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a b s t r a c t

The hydrogen adsorption properties on a Pt covered Fe-terminated B2-FeTi (111) surface

are studied using the Density Functional Theory (DFT). The calculations are employed to

trace relevant orbital interactions and to discuss the geometric and electronic conse-

quences of incorporating one Pt atom or a Pt monolayer on top of the FeTi surface. The

most stable adsorption site is a distorted FCC hollow for one Pt atom and from this location

we build the Pt monolayer (ML). The H-adsorption energy is very close among BRIDGE, HCP

and FCC hollow sites (w�0.45 eV) being lower for the TOP site (�0.34 eV) in the case of a

Pt(111) fcc surface. In the case of a Pt ML/FeTi, the H more stabilized on a BRIDGE site

(w�1.13 eV) interacting with both a Pt and Fe atom. We also computed the density of states

(DOS) and the overlap population density of states (OPDOS) in order to study the evolution

of the chemical bonding after adsorption.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction

Hydrogen as an energy carrier is expected to play a crucial role

in a future more sustainable society due to the decline of the

world’s crude oil production. However, one of the key chal-

lenges for developing a new clean energy system using

hydrogen is associated with its reversible storage, trans-

portation and production [1]. Although several material have

been developed for hydrogen storage [2,3], such as metal-

organic frameworks (MOFs) [4e7], covalent-organic frame-

works (COFs) [8], carbon nanomaterials [9,10], zeolites and

mesoporous materials [11], none of them meet the ideal re-

quirements specified by the US Department of Energy (DOE)

for H-storage materials. According to the DOE, a 9.0 wt%
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gravimetric density and 81 g/L volumetric density is the

threshold for a sustainable hydrogen storage system [12].

Taking into account both safety and cost, metal/alloy hy-

drides are good candidates for hydrogen storage [13]. Ivey &

Northwood [14] and Sakintuna et al. [15] reviewed many

intermetallic alloys that have been studied so far.

Recently, Hout et al. [16] reviewed the recent progress

within the experimental methods for preparation of

hydrogen storage materials. These authors focus on mecha-

nochemical synthesis method for solid hydrogen storage.

The synthesis of innovative materials for energy conversion

and storage has received increasing focus during the past

decades due to the worlds increasing energy demands and

simultaneous needs for environmentally friendly energy

technologies [16].
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Among AB-type intermetallics, FeTi compound is one the

most promising hydrogen storage alloys due to its low cost,

reversible character for hydriding/dehydriding at near

ambient conditions, store capacity of 1.9 wt% hydrogen and

kinetics of hydrogen absorption/desorption [17e21]. On the

other hand, Reilly & Wishwall [22] observed that this alloy

reacts with hydrogen to form two ternary hydrides, i.e., FeT-

iHw1 and FeTiHw2 [23,24]. However, the two main drawbacks

of this material are: i) the activation process that it requires

high heating temperatures w400 �C and a considerable

hydrogen pressure and ii) sensitivity to impurities in the

hydrogen gas. This leads to formation of an oxide layer pre-

venting the hydrogen adsorption [18,22,25e30].

As well known, the FeTi hydrogen storage alloy exhibits

sluggish rates of H2 absorption because of stable surface oxide

layers. The occurrence of H2 dissociation is caused by the

exchange of electrons between the H2 molecules and the

metal surface [31,32]. Oxide layers on themetal surface hinder

the electron exchange and the subsequent H2 dissociation.

This process retards the whole reaction rate of hydrogen

adsorption. A nano-structured FeTi alloy (n-FeTi) exhibits

remarkably high rates of initial activation and hydrogen ab-

sorption compared with those of an untreated FeTi alloy [21].

Edalati et al. [33] shows that FeTi processed by high-pressure

torsion (HPT) absorbs and desorbs 1.7 wt% hydrogen at room

temperature without activation. The absorption pressure de-

creases from 2 MPa in the first hydrogenation cycle to 0.7 MPa

in the latter cycles.

