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a b s t r a c t

Theoretical studies on the total energy, electronic structure and bond of Zr(Cr0.5Ni0.5) 2

intermetallic compound and its hydrides were performed using density functional calcu-

lations. The optimized c/a ratio was found in good agreement with experimental data of

the C14 Laves phase. When hydrogen is introduced in the AB2 matrix (A ¼ Zr; B ¼ Ni, Cr) the

A2B2 sites are preferentially occupied in the structure, followed by the AB3 while B4 remains

empty. The volume of the intermetallic increases up to 52.19% when 28H are absorbed in

the unit cell, whereas the binding energy remains practically the same up to �6.76 eV/H,

indicating little interaction. Among hydrogenations the main contribution to density of

states is due to d electrons of all components of the structure. H-metal bonding is detected

in the range �8 to �6 eV. Above 8H the magnetic moment increases with respect to the

pure Laves phase.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

It is well known the interest to find renewable, sustainable

and cleaner energy sources to replace the fossil fuels. The

fossil fuel-based energy causes a significant environmental

impact and it is the subject of a strong economic and geopo-

litical discussion [1]. One possible technical way to overcome

these issues is the hydrogen-based economy [2e4]. The

hydrogen vector is considered the most promising energy

carrier due to its potentially abundant production from clean

sources. Nevertheless, apart from hydrogen production costs,

there are some drawbacks related to its very low density, i.e.

hydrogen storage and carrying.
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Solid state hydrogen storage materials, like reversible AB

intermetallic compound, are currently an area of intense

research [5e7]. Particularly, the AB2 or Laves phases, have

been extensively studied due to their hydrogen high storage

capacity, good hydrogen absorption/desorption kinetics and

cycle life, among others [8,9]. The A metal can be Mg, Zr, or Ti

while the B metal can be Ni, V, Cr, or Mn [10]. It was proved

that the compositional substitutions of metallic elements in

Zr-based AB2 Laves structures, such as ZrMn2, ZrCr2 and ZrV2,

intensify the hydrogen absorbing/desorbing kinetics and

electromechanical capacity. However, these binary com-

pounds are too stable in the hydride phase (strong interaction

between host metal and hydrogen) and require high temper-

atures (>250 �C) to release hydrogen [11]. Using X-ray
ished by Elsevier Ltd. All rights reserved.
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Fig. 1 e A and B atoms nets merged to form the C14 Laves phase. The A sublattice defines a hexagonal diamond net while

the B sublattice is only composed of B4 tetrahedra that alternately shares vertices and faces along the c axis. This geometry

forms chains of trigonal bypyramids which are linked together by vertex sharing.
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diffraction techniques, Yongquan et al. analyzed the crystal

structure changes of Zr(CrxNi1�x)2 (0.15 � x � 0.65) alloy for

different Cr concentrations [12]. The authors concluded that

the increasing concentrations of Cr intensified the hydrogen

storage capacity and that the hydrogen absorption was

favored at the larger interstitial cavities.

The open literature present some theoretical research

considering hydrogen behavior absorbed in Laves Phases. By

semiempirical and ab initio density functional theory (DFT)

methods, van Midden et al. studied the structural and elec-

tronic properties of the hydrogenated ZrCr2 C14 Laves phase

[13]. The authors found that the preferentially occupied sites

for hydrogen in the AB2 matrix were the A2B2 tetrahedra. Also

by DFT, Gesari et al. investigated the hydrogen absorption in

Zr0.9Ti0.1NiMn0.5Cr0.25V0.25 C14 alloy and calculated the bind-

ing energy for hydrogen at different tetrahedral sites with a

variety of local environments [10]. Their results were in

agreement with those reported by van Midden et al. [13] In

addition, they noted that after hydrogenation there was an

increase in the intermetallic volume while the hydrogen

binding energy remained almost the same (up to 3.5 hydro-

gens/formula unit [H/FU]). These facts indicated a small

interaction among hydrogen.Matar reported a detailed review

of intermetallic hydrides taking into account the contribu-

tions of ab-initio calculations to the understanding of chem-

ical bonding and magnetism in binary and ternary Laves
Fig. 2 e Local environment for the C14 system (a). A atoms are

atoms in total). This arrangement is known as the Friauf polyhe

to form a truncated tetrahedronwith four triangular faces and fo

and 6 B-II atoms, while B-II atoms have an environment of 6 A
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phases [14]. Radakovi�c et al. studied the local structural and

electronic modifications induced by hydrogen absorption in

cubic C15 Laves phases AB2 (A ¼ Zr; B ¼ Cr, Mn, Ni), as well as

the stability of the formed hydrides, by DFT calculations. Their

results indicated that a hydrogen distribution within the

crystal depended on the level of induced electronic structure

modifications [15].

