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Density functional theory (DFT) calculation has been performed successfully to explore hydrogen

adsorption capacity of reduced cobalt and nickel containing mixed oxides. Hydrogen adsorption

behaviors of mixed oxides have been discussed via few reactivity descriptors at the M05-2X/6-311þG

(d, p) level of theory. Calculated various types of energetic, reaction enthalpies and electrophilicities of

cobalt and nickel clusters which are at minimum energy on potential energy surface concerned with

the hydrogen adsorption phenomena attributed that reduced nickel and cobalt mixed oxides is an

effective hydrogen storage material. The dynamic adsorption method as an experimental investigation

has been carried out to find the performance or adsorption trend of mixed oxides. The trends of

computational and experimental results are consistent in regards to hydrogen adsorption. Thermo-

chemistry analysis predicted the phenomena are chemisorption dominant. Reduced cobalt and nickel

mixed oxides are believed to be promising hydrogen storage materials where 13 wt% hydrogen

capacities are obtained. Thus the density functional theory is an efficient tool to explore this hydrogen

storage capacity.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogen is one the green energy carrier and a source of
future energy due to its renewal ability, non-polluting nature, and
high energy density (142 MJ/kg) per unit mass; moreover, it can
be derived from various domestic resources.

Mixed oxides have remarkably important features in forming
of highly dispersed metallic particles upon reduction. The surface
of the reduced form of the mixed oxides is more reactive than the
oxide form with gases (ambient or higher temperature) and can
form possible yields. The hydrogen adsorption phenomena on
oxides such as ZnO, TiO2, ZrO2 and mixed oxides CeM0.5NixOy

were investigated through experimentations as well as theoretical
approaches [1–5]. The CeM0.5NixOy mixed oxide showed a
10 wt% hydrogen adsorption capacity but is not sufficient enough
economically due to the expensive novel Cerium metal. Adsorp-
tion on the cobalt and nickel surfaces has been carried out with a
thin film of a supported catalyst and nickel (or cobalt)/graphite
composites which showed the capacity 2.8 wt% [6–8]. Adsorption
of hydrogen on metal mixed oxides such as nickel and cobalt
oxides have not been studied extensively yet. There is still a lack
of theoretical and experimental adsorption knowledge on mixed
oxides. An adsorption study on bi metallic/tri-metallic materials
ll rights reserved.

: þ60 75-3656176.
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is complicated. Nickel has very low activation energy for
hydrogen adsorption whereas cobalt has higher activation energy
for hydrogen chemisorption and has a kinetic barrier at lower
temperature [9]. A certain amount of energy is needed to trap
hydrogen to every system or cluster. Physisorption is not fully
able to meet the hydrogen storage goal. Therefore, efforts have
been focused on porous materials and chemisorption along with
physisorption.

Reversible hydrogen storage systems adsorb hydrogen with
the energy between physisorption and chemisorption where the
hydrogen is stored predominantly in a molecular form [10]. Those
having lower formation energy require special conditions (high
pressure or temperature) to adsorb hydrogen. Medium stable
clusters are suitable enough to release or desorb hydrogen by less
amount of energy (heat). Magnesium and magnesium-nickel
hydrides contain a relatively high fraction of hydrogen by weight,
but need to be heated to at least 250 or 300 1C in order to release
the hydrogen [11]. The maximum hydrogen atoms can bind with
the nickel/cobalt to their octahedral site to form hydride. More-
over, there are possibilities for binding hydrogen between a
hydride legend and hydrogen molecules or atoms [12]. For
transitional metals, d orbital fills up with electrons and is
promoted to a higher energy orbital due to the rising atomic
number. Hydrogen not only shares electron with the metal during
formation of hydride but also lowers the states bottom of the d
band. So the capturing effect is balanced by lowering the orbital
energies along with increasing the nuclear charges.
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To deepen the understanding of the hydrogen adsorption
mechanism on reduced mixed oxides, a detailed and clear insight
is needed which are constituted with many physiochemical para-
meters and it is difficult to get all this information from experi-
ments. A theoretical study or DFT study can be an alternative tool in
order to compute the required physiochemical parameters or
descriptors due to having many functional which describe the
energetic interaction of an electron with other electrons, kinetics
and thermodynamics. Hydrogen adsorption on the ZnO nanotube
[13], Mg0.75Ti0.25 alloy [14], Alanates [15(a,b)], metal-organic frame-
works (MOF’s) [16–18] and activated carbon etc. [19,20(a,b,c)] as
well as metal hydrides (MgH2, AlH3) [21(a,b)] and metal boro-
hydrides (LiBH4, NaBH4) [22] were carried out using the DFT
method, but none of them meets the department of energy (DOE,
U.S.A) goals for reversible hydrogen storage materials. To date, more
attention has been focused to the hydrogen adsorption on mixed
oxides. The DFT method can be applied to identify an economic
adsorbent and to understand the H2 adsorption mechanism on
mixed oxides by considering related descriptors. Electronic structure
principles such as the maximum hardness (MHP) [23], minimum
polarizability (MPP) [24] and minimum electrophilicity (MEP) [25]
principles are capable in determining the thermodynamic stability
of molecular system. Thermodynamic descriptors like reaction
enthalpy, gibb’s free energy, reaction rates, electrophilicity and
different types of energy like interaction, adsorption, formation
and desorption energy can predict the adsorption feasibility of a
material [26]. An investigation on homogenous reduced mixed
oxides has surprisingly shown good adsorption capacity.