Several experimental [18,25,34e37] and theoretical [38e42]

studies in FeTi showed that the formation of an oxide layer

can be prevented by the usage of noble metal coating, such as

palladium and platinum.

Bououdina et al. [43] and Heller et al. [44] considered Ni,

which is not as expensive as Pd, as coatingmaterial. However,

the Ni surface is sensitive to CO from air [44]. Moreover,

platinum is a well-known electrocatalytic material and is

primarily used for fuel-cell applications [2,45e48].

Hydrogen sorption performances of FeTi are very sensitive

to the preparation conditions, especially ones that result in

contamination of the material with oxygen. The effect of ox-

ygen introduction into FeTi alloy was investigated by Davids

et al. [49]. These authors observed that the increase of oxygen

content in the alloy results in the decrease of the abundance

of the main FeTi phase, together with the increase in the

abundance of Ti4Fe2O1�x. This effect is well-pronounced even

at low (0.1e0.2 wt%) oxygen concentrations, as well as when

titanium is taken in excess as compared to the stoichiometric

Ti:Fe ratio. The introduction of oxygen improved activation

performances of the FeTi based material, but decreased its

reversible hydrogen absorption capacity.

Solid-oxide-oxygen-ion conducting membrane (SOM) pro-

cess is a novel, high efficient, low cost, energy-saving, envi-

ronmentally friendly electrochemical extraction method of

metals or alloys. Taking FeTi based hydrogen storage alloy as

an example, the authors demonstrated the possibility of SOM

process to produce hydrogen storage alloy directly from the

oxide; the electrochemical performances of the obtained alloy

are also investigated [50].

In this work, a Fe-terminated B2-FeTi (111) slab is consid-

ered to study the adsorption of H with a Pt-monolayer (ML).
We used the concepts of density of state (DOS) to trace the

relevant electronic interaction and overlap population density

of states (OPDOS) to characterize the changes in the chemical

bonding after hydrogen adsorption.
2. The surface model and the computational
method

The inter-metallic B2-FeTi structure is bcc with a lattice

parameter a0¼ 2.976�A [51,52]. The unit cell for this structure is

shown in Marchetti et al. [41].

The (111) crystallographic plane was selected to perform

our study to compare with previous work from Kulkova et al.

[39]. The theoretical method and the surface model are

considered in the next sections.
2.1. Computational method

We performed first-principles calculations based on spin

polarized DFT. The Vienna Ab-initio Simulation Package

(VASP) is used to solve KohneSham equations with periodic

boundary conditions and a plane wave basis set [53e55].

Electron-ion interactions are described by ultra-soft pseudo-

potentials [56], exchange and correlation energies are also

calculated using the Revised PerdeweBurkeeErnzerhof form

of the spin-polarized generalized gradient approximation

(GGA-RPBE), which has been shown to give accurate values for

adsorption energies ofmanymolecular species [57].We used a

kinetic energy cutoff of 300 eV for all calculations, which

converges total energy to w1 meV/atom and 0.001 �A for the

primitive bulk cell. TheMonkhorstePack scheme is used for k-

point sampling [58]. An equilibrium lattice constant of

a0 ¼ 2.946 �A is used and it was obtained with a 7 � 7 � 7

converged mesh within the first Brillouin Zone. The geometry

optimization was terminated when the HellmaneFeyman

force on each atom was less than 0.02 ev/�A and the energy

difference was lower than 10�4 eV. The lattice constant is in

agreement with experimental XRD data. Bader analysis is

used to calculate electronic charges on atoms before and after

H adsorption [59].

In the case of one Pt atom in each adsorption site and a Pt

ML, the Pt adsorption energy is calculated by:

DEads ¼ ½ETotalðFeTislab þ nPtÞ � nETotalðPtÞ � ETotalðFeTislabÞ�=n (1)

where n is the number of Pt atom considered; ETotal
(FeTislabþ nPt) is the total energy of the relaxed Pt/FeTi system;

ETotal (Pt) is the total energy of an isolated Pt atom and ETotal
(FeTislab) is the total energy of the relaxed clean FeTi(111) slab.

