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ABSTRACT

The interaction of hydrogen and platinum with B2-TiZn (001) surface was studied
by means of spin-polarized density functional theory (DFT) calculations. H and Pt on TiZn
adsorption energies were calculated taking into account high symmetry adsorption sites.
Both adatoms prefer to be adsorbed on the hollow site where the higher coordination
number allows them to minimize the repulsion among the overlapping charge densities of
them and surface. Furthermore, the influence of pre-adsorbed Pt on the H adsorption was
analyzed in detail. It was found that this process is enhanced when Pt is doping TiZn
surface. The electronic structures and changes in the chemical bonding for both adsorbates
on Ti alloy surface were computed by density of states (DOS) and overlap population (OP)
methods, concluding that 3dX2_y2, 3d,” and 3p, Ti, 5p, Pt orbitals play an important role in H
adsorption, as well as it was deduced that the strong overlap between Pt and Ti orbitals
allows H atoms bond more effectively on the surface. A Bader’s analysis revealed that H

and Pt act as electron acceptors while surface Ti atoms act as electron donors during the H

adsorption process.

H-storage behavior on TiZn and Pt-doped TiZn alloys


http://dx.doi.org/10.1039/c6ra12964a

Page 3 of 25 RSC Advances

View Article Online
DOI: 10.1039/C6RA12964A

1. INTRODUCTION

Energy is considered a key input for a sustainable development. Among of the
potential solutions to the current environmental problems hydrogen and fuel cell energy
systems appear to be the most effective ones. Also, they can play a significant role in
providing not only a better environment and sustainability but also a clean, safe, reliable
and secure energy supply'. Nevertheless, hydrogen storage is a challenge because it implies
the reduction of a huge volume of hydrogen gas as well as the reversibility of uptake and
release”.

Moreover, the hydrogen adsorption study in materials plays a crucial role in the
material science. In many metals, it can lead to premature failure under stress, a phenomena
referred as hydrogen embrittlement. This mechanism is believed to be different depending
on whether or not stable hydrides can be formed. Metal hydrides are also important as a
potential hydrogen source for small portable fuel cells’. Reversible hydriding can be used
as a fuel storage mechanism for operation with large fuel cells for stand-alone power or for

. 4-
automobiles *.

Many researchers have investigated hydrogen adsorption, dissociation and diffusion

Published on 20 July 2016. Downloaded by Cornell University Library on 20/07/2016 13:26:28.

on metallic surfaces®'’, being Mg-based metal hydrides one of the most studied for
competitive mobile hydride storage with the reversible hydrogen capacity of up to
7.6 wt%!''. Unfortunately, the main disadvantages of MgH, as a hydrogen store are slow
desorption kinetics, the high temperature of hydrogen discharge, and a high reactivity
toward air and 0xygen12’13.

Besides a variety of materials such as LaNis, FeTi, AB, type compounds and Ti-

based body centered cubic (BCC) alloys are well known as systems with potential
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6. 14 Although these materials are attractive for their

hydrogen storage applications
operational safety, high volumetric density and low energy inputs; they present a critical
drawback: their low gravimetric energy density at ambient temperature and pressure'”.
Among AB-type intermetallic materials, TiZn systems have gained importance in
recent years for their many practical applications'’. TiZn compounds play a significant

21-24

role in the galvanizing steel industry and they are used as metal coatings for corrosion

. 2526
protection™

. However there is still a lot of aspects to study regarding H-storage behavior
in these alloys.

On the other side, Platinum (Pt) is one of the most practical catalysts because of its
excellent activity and durability”’. Although Pt has major environmental applications in
technological important areas, such as the catalytic conversion of biomass to hydrogen, it is
an extremely expensive and natural limited resource®. Because of this, it is desirable to
develop new catalysts with reduced Pt content and good performance®.

The hydrogen interaction with TiZn (001) surface and Pt-doped TiZn surface was
studied. The preferential adsorption geometries, adsorption energies and electronic
properties were determined using spin-polarized density functional theory (DFT)

calculations. The concept of density of states (DOS), overlap population (OP) and Bader

charge were employed in the analysis of electronic structure and bonding evolution.
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2. THEORETICAL METHOD AND ADSORPTION MODEL

Spin-polarized density functional theory (DFT) calculations were performed* using
the Vienna Ab initio Simulation Package (VASP)*'. The projector-augmented wave (PAW)

pseudopotencial****

was used to account for the electron-ion core interaction, using the
Perdew-Burke-Ernzerhof form of the generalized gradient approximation (GGA-PBE)* for
exchange-correlation term.

The TiZn (001) surface was simulated using a (2 x 4) slab model containing 24 Ti
and 16 Zn atoms and a 21 A vacuum in the [001] direction (see Figure 1(a)). The Brillouin
zone was integrated using an 11 x 11 x 1 Monkhorst-Pack k-point mesh®>. For the plane-
wave basis set a cutoff of 500 eV was used. Both selected values were optimized searching
for convergence for the sake of balance between calculation time and accuracy. The top
three layers of the slab were relaxed while the bottom two layers were kept fixed to the
bulk positions in order to minimize the computational cost. The total energy convergence
and the forces on the atoms were less than 10™ and 0.01eV/A, respectively. Self-consistent

calculations were considered to converge when the difference in surface total energy

between consecutive steps did not exceed 10 eV. In the same way, static calculations were

Published on 20 July 2016. Downloaded by Cornell University Library on 20/07/2016 13:26:28.

considered to converge using the same criterion.