The objectives of this study are to predict hydrogen adsorption
capacity of mixed oxides and the stability of hydrogen adsorbed
cluster and to see whether the incorporation of a gradual number
of hydrogen is thermodynamically and kinetically favorable.
eactant

actant
2. Methods

2.1. Experimental method

Ni-Co-Cr Hydrotalcite with different molar ratios has been
synthesized using coprecipitation method [27]. Metal nitrate precur-
sors and Na2CO3 as the precipitating agent were used to prepare the
adsorbents. The resulting samples were calcined in a furnace at
500 1C for 2 h to obtain mixed oxides. The calcined materials or
mixed oxides are designated by NCCMO-xyz where NCCMO stands
for Nickel–Cobalt–Chromium mixed oxide, xyz stands for the molar
ratios of Ni:Co:Cr.

The mixed oxides were analyzed by powder X-ray diffraction
(XRD) technique using a Bruker D8 advanced diffractometer with
Cu-Ka radiation (l¼0.154 nm). Diffraction patterns were recorded in
the range of 2y¼3–801 with a step size of 0.041 and a counting time
per step of 10 s. Mixed oxides reductions have been performed by
temperature-programmed reduction (TPR) technique using a Thermo
Finnigan TPD/R/O 1100 instrument. A 20–25 mg sample was reduced
by a 10% H2-in-Ar flowing at 20 ml/min, with heating rate of
10 1C/min up to 800 1C. It was than cooled down without gas flow
to room temperature. Later, hydrogen gas (10% H2-in-Ar) was
exposed with similar experimental condition and heated from room
temperature to 500 1C for adsorption study.

2.2. Computational method

Geometries optimization of the cluster and calculation of its
electronic energy, vibrational frequencies and related descriptors for
the hydrogen captured system had been carried out using the hybrid
meta exchange-correlation functional, M05-2X [28] in combination
with the 6-311þG(d, p) basis set [29]. To obtain a stable wave
function and to recover a larger fraction of the exchange-correlation
energy, multiple function; 6-311þG(d, p) had been used. The
M05-2X functional was more precise for calculation of the thermo-
chemistry and non-covalent interaction especially weak interaction,
hydrogen bonding, and interaction energies of nucleobases [28].
Geometry optimization of the clusters and its frequency calculation
(using the functional, M05-2X) was carried out to ensure the minima
on potential energy surface (PES) and generated acceptable values of
global descriptors which were consistent with the experimental
results. All calculations had been performed by using the GAUSSIAN
09W program package [30]. The second derivative calculation had
been done at the optimized geometries to check the minima on the
potential energy surface (real frequencies). Geometries of the opti-
mized N-electron systems or clusters at the M05-2X/6-311þG(d, p)
level of the theory had been used to determine the energies of the
N71 electron system by single point energy calculations.
IP¼E(N71)�E(N) and EA¼E(N)�E(N71) values had been calcu-
lated using DFT energy calculations from the bottom of the potential
well of the neutral. Electronegativity [31(a,b)], hardness [32(a,b,c)]
and electrophilicity [33] were calculated by the generally used finite
approximation; w¼ IPþEA=2 and Z¼ IP�EA and o¼ w2=2Z, respec-
tively. Interaction energy (DEi) per hydrogen molecule [34], adsorp-
tion energy (DEads), average desorption energy (DEDE) per hydrogen
atom [34], reaction enthalpies (DHr) and Gibb’s energies (DGr) and
electrophilicities (Do) were calculated as the difference between the
products and reactants according to the equation below [35]. The
following expressions have been used to calculate the above
descriptors;