After H adsorption, the stabilization of Pt ML/FeTi þ H can

be better investigated by comparing the adsorption energies of

Pt ML/FeTi e starting from the intermetallic surface and mo-

lecular hydrogen e given by:

DEads ¼ ETotalðH=Pt ML=FeTiÞ � ETotalðPt ML=FeTiÞ

� 1
2
ETotalðH2 moleculeÞ (2)

where ETotal (H/Pt ML/FeTi) is the total energy of the relaxed

FeTi(111) covered by a Pt ML after H adsorption, system, ETotal
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Fig. 3 e (a) Schematic top view of the Pt ML/B2FeTi. The

Fig. 1 e Schematic top view of the (111) plane of the B2FeTi

alloy. The high symmetry adsorption sites are indicated.

The shading colors indicate the different and more inner

layers. (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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(Pt ML/FeTi) is the total energy of FeTi(111) covered by a Pt ML

and ETotal (H2 molecule) is the energy of one isolated H2

molecule.

high symmetry sites are also indicated. (b) Schematic

lateral view of the Pt ML/B2FeTi where the atoms involved

in the OP bonds are indicated. The shading colors indicate

the different and more inner layers. (For interpretation of

the references to color in this figure legend, the reader is

referred to the web version of this article.)
2.2. The surface model

We represented the (111) planewith a supercell of 48 Fe and 48

Ti atoms. In order to achieve the best compromise between

computational time and accuracy of our model, we decided to

use a five layers slab separated in the [111]-direction by vac-

uum regions. The thickness of the vacuum region, corre-

sponding to 4 layers, is enough to avoid interaction between

surface images. The thickness of FeTi(111) slab should be such

that it approaches the electronic structure of 3D bulk FeTi in

its innermost layer. Our slab has two surface-like layers and

three inner layers. During the geometry optimization the top
Fig. 2 e Schematic view of the (111) plane from B2FeTi alloy afte

and (b) lateral. The shading colors indicate the different and mo

in this figure legend, the reader is referred to the web version o
three layers of the slab are allowed to relax keeping the bot-

tom two layers fixed in the bulk position. Fig. 1 shows the top

view of the clean FeTi(111) surface where the high-symmetry

adsorption sites are also indicates: TOP, BRIDGE, HCP and FCC.
r the Pt adsorption at its minimum energy position: (a) top

re inner layers. (For interpretation of the references to color

f this article.)
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Fig. 4 e Schematic top view of the Pt ML/B2FeTi(111) after H adsorption. In TOP site (a), BRIDGE site (b), FCC (c) and HCP

hollow sites (d).

Table 1 e Electron Orbital Occupation, OP and distances for the FeTi (111): clean and Pt atoms adsorbed.

Structure Electronic Orbital Occupation Bond type OP DOP%a Distance (�A)

s p d

FeTi

Fe1 0.80 0.11 8.66 Fe1eFe2 0.000 4.031

Ti1 0.44 0.11 0.97 Ti1eTi2 0.022 2.969

Fe3eTi2 0.390 2.402

FeTi D 1 Pta

Fe1 0.78 0.28 8.33 Fe1eFe2 0.000 e 4.031

Ti1 0.44 0.14 1.20 Ti1eTi2 0.017 �22.7 2.968

Fe3eTi2 0.309 �21.0 2.402

Pt 1.52 2.72 9.74 PteFe1 0.557 e 2.777

PteTi1 0.564 e 2.293

Pt ML/FeTi

Fe1 0.71 0.47 6.48 Fe1eFe2
a 0.000 e 4.195

Ti1 0.45 0.11 0.98 Ti1eTi2
a 0.027 2.969

Fe3eTi2
a 0.127 �67.5 2.966

Pt1 1.38 2.24 9.59 Pt1ePt2 0.013 e 4.172

Pt1eFe1
b 0.621 11.5b 2.641

Pt1eTi1
b 0.462 �18.1b 2.336

a Overlap population percentage change computed referring to the clean surface.
b Overlap population percentage change computed referring to the surface with one Pt adsorbed.