To the best of our knowledge, there is no detailed experi-

mental data available that describe the hydrogen location in a

ZreCreNi Laves phase. In this manuscript, we report a theo-

retical effort to find the energetically most favorable locations

for hydrogen in Zr(Cr0.5Ni0.5)2 phase, a C14 type structure

where the 50% of Cr atoms were replaced by Ni.

We also analyze the electronic structure of the systems

using the density of state (DOS) curves. The changes in the

hydrogen absorption energy and magnetic moment are

also consideredat differentHconcentrations. Finally, in order

to understand the hydride stability we compute the overlap

population (OP) values for metalemetal and metal-H bonds.
Crystal structure and intermetallic compound
model

Three crystal structures, known as Friauf-Laves phases or

more commonly Laves phases, have been observed to
surrounded by 16 atoms: 4 A atoms, 3 B-I and 9 B-II (12 B

dron and consists of four B3 triangles linked at their apices

ur hexagonal ones (b).B-I atoms have an environment of 6 A

, 2 B-I and 4 B-II atoms (c).
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Fig. 3 e Unit cell of the hexagonal ZrCr2 Laves phase with all its possible tetrahedral sites: 12 A2B2 sites, 4 AB3 and 1 B4.

i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 5 ) 1e1 1 3
associate with the ideal stoichiometric AB2-type intermetallic

compounds: cubic MgCu2 (C15) and hexagonal MgZn2 (C14)

and less frequently MgNi2 (C36). Generally, the A metal is an

electropositivemetal, i.e. early transitionmetal (TM), actinide,

alkali metal, alkaline earth or lanthanide; while the B metal is

usually a less electropositive TM: Cr, Ni, V, among other

metallic elements or even a noblemetal. The Laves interstitial

sites are tetrahedral and for this reason these structures are

all known as tetrahedrally close-packed (TCP) [16e22].

Depending of the synthesis conditions, the ZrCr2 inter-

metallic can be either a C14 or C15 Lave phase, with four
Fig. 4 e All possible sites to locate H in the ZrCr2 structure. Add

and other A and B atoms from the net, there are 24 A2B2 tetrah

symmetry, turn into a total of 42 A2B2 sites), 10 AB3 sites and 1

represented by small spheres and placed at each interstitial sit
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formula units per unit cell [23]. It presents a P63/mmc (D4
6h)

structure and its lattice parameters are a ¼ b ¼ 5.221 �A and

c ¼ 8.567 �A, where c/a ¼ (8/3)1/2. Fig. 1 shows the Zr (A

atom) and Cr (B atom) sublattices. The Zr sublattice looks

like a hexagonal diamond net, while the B sublattice is

composed of B4 tetrahedra alternatively sharing vertices

and faces along the c axis, thereby forming chains of

apically fused trigonal bipyramids. These chains are linked

together by vertex sharing in the ab plane. Then the Zr

atoms are located in interstitial sites of the Cr sublattice

[10].
ing the four A-atom neighbors outside the hexagonal faces

edral that has the central A atom as one apex (and that, by

6 B4 distorted icosahedra sites. Hydrogen atoms are

es.
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Table 1 e Experimental and calculated (this work) lattice
parameters, bulk modulus B cell volume and magnetic
moment m for Zr(Cr0.6Ni0.4)2 and Zr(Cr0.5Ni0.5)2,
respectively. Porcentual differences (%) between reported
and calculated parameters.

Parameters Zr(Cr0.6Ni0.4)2 Zr(Cr0.5Ni0.5)2 %

Reported This work

a (�A) 5.030a 5.022 �0.15

c (�A) 8.238a 8.241 0.04

c/a 1.6377a 1.6409 0.19

B (GPa)c 161.5b,c 167.17 3.51

Cell volume (�A3) 180.50a 180.04 �0.25

m (mB) e 1.38 e

a Ref. [39].
b Ref. [46].
c ZrCr2 C15 structure.