Interaction energy of per hydrogen molecule to cluster:

DEi ¼ 1=n
� �

½EMðH2Þn
� EMþnEH2

� �
�;

where, n is the number of molecular hydrogen. EM and EH2
is the

electronic energy of reduced metal and hydrogen molecule,
EM H2ð Þn

is the total energy of n number of adsorbed hydrogen.
Total hydrogen adsorption energy of the system:

DEads ¼ ½EMþnEE2
��EM H2ð Þn

Desorption energy of per hydrogen atom:

DEDE ¼ EHþ 1=2
� �

½ESHn�2
�ESHn

�;

where, n¼number of hydrogen atoms and S is the hydrogen
trapped system, ESHn�2

and ESHn
¼total energy of (n�2) and n

number of hydrogen adsorbed system, respectively.
Thermochemical parameters such as reaction enthalpy, Gibbs

energy and formation energy calculation have been performed
using following expression [35];

DHr 298:15 Kð Þ ¼
X

z:epsiv;0þHcorr

� �
product

�
X

z:epsiv;0þHcorr

� �
r

DGr 298:15 Kð Þ ¼
X

z:epsiv;0þGcorr

� �
product

�
X

z:epsiv;0þGcorr

� �
re

DHf M,298:15 Kð Þ ¼
X

xDHf x,298:15 Kð Þ�
X

D0ðCÞ

P
D0ðCÞ is the atomization energy of the clusters. Gaussian 09

‘keywords’ corresponding to temperature and pressure have been
used to check the variation of the temperature–pressure depen-
dent descriptors. The vibrational spectra of hydrogen trapped
cluster have been investigated and characterized by a strong
infrared (IR) active band.
3. Results and discussion

3.1. Experimental adsorption results on mixed oxides

Hydrotalcite decomposition can be performed following a few
steps such as dehydration, dehydroxylation and the decomposition
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of anions after that the final product is mixed oxides. At an
intermediate calcination temperature it turns to the amorphous
phase (MII

1�xð ÞM
III
x O1þx=2) [36] and again convert into the crystalline

phase as equation below. X-ray diffraction spectrums of mixed
oxides are shown in Fig. 1.

½MII
1�xð ÞM

III
x ðOHÞ2� An�� �

x=n
�mH2O-½MII

1�xð ÞM
III
x ðOHÞ2�

xþ An�� �
x=n

-

½MII
1�xð ÞM

III
x O�xþ An�� �

x=n
- MII

1�xð ÞM
III
x O1þx=2 - MIIOþMII MIII

2 O4:

Converted mixed oxides such as (MIIOÞ; NiO [JCPDS 01-1239(D)],
CoO [JCPDS 09-0402(D)], Co3O4 [JCPDS 42-1467] and spinels

MII MIII
2 O4

� �
; NiCr2O4 [JCPDS 23-1272(N)], CoCr2O4 [JCPDS 24-
©

0 10 20 30 40 50 60 70 80 90

NCCMO-301

NCCMO-031

NCCMO-121

NCCMO-211

In
te

ns
ity

 (a
.u

)

2 Theta(Degree)

Co3O4,: ◊,  CoO: Θ

CoCr2O4 : *

NiCr2O4 :○,  NiO: □

©

○

○
○

○○
○○◊

◊

◊ ◊
◊

◊ ◊

□

□

□

Fig. 1. XRD analysis for mixed oxides formations.
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Fig. 2. (a) Reduction of mixed oxides (TPR)
0326 (N)] and NiCo2O4 [JCPDS 02-1074 (N)] can be assigned from
the XRD spectrum (Fig. 1) of mixed oxides with different molar
ratios. The situation of overlapping is also observed between NiO
and some of the spinels. The decomposed phases of the Co2O3-like
spinel and CoO or NiO are irreversible [37].

The results of the temperature programmed reduction of the
mixed oxides are shown in Fig. 2. Two reduction peaks for
NCCMO-031 are observed at 402 1C and 720 1C with respective
broad shoulders. The first reduction peak with its broad shoulder
represents successive reduction of Co3þ and Co2þ from the Co3O4

spinel: Co3O4-CoO-Co0 [38,39]. The second peak and its
shoulder represent the parallel and series reduction of Co3þ and
Co2þ from Co–Cr–O spinels: Co2CrO4-CoCrO3 and CoCr2O4-

Co0. The TPR profile of NCCMO-301 indicates a peak at 495 1C
which is due to the reduction of Ni from the free NiO phase. This
peak occupied a bigger area as compared to other peaks, due to
the overlapping with the reduction of the NiCr2O4 spinel.