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 3 9 ( 2 0 1 4 ) 8 6 2 1e8 6 3 08624
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Fig. 5 e DOS curves for the B2-FeTiFe (111) before (a), (c) and (e); and after (b), (d) and (f) with one Pt adsorption. The dashed

line placed in Zero eV is the Fermi level. The curves (c)e(f) have 23 magnification.

i n t e r n 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 3 9 ( 2 0 1 4 ) 8 6 2 1e8 6 3 0 8625
The Pt ML is build considering the minimum location for a

Pt atom and optimizing the geometry. Using a cubic box of

10�A� 10�A� 10�Awe obtained a H2 bond length of 0.751�A and

a binding energy of �4.52 eV in fairly good agreement with

experimental values [60].

In order to understand Pt/FeTi and H/Pt ML/FeTi in-

teractions and bonding we used the concept of Density of

States (DOS) and the Crystal Orbital Overlap Population

(OPDOS) as described by Hoffmann [61]. The SIESTA code is

used to compute OPDOS [62,63].
3. Results and discussion

3.1. Adsorption of a Pt atom and a Pt ML

The electronic structure of pure FeTi alloy and one Pt adatom

on the surface was previously reported [1,27e31]. In the case

of one Pt atom, we considered four different high symmetry

sites in the FeTi (111) surface: TOP, BRIDGE, FCC and HCP

hollow positions.

The adsorption energy for a single Pt atom was �3.71 eV in

a distorted hollow position on the B2FeTi surface in agree-

ment with previous calculations of Gonzalez et al. [42]. It can

be seen in Fig. 2a, that the HCP hollow has higher coordination

and, therefore, becomes favorable for the adsorbed Pt atom.

This preference for high coordination of adsorbed atoms and

molecules was explained by Légaré [64].
Fig. 6 e OPDOS curves for metalemetal interaction on FeTi (111)

and (e) PteFe and PteTi one Pt adsorption. The dashed line pla
The PteFe and PteTi interaction distances are 2.777 and

2.293 �A respectively. The FeeTi distances remain very close

to the clean surface where no Pt is present. The DOS plots

in Fig. 5 look similar before and after Pt adsorption. The

only visible difference is the more hybridized d band on the

Fe projection (compare Fig. 5c and d). The OP values in

Table 1 indicate the formation of three PteFe bonds and

one PteTi bond at expenses of FeeTi and TieTi bonds.

Although a PteTi bond is developed the effect on the TieTi

OP is small.

As mentioned in the introduction, in order to prevent the

formation of an oxide layer at the B2-FeTi surface a layer of Pt

coating has been suggested [18]. The Pt ML is built matching

distorted HCP hollow sites. The minimum Pt ML-surface dis-

tance is optimized at 1.067�A from the surface level (see Fig. 3).

The adhesion energy is �3.77 eV that is very close to the

adsorption energy in the case of a single Pt atom. The PteFe

equilibrium distance is 2.641�A (somewhat shorter than one Pt

case) while the PteTi distance is 2.336 �A, which is larger than

one Pt case. This is an indication of higher distortion

comparing the case with one Pt atom and a Pt ML.