Fig. 5 e Zr(Cr0.5Ni0.5)2 unit cell with all possible interstitial

sites where hydrogen could be absorbed. Depending on the

site, hydrogen atoms are identified by different numbers

and colors: A2B2 sites are numbered in green color, from 1

to 30; AB3 sites are numbered in blue color and *, from 1 to

10 and B4 in red and ′, from 1 to 4. (For interpretation of the

references to color in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 2 shows the local environment for the C14 system. In

this phase, each Zr atom is coordinatedwith 12 Cr atoms and 4

Zr atoms, leading to the particular configuration known as the

Friauf polyhedron [24]. The tetrahedral units are built up from

two crystallographic distinct atoms B(I) and B(II), linked by

vertex sharing and by triangle B(II)eB(II)eB(II) face sharing.

Three different types of tetrahedral sites are available for

storing hydrogen. These sites are showed in Fig. 3 and named

A2B2, AB3 and B4. The ZrCr2 structure has 12 A2B2 sites per A

atom, 4 AB3 sites and 1 B4 site per formula unit.

Considering the seven possible independent hydrogen

positions per unit cell and multiplying them by their sym-

metry, then there are 68 possible sites where the H atoms

could be located, resulting in Zr4Cr8H68 formula (Fig. 4).
Table 2 e Binding energy (EB), magnetic moment (mB), total cell
atom placed in each type of interstitial site. Only four most sta

Tetrahedral site Site number Atoms EB (eV) m (mB) Cell vo

29 ZrZrCrCr �0.28 0.65 1

10 ZrZrCrCr �0.26 1.81 1

26 ZrZrCrCr �0.25 0.52 1

17 ZrZrCrCr �0.20 1.29 1

9* ZrCrCrCr �0.13 1.12 1

5* ZrCrCrNi �0.10 1.26 1

4* ZrCrCrNi �0.08 1.45 1

6* ZrCrNiNi �0.03 1.01 1

30 CrCrCrNi 0.22 1.36 1

40 CrCrNiNi 0.26 1.03 1

10 CrNiNiNi 0.32 1.64 1

20 CrCrNiNi 0.32 0.95 1

The * corresponds to AB3 sites and 0 corresponds to B4 sites.

Please cite this article in press as: Merlino AR, et al., A DFT study of hy
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Despite the important hydrogen storage capacity of this

Laves phase, it is not suitable for technological applications due

to its strong hydride stability. Previous studies have reported

that partial substitutions ofCr byother transitionmetal, likeNi,
volume and site volume for Zr(Cr0.5Ni0.5)2 with a hydrogen
ble sites are described for AB3 and A2B2 interstices.

lume (�A3) Site volume (�A3)

Before H absorption After H absorption DV (%)

80.71 3.20 3.40 6.25

80.52 3.16 3.24 2.53

79.37 3.14 3.28 4.46

83.00 3.16 3.33 5.38

81.66 2.67 2.96 10.86

78.98 2.55 2.73 7.06

81.60 2.55 2.74 7.45

79.87 2.55 2.69 5.49

79.47 No absorption

80.64

81.01

81.30
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Table 3 e Bader charges after H absorption in the most
stable A2B2 (ZrZrCrCr) site (29). Negative signs indicate an
increase in the number of electrons. i.e., after H
absorption, both Cr atoms increased their negative
charge in 0.712 and 0.367, respectively.

Charges after H

absorption

Cr Cr Zr Zr H

�0.712 �0.367 þ2.328 þ2.291 �0.960

D% 11.87 6.12 58.2 57.28 96.00

Table 4 e Binding energy (EB) per H atom, number of H in
unit cell (NH), total energy (ET), total energy per absorbed
H atom (ET/H), magnetic moment (m), total cell volume (V)
and percentage change in cell volume (DV) respect to
Zr(Cr0.5Ni0.5)2.