Ternary mixed oxides, NCCMO-121 and NCCMO-211, shows
different reduction patterns from those of binary oxides. The
mixed oxides, NCCMO-121, i.e., Co rich ternary sample, the cobalt
oxides and nickel oxides reduced to cobalt and nickel at 402 1C
whereas the Ni rich ternary sample, (NCCMO-211) both oxides
reduced to nickel and cobalt at 380 1C; they are influenced by
each other. The solder-like peak at the 540–700 1C temperature
range correspond to the reduction of CoCr2O4, NiCr2O4 and
NiCo2O4 to their respective oxide and to the metal phase with
the peaks overlapping. The reduction of the spinel phases of
nickel and cobalt shows little deviation due to the effect of the
supported metal chromium. CoCr2O4 and NiCr2O4 might not be
reduced completely at temperature range of 25–800 1C since
chromium is a support element of the investigated material.

H2 adsorption on mixed oxides through a dynamic method is
shown in Fig. 2(b). Nickel rich reduced oxides leads to a hydrogen
adsorption below 100 1C and this is very significant adsorption for a
reversible system. Cobalt rich reduced oxides also show a similar
trend but not as dominant as nickel. Nickel rich reduced oxides
adsorbed a major amount of hydrogen at 180 1C. But cobalt rich
Temperature(°C)
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reduced oxides adsorbed H2 at 225 and 270 1C and showed a steady
trend at the 380–500 1C temperature range. Reduced nickel and
cobalt mixed oxides (NCCRM-121 and NCCRM-211; NCCRM stands
for NCC reduced mixed oxides) show almost a similar trend of
hydrogen adsorption where the reduced nickel reached to a steady
state earlier than the reduced cobalt. The reduced oxides of NCCRM-
121 and NCCRM-211 obtained maximum adsorption at 230 and
210 1C and saturated at 290 and 270 1C, respectively. Present study
reveals that the adsorption trend is chemisorption dominant. It is
worth it to report that the TCD signal cannot be stabilized at lower
temperatures which might be a reason for the absence of TCD signal
(signal not shown at low temperature region). The adsorption
behavior of nickel and cobalt with individual support shows its
capacity where nickel could accelerate the adsorption rate that is
shown in Fig. 2b. We avoid the chromium effect on the adsorption
because of its contribution as a support element in synthesized
material.
3.2. Theoretical study of hydrogen adsorption through density

functional theory

The investigations have been carried out on the possible hydrogen
adsorbed nickel and cobalt clusters are shown in Fig. 3. (Optimized
cobalt clusters) Some conceptual density functional based global
reactivity descriptors have been studied below to justify the possibi-
lity of hydrogen adsorption on reduced metals.

The interaction energy between reduced nickel or Cobalt oxide
surface and the hydrogen molecules (gradually captured number of
H2) are reported in Table 1. The increasing trend of the interaction
Cobalt clusters:
(I)    Co-H2

(II)   Co-(H2)2

(III) Co-(H2)3

(IV) Co-(H2)4

Fig. 3. Optimized structure of Co-(H2)n (where n¼1,2y4) clusters at M05-2X

/6-311þG(d, p) level of theory.

Table 2
Adsorption thermodynamics and kinetics descriptors.