The PteFe bond is achieved at expenses of Fe3eTi2 OP

decrease (about 67.5%) while it’s bond length increase to

2.966�A. PteFe OP value increase about 11%with respect to one

Pt atom while the PteTi decrease. The PtePt distances is

4.172�A and almost no interaction is detected. Fig. 6 shown the

OPDOS curves for FeeTi, TieTi before an after; and PteFe and

PteTi after Pt adsorption.
before (a) FeeTi and (c) TieTi; and after (b) FeeTi, (d) TieTi

ced in Zero eV is the Fermi level.
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Table 2 e Adsorption energies and distances HePt, HeFe and H-surf. for Pt ML/FeTi(111) and Pd(111) FCC surfaces after H
adsorption.

Pt ML/FeTi(111) Pt(111)

TOP BRI HCP FCC TOPa BRIb HCPa FCCa

dHePt (�A) 1.70 2.10 2.45 2.47 1.57 n.a. 1.85 1.87

dHeFe (�A) e 1.70 2.60 1.68 e e e e

Eads (eV) �0.34 �1.13 �0.51 �0.97 �0.34 �0.40 �0.45 �0.46

dH-surf. (�A) 1.70 0.10 �0.10 0.60 1.57 n.a. 0.86. 0.91.

a Ref. [65].
b Ref. [66].

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 3 9 ( 2 0 1 4 ) 8 6 2 1e8 6 3 08626
3.2. Adsorption of an H atom on the on the Pt
ML/FeTi(111)

After the adsorption of a Pt ML, its effect on the adsorption of

hydrogen is also studied. The BRIDGE site is found the most

favorable location followed by FCC and HCP hollows and TOP

sites (see Table 2). This is due to the large coordination
Fig. 7 e DOS curves for the Pt ML/B2FeTi(111) before (a), (c) and (

sites. The dashed line placed in Zero eV is the Fermi level. The

respectively. The bar on the left indicates H energy before adso
number of the nearest neighbors and minimum repulsion

between overlaps charge densities of the metal and the

hydrogen atom as was previously reported by Kulkova et al.

[39] and Lee et al. [38]. The hydrogen atom is located 0.10 �A

above the surface on the BRIDGE site (see Fig. 4b) and in all

sites, except TOP, the adsorption energies are more stable

than the case of the pure Pt fcc surface [65,66]. The adsorption
e); and after (b), (d), (f) and (g) H adsorption in all symmetric

curves (a)e(d) and (g) have 23 and 53 magnification

rption.
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Table 3 e Electron Orbital Occupation, OP and distances
for the PtML/FeTi (111) system after Hydrogen adsorption
per site.

