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Density functional calculations were performed on Zr0.9Ti0.1(Ni0.5Cr0.5-xVx)2 Laves Phase,

with x ¼ 0, 0.125, 0.25, 0.375 and 0.5, in order to study its H absorption capacity. Binding

energy, electronic structure and bonding were analyzed for the intermetallic compound

with different V content and increasing amounts of hydrogen.

The optimized geometry was found in good agreement with experimental data of the

C14 Laves phase. Hydrogen locates preferentially in A2B2 tetrahedral sites in the AB2 matrix

(A ¼ Zr, Ti; B ¼ Ni, Cr, V) but AB3 and B4sites are also stable. The volume of the intermetallic

and the H binding energy increases with vanadium content. Theoretically H absorption is

possible up to 4.5 H/F.U. but the strongest binding energy is achieved with 3 H/F. U.

The main contribution to density of states is due to d states of all components of the

structure and an H-metal bonding is observed in the range �10 to �4 eV.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

There will come a day when fossil fuels all eventually run out

since they are non renewable energy resources. With this

unavoidable scene and the need to create a greater environ-

mental awareness comes the search for more efficient and

cleaner energies technologies and ways to store and transport

them. Several alternatives are based on hydrogen, seen as the

promising and ideal mean of energy storage in a compre-

hensive clean-energy concept. Although hydrogen has the

highest energy density, it also has the lowest volumetric

storage density, which is the most remarkable disadvantage
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and challenging task nowadays to establish and promote a

global hydrogen economy system. Despite this fact, different

techniques of storing hydrogen have been developed among

which some special intermetallic compounds play a crucial

role. In essence, AB2-type alloys, also known as Laves phases,

have been extensively studied since 19800s as the active ma-

terials for the negative electrode in Nickel Metal Hydride

(NiMH) batteries due to their suggestive behavior as solid state

hydrogen materials [1]. In this kind of applications, the

negative electrode is generally made of alloys of two or more

metallic elements with narrow bands of integer stoichiome-

tries. Depending on their composition and crystal structure,

these materials have components which can each consist of a
evier Ltd. All rights reserved.
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number of different elements in varying ranges of stoichi-

ometry (mostly recognized as mischmetals or multielement,

multiphase and compositionally disordered alloys) that facil-

itate hydrides formation. Thus the variation of the compo-

nents of metal hydrides allows the design of materials with the

desired characteristics for battery performance, such as low

equilibrium pressure, resistance to corrosion, mechanical

stability, reversibility and hydrogen storage ability. Here the

cost of the substituted elements is also a major parameter for

developing new materials. Ovshinsky and coworkers intro-

duced the multielement, multiphase, and compositionally

disordered alloy design concept to lead the way to the successful

commercialization of the NiMH battery technology which

performance closely depends on the characteristics of the

hydride-forming alloy. To ensure the reversibility of the sys-

tems, an important aspect of the MH design is the range of

metal-to-hydrogen (M � H) bond strengths, which should be

between 25 and 50 kJ/mol (0.259e0.518 eV) [2e4].

Hydrogen absorption capacity of AB2 alloys based on Zr as

negative electrodes for Ni-MH batteries are, precisely, the

main subject of this work. Many authors have recently

investigated, both theoretically and experimentally, the

hydrogen behavior within various crystal structures and how

their atomic arrangements change when different chemical

replacements take place, aswell as the absorption ratios [5e8].

Laves phases can crystallize in one of three different struc-

tures types with the following representative forms: hexagonal

C14MgZn2 andC36MgNi2 and cubicC15MgCu2 [9e12]. Theonly

determininggeometric factor is theatomic radius ratiobetween

A and B elements. When rA
rB
y

ffiffi

3
p
ffiffi

2
p y1:2 both A and B atomic nets

merge inaveryefficient andcompactwaywhereeachAatomis

surrounded by 12 neighbors and each B atom by 6 [13]. In

particular, the C14 structure has a P63/mmc (D4
6h) symmetry

with four formula unit per unit cell (4 F.U./U.C) and a c/a ratio of

(8/3)1/2. These compounds are also tetrahedrally close-packed

(TCP) [14]. The C14 structure presents three distinct types of

tetrahedral interstices per AB2 formula available for storing

hydrogen: 12 A2B2 sites, 4 AB3 sites and 1 B4 site [15].