Cluster At temp. 298 K At

DHr (kcal/mol) DGr (kcal/mol) DH

Ni-(H2) �30.55 �25.37 �

Ni-(H2)2 �50.71 �38.14 �

Ni-(H2)3 �64.06 �44.55 �

Ni-(H2)4 �48.14 �27.47 �

Co-(H2) �19.93 �16.38 �

Co-(H2)2 �88.59 �76.84 �

Co-(H2)3 �98.54 �79.85 �

Co-(H2)4 �72.06 �43.20 �

Reaction enthalpy (DHr), Gibb’s free energy (DGr) and rate of adsorption at
energies is observed between per hydrogen molecule and the reduced
nickel or cobalt oxides with increase number of hydrogen molecules.
The increasing trend of interaction energy and the adsorption energy
value of the clusters upon gradual captured number of hydrogen
indicate the favorable hydrogen adsorption on reduced oxides and
that are in chemisorption range (412 kcal/mol). By comparing the
calculated data, (Table 1) the molecular interaction can be classified
as electrostatic (Z20 kcal/mol) and strong hydrogen bonding type
interaction (r20–40 kcal/mol). On the contrary, decreasing trend is
an indication of unfavorable adsorption for higher amount of hydro-
gen. In this sense, with an increasing loading number of hydrogen
molecules, cobalt has higher hydrogen capacity than that of nickel.
The average desorption energies [Table 1] of the investigated systems
(Nickel or Cobalt cluster) attributed that desorption may occur at
higher temperature for the minimum adsorbed hydrogen and max-
imum adsorbed hydrogen desorb at low temperatures. Also this
desorption energy depend on the metal, temperature and nature of
the adsorbents. Most of the cluster’s formation energy is negative and
indicate that the hydrogen adsorption phenomena are exothermic.
Both clusters formed through chemisorption of hydrogen since
formation energies are small and need special pressure or tempera-
ture. In a mixed oxides, M–O–M� system [for example: Co2CrO4¼

Co3þ(Cr3þCo3þ)O4
� or Cr3þ(Cr3þCo3þ)O4

�], the binding energy of
the metals are generally altered [40]. Any of them (Cr3þ or Co3þ/
Co2þ) might be more ionic and produce an electric field. So, the
polarized hydrogen molecules by those ions can then bind to it in a
quasi-molecular form [41] which is intermediate between physisorp-
tion and chemisorption and can be desorbed at a higher temperature.
Hydrogen has a low barrier of adsorption on both reduced cobalt and
nickel surface. Reduced mixed oxides surface accelerate the adsorp-
tion of molecular hydrogen by creating less barrier and dipole
difference between the reduced mixed oxides. Nickel catalyzes
hydrogen adsorption onto cobalt by enhancing the dissociation of
adsorbed hydrogen molecules.
Table 1
Adsorption and desorption related energy descriptors.

Cluster DEi

(kcal/mol)

DEads,

(kcal/mol)

DEdes,

kcal/mol

DHf

(kcal/mol)

Do
(kcal/mol)

Ni-(H2) �30.80 30.80 68.95 �137.88 102.84

Ni-(H2)2 �27.25 54.49 65.38 �249.42 64.08

Ni-(H2)3 �23.63 70.87 61.73 �362.87 31.81

Ni-(H2)4 �14.03 56.90 46.15 �484.38 3.23

Co-(H2) �22.49 22.49 64.78 �120.87 �16.37

Co-(H2)2 �45.97 91.96 88.27 �287.36 �37.81

Co-(H2)3 �34.56 103.71 59.42 �396.72 �63.16

Co-(H2)4 �20.61 82.46 42.90 �468.59 �83.91

Note: Interaction energy(DEi), adsorption energy (DEads), desorption energy

(DEdes), heat of formation (DHf), reaction electrophilicity (Do).

temp. 773 K Rate of adsorption

(at 773 K), (s�1)

r (kcal/mol) DGr (kcal/mol)

31.64 �32.98 3.4�1022

51.82 �50.39 2.8�1027

67.02 �59.49 1.0�1030

48.60 �58.68 6.2�1029

22.33 �23.26 6.0�1019

89.17 �89.62 3.5�1038

98.51 �98.36 8.4�1055

73.10 �61.17 5.9�1039

773 K.
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The thermodynamic descriptors toward the hydrogen adsorption
capacity of mixed oxides such as Gibbs free energies (DGr) and
enthalpy change (DHr) were calculated to predict the feasibility of
hydrogen adsorption on reduced nickel and Cobalt surface. The
thermodynamic and kinetic data are calculated based on global
minimum energy on potential energy surface (PES). The negative
values of Gibb’s free energies (DGr) shown in Table 2, confirm the
feasibility of the adsorption phenomenon at room temperature
(298.15 K) and imply the spontaneous nature of hydrogen adsorp-
tion on reduced nickel and cobalt oxides surface [34]. At a higher
temperature (773 K) the Gibb’s energies are also negative and
higher (average value) than that of 298.15 K values. Nickel and
cobalt clusters showed increasing trend of reaction enthalpies and
Gibb’s energies (refer to Table 2). It was reported that the
increasing trend is more favorable for chemisorption (enthalpy range
10–48 kcal/mol) [26]. By using Ni and Co clusters, the negative values
of reaction enthalpies (DHr) for hydrogen adsorption are estimated
which reflect to the trapping of H2 is exothermic. This phenomenon
also confirms the possibility of physical adsorption (enthalpy limit 5–
10 kcal/mol) due to the increase in temperature of the system. System
entropy is decreasing upon captured increasing number of H2 on the
reduced surface due to the decrease of freedom of movement of
hydrogen. At higher temperature (773 K) system show slow hydrogen
adsorption kinetics that are in chemisorption level. The decreasing
trend of reaction electrophilicity values are shown in Table 1
with an increasing number of hydrogen binding. This kind of
Fig. 4. Gaussian 09W software generated IR spectrum of Cobalt

Table 3
Cluster stability descriptors.