Site
number

Atoms EB
(eV)

NH ET
(eV)

ET/H
(eV)

m

(mB)
V

(�A3)
DV
(%)

29 ZrZrCrCr �0.28 1 �109.93 �27.48 0.91 191.12 6.15

10 ZrZrCrCr �0.26 2

26 ZrZrCrCr �0.25 3

17 ZrZrCrCr �0.20 4

11 ZrZrCrCr �0.18 5 �124.31 �15.54 0.75 210.18 16.74

9* ZrCrCrCr �0.13 6

7 ZrZrCrCr �0.13 7

28 ZrZrCrNi �0.12 8

2 ZrZrCrNi �0.11 9 �138.31 �11.53 2.86 217.19 20.63

21 ZrZrCrCr �0.11 10

24 ZrZrCrNi �0.10 11

5* ZrCrCrNi �0.10 12

23 ZrZrCrNi �0.10 13 �151.80 �9.49 3.17 235.53 30.82

14 ZrZrCrCr �0.09 14

18 ZrZrCrNi �0.08 15

4* ZrCrCrNi �0.08 16

5 ZrZrCrNi �0.08 17 �165.64 �8.28 5.37 244.42 35.76

3 ZrZrCrNi �0.08 18

9 ZrZrCrNi �0.07 19

6 ZrZrCrNi �0.04 20

12 ZrZrCrCr �0.03 21 �178.63 �7.44 5.09 258.97 43.84

15 ZrZrCrNi �0.03 22

20 ZrZrCrNi �0.03 23
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could destabilize the hydride [25,26]. These substitutions lead

to a constant decrease of the cell volumeof thephasedue to the

small atomic radius of Ni. Nevertheless, its H storage capacity

does not change significantly. The hydride can be obtained

with a plateau pressure within the range 0.1e1 bar, compatible

with electromechanical requirements. According to this, if 50%

of Cr is substituted by Ni, resulting in Zr(Cr0.5Ni0.5)2, the com-

pound becomes a C14 MgZn2 type structure [27].

The Zr(Cr0.5Ni0.5)2 intermetallic was modeled by a hexag-

onal cell with structural formula Zr4Cr4Ni4. H absorption was

simulated in the same cell adding a single H atom at each

tetrahedral site. Although the substitutions of Cr atoms by Ni

were random, we impose the restriction that the cell main-

tains the Cr/Ni/Zr ratio of 4/4/4. Previous calculations on

similar systems indicate no significative changes in energy for

this type of substitions [10].
6* ZrCrNiNi �0.03 24

8 ZrZrCrNi �0.02 25 �189.17 �6.76 4.37 274.00 52.19

27 ZrZrCrNi �0.01 26

10* ZrCrCrNi �0.01 27

25 ZrZrCrNi �0.01 28

The * corresponds to AB3 sites.
Computational method

We performed first principles calculations based on DFT as

implemented in the Vienna Ab-initio Simulation Package

(VASP) [28]. This code uses a plane-wave basis set offering

good access to the HellmanneFeynman forces acting on all

atoms in the supercell. The projector-augmented wave (PAW)

method and spin-polarized DFT with the generalized gradient

approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE)

were considered [29e33].

The conjugate-gradient (CG) algorithm is used to relax the

ions in the Laves phases studied [34]. The convergence in total

energy and the force on the atoms were set less than 10�4 eV

and 10�3 eV/�A, respectively. Self-consistent calculations were

considered to convergewhen the difference in the total energy

between consecutive steps did not exceed 10�4 eV. The k-

points were arranged in a standard Gamma centered

Monkhorst-Pack grid with a 7� 7� 5mesh [35].We also tested

a 9� 9� 5mesh and no significative improve in energies were

found. All calculations were performed using an energy cut-

off of 450 eV for the plane wave basis set. The electronic

structure and bonding of He Zr(Cr0.5Ni0.5)2 were analyzed by

the DOS curves. Bader analysis was used to calculate elec-

tronic charges on atoms before and after H absorption [36].

We defined the binding energy (EB) respect to the isolated

molecule as:

EB ¼ [E(AB2 þ nH) � E(AB2) � E(H2) n/2]/n
Please cite this article in press as: Merlino AR, et al., A DFT study of hy
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where E(AB2 þ nH) is the total energy of the AB2 interme-

tallic compound containing n H atoms, E(AB2) is the total en-

ergy of the AB2 without H and E(H2) is the hydrogen molecule

energy [10]. The AB2 energies, with and without hydrogen,

were calculated with the same computational parameters.