In a previous work [16], we have found that Zr(Cr0.5Ni0.5)2
C14 Laves phase was energetically more stable for hydrogen

storage than ZrCr2, owing to the partial replacement of Cr by

Ni atoms.

Effects of partial replacement of certain A and B atoms in

AB2 Laves phases structures and their hydrogen-sorbing rates

have been studied previously. Yang X. G. et al. [17] studied the

effect of alloying with Ti, V and Mn on the electrochemical

properties of ZreCreNi based Laves phases metal hydride

electrodes, showing that the partial substitution of Ni and Cr

in the alloy by V andMn elements in the range 0.7e1.0 per AB2

formula improves the hydrogen storage and electrochemical

capacities of the alloy. Verbetsky et al. [18] analyzed the ab-

sorption and electrocatalytical properties of electrodes based

on C14 Zr0.5Ti0.5V0.5Ni1.3Cr0.2 with Cu binder. They found that

this alloy composition displayed a high discharge capacity and

could be a good candidate material for fabricating MH-

electrodes for batteries. Also in order to determine its

possible application as negative electrodes in NiMH

rechargeable batteries, Visintin et al. [19] explored the

hydrogen absorption characteristics and electrochemical

properties of Zr1-xTixCrNi Laves phase by volumetric and
electrochemical techniques. They could ensure that

Zr0.9Ti0.1CrNi alloy electrode exhibited the highest discharged

capacity and the best performance during fast charge-

discharge cycling. At the same time, Peretti et al. [20]

demonstrated hydrogen absorption behavior results in

Zr0.9Ti0.1NiMn0.5CrxV0.5-x alloys by experimental techniques.

They concluded that the hydrogen absorption capacity of the

phase decreases on increasing the Cr/V content ratio and the

alloy obtained with x ¼ 0.25 optimized the compromise be-

tween a high discharge capacity without significant increase

of the high rate discharge ability, showing a high hydrogen

storage capacity (H/F.U.z3.6) too.

In this work, following the same goal and with the aim to

find a better multi-component design, we analyze five

different C14 Laves phases alloys with fixed Zr, Ti and Ni and

variable Cr and V composition.
Crystal models and computational method

It is well known that ZrCr2 alloy presents a high hydrogen

storage capacity (3.4 H/F.U.); nevertheless, its technological

applications are prevented by the strong stability of the hy-

drides at room temperature. Previous investigations have

concluded that partial substitution of Cr by other transitions

metals of the first period -like Ni-may affect the dissociation

equilibrium pressure and contribute to destabilize the hydride

[21,22]. In the present research and in accordance with our

latest study [16], half of Cr atoms of the alloy are replaced byNi

atoms while the other half is gradually replaced by V atoms.

Vanadium is a room temperature hydrogen storage element

with the capability to significantly increase the averagemetal-

hydrogen bond strength and lower the phase equilibrium

pressure (qualities that are absent for other B-site atoms such

as Co, Mn, Al, Sn, Fe). In addition, its relatively large atomic

radius makes it the first B-atom reported to occupy an A-site

in an over-stoichiometric situation [23]. This V atom in an A-

site substitution increases the degree of disorder and also

makes more hydrogen interstitial sites available for reversible

hydrogen storage [24]. With respect to the A component, it is

also expected that partial substitution of Zr by Ti results in a

further increase in the dissociation pressure due to the

smaller atomic radius of Ti that leads to a decrease in the

lattice parameter and hence to more instability of the hy-

drides. However, it is worth noting that PCT curves of Ti

substituted Zr-based AB2 alloys show that the increase in Ti

content also decreases the hydrogen storage capacity. This is

why the substitution of only a limited amount of Zr by Ti

contributes to reduce the hydride stability while preserving a

relatively good hydrogen storage capacity in weight percent-

age and increasing the plateau pressure of the alloy [19,21,25].

Consistent with this, we choose to study a Zr0.9Ti0.1 compo-

sition as it is the combination that revealed a good perfor-

mance on AB2 type alloys [19,26].

We will study five Laves phases alloys Zr0.9Ti0.1(Ni0.5Cr0.5-x
Vx)2, with x ¼ 0, 0.125, 0.25, 0.375 and 0.5 by the Density

Functional Theory (DFT) calculations with the intention of

reporting changes in hydrogen binding energies, electronic

charge distribution and magnetic moments as different H

concentrations are considered for each case.
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To simulate and represent all substitutions in the correct

proportion, we built a supercell consisting of 4 originals unit

cells (Fig. 1). This new cell is composed by 32 F.U./U.C. and has

a total of 544 interstitial sites for hydrogen storage of which

384 are A2B2 type, 128 AB3 and 32 B4 (each type of site is

indicated in the 2 � 2 � 2 supercell shown in Fig. 1). Despite

this large number of possibilities, electrostatic limitations

prevent a complete hydriding and most sites remain

unoccupied.