Cluster E (kcal/mol) Z (kcal/mol) w (kcal/mol) o (kcal/mol)

Ni-(H2) �9.46�105 134.85 72.37 22.81

Ni-(H2)2 �9.47�105 145.91 79.99 21.90

Ni-(H2)3 �9.48�105 195.23 81.82 17.05

Ni-(H2)4 �9.49�105 205.15 83.45 16.83

Co-(H2) �8.67�105 187.16 267.61 149.36

Co-(H2)2 �8.68�105 264.16 263.23 131.15

Co-(H2)3 �8.69�105 269.91 254.01 119.39

Co-(H2)4 �8.70�105 273.38 246.63 111.11

Note: Total energy (E), hardness(Z), electronegativity (w), electrophilicity (o).
trend attributed that the hydrogen trapping on reduced oxides is
favorable [26].

Total electronic energy and thermodynamical stability descrip-
tors such as the hardness, electronegatvity and electrophilicity of
hydrogenated clusters are calculated and shown in Table 3. There is
a gradual increase in the total electronic energy upon increasing
number of captured hydrogen which also attributes the bonding
nature of molecular hydrogen on reduced mixed oxides. The
chemical potential (negative value of electronegativity) measures
the escaping tendency of the electrons from the equilibrium state of
the cluster member or system whereas the chemical hardness
depict the strength of a cluster to charge transfer. According to the
maximum hardness principle (MHP) and the minimum electrophi-
licity principle (MEP); a higher hardness value and lower electro-
philicity value indicate the cluster most stable. According to the
trend of the descriptors (Table 3) the cluster; Co-(H2)4 and Ni-(H2)4

are most stable than others. It was reported that hydrogen adsorp-
tion on 4d and 5d transitional metal (Platinum and palladium)
clusters showed strong IR peaks at 1000–1500 cm�1 region asso-
ciated with hydrogen bound to multiple metal atoms [42,43]. Cobalt
and nickel clusters IR spectrum (Figs. 4 and 5) indicate a significant
peak at 250–4400 cm�1 region due to the hydrogen saturation on
metal surface by that clusters. IR of all cobalt clusters (shown in
Fig. 4) show discrete band at 250–1500 cm�1 frequency region and
frequency band shift to higher frequency with increasing number of
captured hydrogen. Nickel clusters (shown in Fig. 5) show common
band at around 1000 and 3500 cm�1 frequency region. IR spectrums
also demonstrate the effect of hydrogen capturing on reduced cobalt
surface. A vibrational frequency study attribute that both metal
clusters are stable and promising since all cluster are free from
imaginary frequency (Fig. 4 and Fig. 5). Four hydrogen molecules can
be captured on reduced oxide surface with minimum energy on
potential energy surface. The DFT calculation on reduced cobalt and
nickel oxides predict the hydrogen adsorption capacity of 9 -13 wt%
with minimum potential energy surface (PES).
4. Conclusions

The Hydrogen adsorption study using the density functional
theory (DFT) via few quantum molecular (QM) reactivity descriptors
clusters: (I) Co-(H2) (II) Co-(H2)2 (III) Co-(H2)3 (IV) Co-(H2)4.



Fig. 5. Gaussian 09W software generated IR spectrum of nickel clusters: (I) Ni-(H2) (II) Ni-(H2)2 (IV) Ni-(H2)3 (V) Ni-(H2)4.
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has provided information on the adsorption feasibility and its
successful application to find new hydrogen storage materials.
Variation of the different reactivity descriptor values upon the
increasing of captured hydrogen molecules implies the stability of
the clusters and their feasibility. Computational results are consis-
tent with experimental adsorption results that have been discussed
through different reactivity descriptors. Both investigation methods
confirm that the reduced mixed oxides are the promising candidate
for hydrogen storage. Good interaction energy per hydrogen mole-
cule and high hydrogen capacities are another advantage for
selecting the promising hydrogen storage cluster.
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