrides (Briggs and Seah, 1990). The spectra of
n adsorption of nano-crystalline hydrotalcite derived mixed oxides.

Mg (1s), Mg (2p), Ni(2p) and Al (2p) are shown in Fig. 10.
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Fig. 9 – FT-IR (top) and Raman (bottom) spectra of hydrogen
adsorbed MNAM-211.

Fig. 10 – XPS spectra of Mg  1s, Mg  2p, Al 2p and Ni 2p of the hyd
It can observe that the compound, MgH2 and Mg2NiH4 are
formed after hydrogen adsorption which consisted with those
species in where the hydrogen could be realized with the
increased binding energy of the corresponding species. The
nano-crystalline magnesium noticed two components that
are at 49.6 and 51.8 eV indicating to metallic and oxidized
magnesium species, respectively (Friedrichs et al., 2007). The
state of O (1s) peak at 533.2 eV (not shown) corresponds the
water or hydroxide adsorbed on the surface of magnesium
particles. Reduced metal oxides absorbed hydrogen and form
above mentioned hydrogen adsorbed phases. The surface
adsorbed hydroxides/water from vacuum during analysis and
open environment. After hydrogenation the peak of the Mg  1s
and Mg 2p become broad due the overlapping of the different
Mg containing compound (oxides, hydroxides and hydrides)
with closer binding energies to each other (Friedrichs et al.,
2006). Again, the reported peaks at 1305.3 eV and 1303.5 eV are
for the oxidized state and metallic state of magnesium (Mittal
et al., 2004). The peak binding energy range is 1303–1308 eV for
Mg  (1s) level attributes the formation of different magnesium
containing compounds as well. Moreover, the peak position of
the Ni (2p) reveals that nickel is in metallic state. So, it can
be realized that the metallic behaviour of the Mg2NiH4. The
compound of mixed species modified its electronic structure
of polycrystalline Mg2NiH4 ternary hydride phase which influ-
ence the hydrogenation. The presence of Mg,  Ni and Al in a
compound reduce the formation of Mg(OH)2 and enhance the
hydrogen diffusion reactions (Anik et al., 2009). Al2O3 form
a layer on the surface to retarding oxidation reactions but it
reduces the life cycle of adsorbent.
 adsorption of nano-crystalline hydrotalcite derived mixed oxides.

rogen adsorbed reduced solid solution of MNAM-211.

dx.doi.org/10.1016/j.cherd.2013.05.024


ARTICLE IN PRESSCHERD-1261; No. of Pages 9

8  chemical engineering research and design x x x ( 2 0 1 3 ) xxx–xxx
4.  Conclusion

The mixed oxides and hydrogen adsorbed mixed oxides
have been characterized using different techniques to inves-
tigate the hydrogen sorption physio-chemical properties at
near ambient condition. Nickel catalysed and enhanced the
adsorption and desorption process at the ambient temper-
ature (30 ◦C) and pressure (760 mmHg) and the nano-level
polycrystalline reduced mixed oxides of MNAM-211 showed
a 3.9 wt% hydrogen adsorption capacity. The co-existence
of aluminium and nickel could modify the electronic struc-
ture of the mixed oxides surface and dissociated reactive
hydrogen species that diffuse and bind from bulk to differ-
ent transitional phases and desorbed at 395 ◦C. The calculated
desorption activation energy of 65 kJ/mol implied the hydro-
gen release behaviour of adsorbent. XPS, Raman and FTIR
analysis confirmed the hydrogen adsorbed phase of MgH2

and Mg2NiH4. The material can be used to different industrial
application as energy carrier.
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