It is important to highlight that until today no material has

been found with properties fulfilling both criterion: the ener-

getic one, related to the gravimetric hydrogen density and the

thermodynamic one, associated with hydride materials with

improved thermodynamical properties. Therefore, the search

continues and new combinations of metals in these in-

termetallics are proposed, prepared and tested experimen-

tally and predicted theoretically.

All calculations were performed using the Density Func-

tional Theory (DFT) implemented in the Vienna Ab-initio

Simulation Package (VASP) [27]. This code employs a plane

wave basis set and a periodic supercell method [28e30]. The

Kohn-Sham equations were solved variationally using the

projected-augmented method (PAW) [31] and the exchange

and correlation energies were calculated using the Perdew,

Burke and Ernzerhof (PBE) form of the spin-polarized gener-

alized gradient approximation (GGA) [32]. The convergence in

total energy and the force on the atoms were set less than

10�4eV and 10�3 eV/�A, respectively. To sample the Brillouin

Zone in hexagonal lattices a 3 � 3 � 3 Gamma (G-point)

centered grid method was used. All simulations were per-

formed using an energy cut-off of 450 eV for the plane wave

basis set. Geometry optimizations for all systemswere carried

out in two steps: first, the volume of the supercell was relaxed

keeping the relative position of ions fixed. Then, ions were

allowed to relax within the cell.
Fig. 1 e C14 Laves phase supercell with all proposed substitutio

increases.
From total energy values extracted from the geometry

optimization results, the H binding energy in the hydrides

systems can be express as:

EB ¼ 1=n½EðAB2 þ nHÞ � EðAB2Þ� � 1=2EðH2Þ
where E (AB2þnH) is the total energy of the AB2 intermetallic

phase with nH atoms per formula unit, E (AB2) is the energy of

the intermetallic AB2 without H and E (H2) is half of the energy

of an isolated H2 molecule. With this definition, negative

binding energy values correspond to a stable configuration.

The electronic structure and bonding of the hydrides were

analyzed by the DOS curves. Bader analysis was used to

calculate electronic charges on atoms before and after H ab-

sorption [33].

The AB2 energies, with and without hydrogen, were

calculated with the same computational parameters

described above. The third term of the EB expression was

determined by locating a H2 molecule in a cubic cell of 10 �A

sides and carrying out a G-point calculation, giving a H2 bond

length of 0.751 �A and a binding energy of �4.52 eV, consistent

with previous reported values [34,35].
Results and discussion

Table 1 shows all parameters obtained after geometry opti-

mization. Values are in fairly good agreement with other C14

Laves phases [16,36e39]. Zr0.9Ti0.1(Ni0.5Cr0.5)2 showed the

lowest cell volume and the highest magnetic moment, in

relation with Cr atoms amount and their known magnetic

properties. The cell volume increases as Cr atoms are

substituted by V atoms. Note also that the magnetic moment

decreases as the amount of Cr atoms decreases in the cell as

expected due the fact that magnetic moment of V atoms is

lower than Cr atoms.
ns. Cr atoms content decreases while V atoms content
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Table 1 e Lattice parameters, Bulk modulus, cell volume and magnetic moment for the five simulated systems.

Zr0.9Ti0.1
(Ni0.5Cr0.5)2

Zr0.9Ti0.1
(Ni0.5Cr0.375V0.125)2

Zr0.9Ti0.1
(Ni0.5Cr0.25V0.25)2

Zr0.9Ti0.1
(Ni0.5Cr0.125V0.375)2

Zr0.9Ti0.1
(Ni0.5V0.5)2

a ¼ b (�A) 4.990 4.995 5.017 5.039 5.057

c (�A) 8.188 8.197 8.232 8.269 8.298

Bulk modulus (GPa) 149.76 157.73 169.46 150.83 152.24

Cell volume (�A3) 1412.35 1417.17 1435.60 1454.68 1470.36

Magnetic moment (mB) 13.51 10.08 6.70 6.22 1.21

Table 2 e Binding energies (EB), magnetic moment (mB), Cell volume (V) and its difference from the original geometry (DV),
for all crystals with H atoms absorbed.