The third term is the half hydrogen molecule total energy

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

sides and carrying out a G-point calculation. We obtained a H2

bond length of 0.751 �A and a binding energy of �4.52 eV in

fairly good agreementwith experimental values [37].With this

definition, negative absorption energy values correspond to a

stable configuration and most likely to be obtaining during

experiments [38].
Results and discussion

Lattice parameters were calculated after geometry optimiza-

tion of the intermetallic structure without H. Table 1 presents

experimental (Zr(Cr0.6Ni0.4)2) and theoretical (Zr(Cr0.5Ni0.5)2)

lattice parameters and bulk modulus (B). The values obtained

are close to the ones reported by Boudina et al. [39] The sub-

stitution of Cr byNi did not originate significant changes in the

cell parameters and B, in comparison with ZrCr2 laves [40e42].

The B value was calculated by fitting the energies from a series
drogen storage in Zr(Cr0.5Ni0.5)2 Laves phase, International Journal
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of constant volume relaxations with the BircheMurnaghan

equation of state [43,44]. It was found to be 167.17 GPa, about

6% smaller than values reported by J. Sun et al. [45] and

Xing-Qui Chen et al. [9] in their respective ab-initio studies for

ZrCr2 Laves phase. Similar results are considered in fairly good

agreement with experimental data [41]. Previous studies

found that a random distribution of B metals, when

substituting Cr by Ni, differs only about 0.1% in the total en-

ergy values for different configurations.

Tofindthehydrogenabsorptionsites,wefirstconsideredthe

Zr (Cr0.5Ni0.5)2 systemcontaining only aH atom in the supercell.

Asmentioned before, the hexagonal Laves-phase structure has

three distinct types of tetrahedral sites suitable for hydrogen

occupation (Fig. 3) [47e50]. We carried out total energy calcula-

tions for an H atom located at those three different sites (see

Fig. 5), eachwith a different chemical environment, finding that

the lowestenergiesvalues forhydrogenabsorptionweremostly

located in the A2B2 interstitial sites, followedby theAB3 sites. B4

sites did not present any favorable locations for H. This means

that the filling order is A2B2 >AB3, while the B4 sites will remain

empty. Among A2B2 sites, the most stable in Zr (Cr0.5Ni0.5)2 was

the tetrahedral with composition Zr Zr Cr Cr, presenting an H
Table 5 eHydrogen first neighbor's distances before and after a

Site number Atoms ZreZr ZreCr Cre

A2B2 29 ZrZrCrCr e 3.22a 3.07a 2.6

H 3.20b 3.11b 2.8

10 ZrZrCrCr e 3.20 3.07 2.6

H 3.20 3.08 2.6

26 ZrZrCrCr e 3.22 3.07 2.5

H 3.20 3.05 2.8

17 ZrZrCrCr e 3.20 3.06 2.6

H 3.17 3.09 2.8

AB3 9* ZrCrCrCr e e 3.07 2.6

H e 3.12 2.7

5* ZrCrCrNi e e 3.06 2.5

H e 3.16 2.7

4* ZrCrCrNi e e 3.06 2.5

H e 3.11 2.7

6* ZrCrNiNi e e 3.06 e

H e 3.30 e

The * corresponds to AB3 sites.
a Before cell relaxation.
b After H absorption and cell relaxation.

Table 6 e OP for metalemetal bond with and without hydroge

OP

Bond 29 A2B2

Without H With H %

ZreZr 0.397 0.265 �33.1

ZreCr 0.184/0.208 0.099/0.119 �46.4/�42.

CreCr 0.166 0.083 �50.0

ZreNi e e e

CreNi e e e

ZreH e 0.238 e

CreH e 0.146/0.151 e

NieH e e e

The * corresponds to AB3 sites.
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absorption energy value of �0.28 eV (see Table 2). From both

chemical and geometrical points of view, atomic hydrogen

would prefer the A2B2 sites where Zr is present, since it forms a

more stable hydride in a very large interstitial site. An isolated

hydrogenatom in this typeof site is usually in anegative charge

state due to charge donation from host elements to hydrogen

(see Table 3, Bader Charges). After H absorption, the charge in

themost stable A2B2 (Zr Zr Cr Cr) interstice reorganize: H and Cr

become negatively charged, 96% and 9% respectively, while Zr

loseabout58%chargeandbecomepositive.Thenegativecharge

compels hydrogen to maximize its interatomic distance to the

host atoms and, therefore, absorbedhydrogengenerally prefers

open interstitial sites. The total cell volume changes from

180.04�A3 to 180.71�A3when anHoccupies just a singleA2B2 site,

that is anexpansionof0.37%.Considering thevolumeof the site

there is an increase of 6.25%when anH is absorbed at themost

favorable A2B2 site, other less stable locations present lower

volume expansion. In the case of AB3 sites, with absorption

energies of about �0.13 eV/H, the most stable location shows a

volume expansion of 10.86%, being lower in other similar sites.