Structure Electronic Orbital
Occupation

Bond
type

OP DOP%

s p d

H TOP

Fe 0.71 0.45 6.51 Fe1eFe3
a 0.000 0.0

Ti 0.45 0.13 0.88 Ti1eTi2
a 0.026 �3.7

Fe3eTi2
a 0.129 þ1.6

Pt 1.14 2.37 9.44 Pt1ePt3
b 0.011 �15.4

Pt1eFe1
b 0.566 �8.8

Pt1eTi1
b 0.510 þ10.4

H 1.29 0.00 0.00 HePt1 0.721 e

H BRI

Fe 0.59 0.41 6.35 Fe1eFe3
a 0.000 0.0

Ti 0.45 0.13 0.88 Ti1eTi2
a 0.027 0.0

Fe3eTi2
a 0.126 �0.8

Pt 1.31 2.13 9.54 Pt1ePt2
b 0.000 �100

Pt2eFe3
b 0.442 �28.8

Pt1eTi1
b 0.454 �1.7

H 1.21 0.00 0.00 HePt1 0.280 e

HeFe3 0.213 e

H HCP

Fe 0.68 0.44 6.55 Fe1eFe3
a 0.000 0.0

Ti 0.45 0.13 0.88 Ti1eTi2
a 0.027 0.0

Fe3eTi2
a 0.130 þ2.4

Pt 1.35 2.14 9.55 Pt1ePt3
b 0.000 �100

Pt2eFe3
b 0.632 þ1.8

Pt1eTi1
b 0.458 �0.9

H 1.29 0.00 0.00 HePt1 0.157 e

HePt3 0.231 e

HeFe3 0.022 e

H FCC

Fe 0.57 0.45 6.33 Fe1eFe3
a 0.000 0.0

Ti 0.45 0.13 0.87 Ti1eTi2
a 0.028 þ3.7

Fe3eTi2
a 0.107 �15.7

Pt 1.35 2.11 9.59 Pt1ePt3
b 0.000 �100

Pt2eFe3
b 0.493 �20.6

Pt1eTi1
b 0.462 0.0

H 1.28 0.00 0.00 HePt1 0.079 e

HePt3 0.119 e

HeFe3 0.324 e

a Overlap population percentage change computed referring to the

clean surface.
b Overlap population percentage change computed referring to the

surface with Pt pre-adsorbed.

Fig. 8 e OPDOS curves for PteFe bond before (a) and (e) and afte

dashed line placed in Zero eV is the Fermi level. All curves hav

i n t e r n 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 3 9 ( 2 0 1 4 ) 8 6 2 1e8 6 3 0 8627
on TOP site present a longer HePt distance compared with the

Pt(111) surface while the adsorption energy is the same

(�0.34 eV).

The FeeH distance (1.70 �A) is close to that computed by

Juan & Hoffman on pure Fe(110) surface [67], in fcc Fe con-

taining a vacancy [68] and on FeTi(110) surface with a one Pt

atom pre-adsorbed [41].

The changes in DOS are presented in Fig. 7. In the case of H

located in a BRIDGE a small peak at about�6.35 eV indicates H

stabilization after adsorption. This interaction can be seen on

the Fe and Pt projection. In the cases of hollow sites, the

interaction is lower but runs from �6 eV to EF. The H on TOP

present a small peak at �4.94 eV and a projection only on Pt

atom as expected. Table 3 presents the changes in metal-

emetal OP after H adsorption. In the more stable site, the

Pt1ePt2 BRIDGE, the Pt2eFe3 OP decrease 28.8%while twoHePt

bonds and one HeFe bond are formed. The small Pt1ePt2 OP

disappear when hydrogen is present. Figs. 8 and 9 show the

changes on metalemetal OPDOS curves after H adsorption.

Fig. 8 compares Pt2eFe3 and Pt1eFe3 bonds before and after H

adsorption. In the BRIDGE adsorption site (see Fig. 8b) the

metalemetal bonding at �3.64 eV peak decrease and a

bonding peak at�6.35 eV (related to H) is developed. The loose

of bonding peak is also present in FCC hollow site but the

HeMetal bonding peak is less stabilized at �5.88 eV. Fig. 9 also

shows less bonding area between �2 eV and EF for the Ti1ePt1
bond after H adsorption on the BRIDGE site. Finally Fig. 10

shows the bonding interaction for HePt and HeFe, the

bonding peaks locate at lower energies compared with FCC,

HCP and is close to TOP.
4. Conclusions

In this work, the influence of pre-adsorbed Pt on hydrogen

adsorption on Fe-terminated B2-FeTi (111) is theoretically

studied. Our results indicate that the hydrogen is located on a

BRIDGE site when a Pt ML covers the FeTi surface. In addition,

the OPDOS curves show that the presence of the hydrogen

leads to a weakening of metalemetal bonding due to the for-

mation of new bonds between metal and H; being the HeFe

and HePt bonds the most important.
r (b)e(d) and (g) H adsorption in all symmetric sites. The

e 43 magnification.

http://dx.doi.org/10.1016/j.ijhydene.2013.12.072
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Fig. 9 e OPDOS curves for PteTi bond before (a) and after (b)e(e) H adsorption in all symmetric sites. The dashed line placed

in Zero eV is the Fermi level. All curves have 23 magnification.

Fig. 10 e OPDOS curves for metaleH bond for all symmetric sites. The dashed line placed in Zero eV is the Fermi level.

Curves (a)e(f) have 23 magnification.
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