H/F.U.

0.75 1.50 2.25 3.00 3.20 3.50 3.75 4.50

Zr0.9Ti0.1(Ni0.5Cr0.5)2 Binding

energy EB (eV)

�0.067 �0.083 �0.140 �0.145 �0.141 �0.132 �0.138 �0.141

Magnetic

moment m (mB)

9.437 8.108 4.579 10.847 17.189 9.382 16.421 10.197

Cell volume V (�A3) 1461.650 1553.530 1593.380 1644.520 1717.570 1754.630 1765.970 1830.070

DV (%) 4.932 9.996 12.818 16.439 21.611 24.235 25.038 29.576

Zr0.9Ti0.1
(Ni0.5Cr0.375V0.125)2

EB �0.049 �0.112 �0.165 �0.184 �0.166 �0.162 �0.167 �0.166

m 7.196 6.007 5.624 7.086 13.096 12.443 14.029 9.199

V 1524.580 1575.360 1645.610 1702.740 1740.170 1767.460 1782.570 1839.190

DV 7.579 11.162 16.119 20.151 22.792 24.718 25.784 29.779

Zr0.9Ti0.1
(Ni0.5 Cr0.25V0.25)2

EB �0.092 �0.144 �0.177 �0.209 �0.193 �0.178 �0.193 �0.193

m 7.334 2.819 7.423 6.800 9.824 10.990 12.772 9.695

V 1516.320 1585.310 1697.170 1736.230 1746.300 1764.830 1804.350 1872.860

DV 5.623 10.428 18.220 20.941 21.643 22.933 25.686 30.458

Zr0.9Ti0.1
(Ni0.5Cr0.125V0.375)2

EB �0.121 �0.174 �0.209 �0.232 �0.214 �0.219 �0.227 �0.224

m 5.760 3.577 7.075 6.508 6.886 8.039 9.331 3.053

V 1530.400 1601.010 1687.250 1735.720 1768.920 1793.840 1804.290 1872.860

DV 5.205 10.059 15.988 19.320 21.602 23.315 24.033 28.747

Zr0.9Ti0.1(Ni0.5V0.5)2 EB �0.146 �0.199 �0.232 �0.271 �0.237 �0.249 �0.257 �0.115

m 2.925 1.450 6.702 3.830 6.373 3.810 7.281 8.424

V 1548.480 1619.600 1697.170 1731.420 1782.860 1786.320 1808.960 1884.580

DV 5.313 10.150 15.425 17.755 21.253 21.489 23.028 28.171

The value of the strongest EB for each hydrogenated system is underlined.
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Bulk modulus (B) was calculated for each system by fitting

the energy-volume data from energy minimization to the

Birch-Murnaghan equation of state [40,41], and calculated

values are in the range of values informed by different authors

[37,38]. All these results indicate a good parametrization of the

systems under study.

In order to quantify the H storage capacity for the five

systems, the hydrogen binding energy was computed for

different numbers of H atoms mostly absorbed in A2B2sites

-for being the most stable locations in this type of structures

and, thus, the first cavities in being occupied by H-but also in
Table 3 e Average Bader charges for each element after H abso
brackets are indicated the corresponding charge before H absor
electrons while positive signs, the opposite effect.

For hydrogenated system

Zr Ti

Zr0.9Ti0.1(Ni0.5Cr0.5)2 þ2.383 (2.223) þ1.783 (1.776) �
Zr0.9Ti0.1(Ni0.5Cr0.375V0.125)2 þ2.352 (2.207) þ1.794 (1.771) �
Zr0.9Ti0.1(Ni0.5 Cr0.25V0.25)2 þ2.353 (2.187) þ1.771 (1.751) �
Zr0.9Ti0.1(Ni0.5Cr0.125V0.375)2 þ2.334 (2.164) þ1.753 (1.735) �
Zr0.9Ti0.1(Ni0.5V0.5)2 þ2.341 (2.145) þ1.761 (1.721) �
AB3 and B4 sites, to include and consider some other possible

situations.

As in the family of Laves phases it is believed that exist

much opportunities for further improvements and they

promise hydrogen storage capacities higher than 3.4 H/F.U.