Table 5 confirmsthis expansionshowing theelongationofAeA,

AeBandBeBdistancesafterHabsorption.Afterhydrogenation,
H atom absorption in the best favorable A2B2 and AB3 sites.

Cr ZreNi CreNi NieNi ZreH CreH NieH

5a e e e e e e

0b e e e 2.01 1.75 e

3 e e e e e e

8 e e e 2.01 1.72 e

7 e e e e e e

0 e e e 2.00 1.71 e

3 e e e e e e

2 e e e 2.01 1.72 e

4 e e e e e e

7 e e e 1.98 1.75 e

7 e 2.57 e e e e

5 e 2.58 e 1.99 1.74 1.63

7 3.06 2.57 e e e e

8 3.10 2.60 e 1.98 1.74 1.61

3.06 2.57 2.57 e e e

3.03 2.67 2.54 2.04 1.73 1.63

n for the most stable A2B2 and AB3 sites.

9* AB3

Without H With H %

e e

6 0.194/0.210 0.109/0.122 �43.8/�42.0

0.254 0.145 �42.8

0.000 0.000 0.000

0.106/0.132 0.102/0.127 �4.2/�3.6

e 0.258 e

e 0.163/0.164 e

e 0.000 e
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Fig. 6 e Total energy per H and unit cell DV (%) vs. number

of hydrogen per unit cell in Zr(Cr0.5Ni0.5)2 Laves phase.
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the computed AeH and BeH distances are slightly longer than

those reported in the case of Zr0.9Ti0.1NiMn0.5Cr0.25V0.25 [10].

Among A2B2 sites, the most favorable sites are Zr Zr Cr Cr

and among AB3 are Zr Cr Cr Cr or Zr Cr Cr Ni. As a preliminary

conclusion, tetrahedral with more Ni content destabilizes the

hydride. So an increase in the Ni content beyond 50% could be

detrimental. In ZrCr2, only the Zr2Cr2 site is progressively filled

until the formula approaches ZrCr2D3.5, near the experimental
Fig. 7 e Total and projected DOS curves for pure Zr(Cr0
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limit of absorption, at which point, a minor amount of

deuterium may enter ZrCr3 sites [51].

Additionally, we computed the overlap population (OP)

betweenmetalemetal atoms before and after H absorption for

the most stable A2B2 and AB3 sites. The OP between metal-

hydrogen is also calculated. In Table 6 are described these

values. For both sites it can be seen that the metalemetal

bonds are weakened due to the hydrogen presence. On the

other hand the Zr-hydrogen bond is themost important in the

metaleH bond. A similar behavior is reported by Porutsky

et al. [52].

In order to quantify the H storage capacity, the hydrogen

binding energy was computed for different numbers of

absorbed H in the system. For each H atom added, a full

geometry optimization was carried out, letting the lattice

relax. We have found that the binding energy decreases

when additional hydrogen concentrations are considered

(see Fig. 6). This is an indication of a low interaction among

hydrogen atoms in the unit cell. Starting with 4H atoms in

the most stable A2B2 sites, and then adding successively 4

more H atoms until the system become saturated with 28H

atoms per unit cell. The computed cell volume presents a

significant change after hydrogenation. Notice an increase of

43.8% in the case of AB2H6, that is the cell containing 24H

(see Fig. 6). Several authors have reported that after hydro-

genation the volume of the AB2-Hn intermetallic with n be-

tween 3 and 4 increases by 15e25% [11,51,53]. Calculations in

a related Laves phase predict a volume expansion of about
.5Ni0.5)2. The dotted line indicates the Fermi level.
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Fig. 8 e Total and projected DOS curves for Zr(Cr0.5Ni0.5)2 with a H atom absorbed in themost stable A2B2 site. The dotted line

indicates the Fermi level.
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29% for AB2H3.5 [11]. The computed volume expansion is

about 3.2 �A3/H atom which is close to the experimental

observed volume expansion, in the order of 2.9 �A3/H atom

(10%) [54].

The electronic structure is an important factor in deter-

mining the site preference and binding energy of hydrogen to

the host system. For this reason the total and projected

density of states (DOS) curves of Zr(Cr0.5Ni0.5)2 are computed

and they are presented in Fig. 7. The total DOS curve for this

Laves structure shows that it has a metallic behavior (see

Fig. 7a). It can be seen that around the Fermi level this curve

is no symmetrical and the magnetic moment obtained is 1.38

mB (see Table 1). In addition to this, the Zr(Cr0.5Ni0.5)2 total

DOS curve around Fermi level has more occupied states

respect to ZrCr2 structure [9]. These states are mainly due to

Ni d electrons (see Fig. 7b to d). From projected DOS (PDOS)

curves it can be seen that the principal contribution to the

total DOS is due to d electrons of all components of the

structure. Moreover, the PDOS curves show the ded bonding

character of Zr(Cr0.5Ni0.5)2 as ZrCr2 system [9]. It is well

known that a deep valley separates the bonding and anti-

bonding part of the DOS curve and that the stability of the
Please cite this article in press as: Merlino AR, et al., A DFT study of hy
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compound depends of the Fermi level location. For

Zr(Cr0.5Ni0.5)2, the Fermi level is located in the bonging region

in comparison with ZrCr2 (see Fig. 7a). Then, Zr(Cr0.5Ni0.5)2
structure is more stable that ZrCr2 [55].

Fig. 8 shows the TDOS and PDOS curves for Zr(Cr0.5Ni0.5)2
containing one H atom in the A2B2 site with composition

ZrZrCrCr. There is no noticeable change after hydrogen ab-

sorptionwith respect topureZr(Cr0.5Ni0.5)2 intermetallic.There

are new states between�8 and�7 eV in the TDOS curve due to

theH1s states (seeFig. 8e).On theotherhand, theabsorptionof

28Hatoms in the structuremodified significantly theelectronic

configuration (see Fig. 9a to e). The introduction of more

hydrogen changes the electronic structure of the Zr(Cr0.5Ni0.5)2
by the creation of several metal-hydrogen bonding states. The

H 1s states can be seen in the energy range of �8 to �3 eV (see

Fig. 9e). The system remains its conductor behavior. The TDOS

and PDOS are no symmetrical and the magnetic computed is

4.38 mB. Similar results were reported by Hong et al. in ZrFe2
using DFT calculations [55].

The magnetic moments computed of hydrogenated

Zr(Cr0.5Ni0.5)2 are listed in Tables 2 and 4 The literature indicate

that H absorption has an effect inmagnetic properties, and this
drogen storage in Zr(Cr0.5Ni0.5)2 Laves phase, International Journal
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Fig. 9 e Total and projected DOS curves for Zr(Cr0.5Ni0.5)2 with 28H atoms absorbed. The dotted line indicates the Fermi level.
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effect vary significantly from one host to another [55]. For

example, Jacob et al. using X-ray analysis and a vibrating type

magnetometer (Stoner type) reported an increase in the sus-

ceptibilities, which are directly related to magnetic moment, in

ZrCr2 [56].Hongetal.notedan increase in themagneticmoment

withHabsorption and they concluded that this fact is partlydue

to the H-induced lattice expansion [55]. It is clear that above 8H

atoms the magnetic moment increase respect to pure

Zr(Cr0.5Ni0.5)2 Laves phase.
Conclusions

Pure Zr(Cr0.5Ni0.5)2 is more stable than ZrCr2 structure, so the

replacement of Cr by Ni is a favorable process. Regarding to

hydrogen absorption from chemical, electronic and geomet-

rical points of view, atomic hydrogen would prefer A2B2 sites

with composition Zr Zr Cr Cr. Moreover, an increment of

hydrogen amount in this Laves phases leads an increase in the

cell volume and magnetic moment Zr(Cr0.5Ni0.5)2. We found a

lattice expansion of about 52.19% when 28H are absorbed in

the unit cell and a saturation energy of �6.76 eV/H. The
Please cite this article in press as: Merlino AR, et al., A DFT study of hy
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electronic structure shows bonding interaction dominated by

ded and d-H1s states.
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