[17,21,42], in this opportunity we have proposed to evaluate

the energetic behavior of all systems by placing hydrogen

atoms into the crystals in an accumulative and random way

for different H concentrations beginning from 0.75 H/F.U. up

to 4.5 H/F.U. which in our system corresponds to 24 and 144 H

atoms respectively.
rption for the most stable hydrogenated structures. In
ption. Negative signs indicate an increase in the number of

Bader Analysis

s with the strongest binding energy (3.00 H/F.U)

Ni Cr V H

0.448 (-1.554) þ0.526 (�0.626) e �0.802

0.491 (-1.656) þ0.517 (-0.761) þ1.072 (0.244) �0.821

0.560 (-1.733) þ0.472 (-0.993) þ1.059 (0.167) �0.835

0.598 (-1.800) 0.407 (-1.121) þ1.013 (-0.058) �0.847

0.671 (-1.879) e þ0.998 (-0.226) �0.871
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In A2B2 sites, H absorbs closer to B type-atoms than to A-

type atoms. The distance from H to Zr varies from around

2.05e2.08 �A when both A type atoms in the tetrahedral are Zr

atoms. When Ti is part of the tetrahedral sites H is shifted

towards Ti and away from Zr (HeZr ~ 2.25 �A and He

Ti ~ 1.95 �A). Regarding Ni, Cr, and V atoms, H locates at dis-

tances around 1.75 �A to 1.85 �A.

Table 2 describes the most relevant data for each system

before H absorption. For all structures, H binding energy is

smaller for low H concentrations (0.75 and 1.5 H/F.U) and

stronger for larger amounts of H absorbed. So according to this

calculation results 4.50 H/F.U is still stable but the most

favorable configurations is obtained for 3.00 H/F.U corre-

sponding to 96 H atoms absorbed. It can be observed that the

binding energy is stronger as more Cr atoms are replaced by V

atoms reaching the desired range of metal-to-hydrogen bond

strength for higher vanadium contents. Also, as expected, the

cell volume increases with H concentration for all structures.

The increment is between 5 and 30% and it is observed that it

does not depend on the content of vanadium but on the

presence of H in the compounds.

3 H/F.U. corresponds to a gravimetric capacity of 1.49 wt%

for the Zr0.9Ti0.1(Ni0.5Cr0.5)2 and it slightly increases to 1.51wt%

for the alloy where all Cr is replace with vanadium due to V

smaller atomic weight. As volume of the cell increases with

higher amounts of vanadium the volumetric capacity di-

minishes from 97.71 to 92.80 g H2/l. For 4.5 H/F.U. gravimetric

capacity can reach 2.27 wt% for the Zr0.9Ti0.1(Ni0.5V0.5)2 corre-

sponding to a volumetric capacity of 127.89 g H2/l. So,

although these intermetallic compounds promise an inter-

esting behavior as solid state hydrogen storage materials,

their gravimetric capacity does not already reach values re-

ported for the magnesium based hydrides [43,44], which have

a high H2 capacity of 7.6 wt%. However, their main disad-

vantages lie in the high discharged temperatures (573e673K),

slow desorption kinetics and high reactivity toward air and

oxygen. Transition-metal-based AB2-type alloys for metal

hydride electrodes, as mentioned before, are often not only

multi-element but also multi-component and multi-phase

systems. This is due to the flexibility and versatility of the

equilibrium plateau pressure produced when varying in a

wide range their composition and stoichiometry. Through this

designing concept, it will possible to compose a material with

high gravimetric storage capacity and the suitable thermo-

dynamic conditions to uptake and release hydrogen at

ambient conditions.

Electronic structure

Bader charges were calculated for the hydrogenated struc-

tures which presented the energetically most favorable

configuration; this is the five systems with 3.00 H/F.U. absor-

bed (underlined in Table 2).
Fig. 2 e PDOS curves for (a) Zr0.9Ti0.1(Ni0.5Cr0.5)2, (b)

Zr0.9Ti0.1(Ni0.5Cr0.25V0.25)2, and (c) Zr0.9Ti0.1(Ni0.5V0.5)2 Laves

Phases before and after H absorption. Dotted line indicates

the Fermi level.

https://doi.org/10.1016/j.ijhydene.2018.06.131
https://doi.org/10.1016/j.ijhydene.2018.06.131


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 3 ( 2 0 1 8 ) 1 6 0 8 5e1 6 0 9 116090
Since H atoms are distributed randomly over the several

possible tetrahedral absorption sites available, the average

charge for each element was evaluated for all different sys-

tems, as shown in Table 3. We analyzed first the atomic

charges before H absorption (see values in brackets in Table 3).

In all cases Zr and Ti (A type atoms) have a positive charge

which remains almost the same for all systems with different

amounts of V. Ni on the other hand has a negative charge and

is more negative when more V atoms are present. Cr and V

also increase their electronic density in systems with a higher

amount of V atoms.

When hydrogen is absorbed a redistribution of electronic

density is observed. All elements decrease its charge but the

change is more noticeably for B type atoms which transfer

charge towards hydrogen. Also the charge reduction is

increased with the vanadium content in the system. Specif-

ically, Ni loses in average 1.11 e� in the Zr0.9Ti0.1(Ni0.5Cr0.5)2
system and 1.21 e� in the Zr0.9Ti0.1(Ni0.5V0.5)2 where all Cr has

been replaced by V. Cr has also a large decrease in the elec-

tronic charge: 1.15 e-for the systemwithout V and 1.53 e-in the

Zr0.9Ti0.1(Ni0.5Cr0.25 V0.75)2 system. Vanadium also reduces its

charge 0.83 e-in Zr0.9Ti0.1(Ni0.5Cr0.75 V0.25)2 and 1.22 e-in

Zr0.9Ti0.1(Ni0.5V0.5)2.

After electron transfer, H atoms have a negative charge

which increases with the V content resulting in a maximum

negative charge for hydride with V and no Cr.

Density of states

To complete the study of the electronic structure, the partial

density of states (PDOS) projected on each element in the

hydride was evaluated for the different systems before H ab-

sorption. Finally, a comparison between the density of states

before and after H absorption was made for particular cases.

Fig. 2 shows the PDOS on each element composing the

system before and after H absorption for three of the systems

studied (with no V (a), half Cr atoms substituted with V (b) and

all Cr substituted with V (c)). We begin analyzing the systems

before H absorption (upper part of Fig. 2 a, b and c). All curves

show metallic behavior. In all cases DOS is plotted from

�7.2 eV to about 2 eV above the Fermi level. s and p states are

spread all over the range of energies while d states concen-

trate from �4.6 eV up to 2 eV. In particular Ni d states domi-

nates the DOS curves which have a broad band from �4.1 to

around�1 eV. Zr and Ti s states start from around�7.2 eV and

presents a marked band between �4.5 and �3.0 eV and most

of its d states over the Fermi level. Themagnetic nature of Cr is

shown as the difference between spin up and down states

diminishes as Cr is replaced by V. No magnetization is

observed for system Zr0.9Ti0.1(Ni0.5V0.5)2 where no Cr is pre-

sent, as expected from magnetic moment calculations above.

The introduction of hydrogen modifies the electronic

structure of the host alloy creating metal-hydrogen bonding

states (see lower part of Fig. 2 a, b and c). Two bands below the

Fermi level starting from around �10 eV appear due to the

presence of hydrogen. It can be observed in the figure that the

hydride with higher contents of vanadium, increases the

contribution of A and B states to the density of states in the

lower energy band, increasing the H-M interaction.
Conclusions

Using DFT calculations we have studied hydrogen absorption

in Zr0.9Ti0.1(Ni0.5Cr0.5-xVx)2 Laves Phase, with x ¼ 0, 0.125, 0.25,

0.375, 0.5 in order to determine the influence of V content on H

absorption capacity.

The replacement of Cr by V atoms in the systemproduces a

reduction of the magnetic moment of the system and an in-

crease of cell volume resulting in more available space for H

absorption.

When H storage is considered it is found that cell volume

increaseswithHconcentration. Theanalysis of bindingenergy

values reveals that for each system the most stable configu-

ration corresponds to a hydrogen concentration of 3.00 H/F.U.

Hydrogen binds stronger with increasing V content in the

system. As V content increases EB reaches the desired range of

metal to hydrogen bond strength which ensures the revers-

ibility of the absorbing system.

Bader analysis shows that after H absorption, there is a

strong charge transfer from B type atoms towards H. This

charge transfer increases with the V content in the system.

The higher electron density on H atom could result in a

stronger interaction between H and its surroundings.

Regarding density of states, the presence of hydrogen

produces a new band at lower energy values between�10 and

�4 eV. The increment in V content increases the density of

states of A and B elements in this new band, suggesting a

reinforcement of H bonding to the system.
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