To understand hydrogen-metal and metal-metal interactions and bonding we used
the concepts of density of states (DOS) and atom projected density of states (PDOS). The
last was calculated by projecting one-electron states onto spherical harmonic atomic
orbitals centered on atomic sites. A qualitative study of the bonding between different
atoms was also performed using the overlap population (OP) concept in extended structures

(OPDOS)36’37, as implemented in the SIESTA code®™*’. The same approach was recently
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used to analyze the changes in bonding after adsorption in Pt and VSb mixed oxydes**!

and others systems'”**. Additional bonding analysis was calculated by the DDEC6
method*™. Bader analysis®® as implemented by Tang et al.*’ was used to calculate
electronic charges on atoms.

The calculated lattice parameter obtained for bulk TiZn, which crystallizes in a CsCl
structure (Pm_3m, group N°221), was ap = 3.141 A, which is in good agreement with the
experimental value (ap = 3.146 A)*® and theoretical value ao = 3.138 A'®. The TiZn surface
was computed using the obtained bulk parameter. We considered high-symmetry sites for
H and Pt adsorption on the Ti alloy i.e. on top of Ti atom (T;), in a bridge between two

nearest-neighbor surface atoms (Bg) and in a hollow site (Hs) (Figure 1).

Vacuum GAP
21A (a)

~—7Zn

[100]

Figure 1. (a) Side view of TiZn (001) slab model (b) schematic top view of slab model and

location of the studied adsorption sites.
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First, we considered the adsorption energy of a Pt atom on TiZn surface, following
the equation:

Eads (Pt) = E (pt/1izn)— E ) — E (Tizn) (1)
where Epyrizn) 1s the total energy of the adatom Pt adsorbed on TiZn surface, E(rizn is the
energy of the pure TiZn surface and E ) is the energy of an isolated Pt in a cubic box of 10
x 10x 10 A°.

The binding (Ey) and adsorption (E,4) energies for hydrogen addition on TiZn and
Pt/TiZn were calculated according to the following expression given by Lee et al.”.

Ey(H)=Ewms) -E@s-Em 2)

Eass (H)=E ms)—E (59— 2 E 1) 3)
where E) i1s the energy of one H atom and Exp) is the energy of one isolated H, molecule
in a cubic box of 10 x 10 x 10 A®. H-H bond length of 0.750 A and a binding energy of -
4.538 ¢V were found in fairly good agreement with experimental values™* and theoretical
calculations™. E(-s) is the total energy of the H adsorbed on the surface; Es) is the energy
of the pure TiZn surface. It should be noted that when H is considered on Pt doped TiZn,

E-s) 1s the total energy of the H adsorbed on Pt/TiZn surface and Eg) is the energy of the

Published on 20 July 2016. Downloaded by Cornell University Library on 20/07/2016 13:26:28.

Pt adsorbed on TiZn (001) surface.
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3. RESULTS AND DISCUSSIONS

3.1 Hydrogen and Platinum adsorption on TiZn (001) surface

Spin-polarized calculations were carried out in order to get the optimal electronic
structure and valid energy values. We obtained a magnetism of 3.187 uB for the bare
surface. Transition metal (TM) elements are known for presenting effects due to their d-
electrons, i.e. relatively strong localization (inducing magnetic moments, formed mainly
because of the intra-atomic exchange interaction), directional bonding and high density of
states near the Fermi level™.

The total and Ti- and Zn- projected density of states (DOS and PDOS) curves for
the bare surface are shown in Figure 2. It can be noticed that Ti and Zn states are strongly
hybridized between -8.5 eV and 3 eV. These results are in agreement with theoretical

118

calculations reported by Gosh et al.® who also reported strong hybridization effects

between Zn and Ti atoms.

—— TiZn (001) total
— Ti projected
Zn projected

DOS/ a.u

9 8 7 6 S5 4 -3 -2 -1 0 | 2 3 4 5
Energy/eV

Figure 2. DOS (in black) and PDOS curves for pure TiZn (001) surface calculated by VASP. The
PDOS for Ti and Zn are plotted using blue and red lines, respectively.
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The adsorption of Pt and H on TiZn was studied taking into account the three sites
previously described. It was found that the Hg site is the most favorable for H and Pt
adsorption on the surface (see Figures 1 and 3 and Table 1). Similar results were reported
for other (001) surfaces®>°.

Table 1. H and Pt binding energies, E;, (€V), for all studied systems
Site H-TiZn Pt-TiZn H-Pt/TiZn

T, -0.078 -3.087 -2.479
B, BH, B—H, B—H,
H; -1.092 -5.208 -3.141
Top Pt - - -2.205
* After relaxation, Pt and H atoms which were located originally in B, site move to Hg (Bs—Hs)

(a)

Published on 20 July 2016. Downloaded by Cornell University Library on 20/07/2016 13:26:28.

E,(H)=1.181eV E, . (Pt)=-5.198 eV
E,(H) =-1.091 eV mag = 6.502 p,
mag =3.134 p,
[010]

E,.(H)=-0.870 eV
E,(H)=-3.141 eV
mag =2.425 p,

(c)

Figure 3. Schematic top view of TiZn (001) surface and the adsorption sites: (a) H adsorption and
(b) Pt adsorption on TiZn and (c) H adsorption on Pt-TiZn
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The optimized bond lengths and OP values for the clean TiZn surface, H-TiZn and
Pt-TiZn are presented in Table 2. The calculated binding energy of H atom on pristine TiZn
(001) was -1.091 eV at a H-Ti distance of 2.122 A with an OP value of 0.152, as H atom is
located on a hollow site it interacts equally with 4 Ti atoms namely Ti;, Tip, Tis and Tis in
Figure 1, with a total overlap of 0.606. Kulkov et al.” reported a H-Ti distance of 1.86-1.92
A for metal-terminated surface Me/TiMe (001) and Gupta et al.”’ computed a H-Ti distance
of 2.189 A for TiNiH compound; our results are in fair agreement with these calculations.

Meanwhile, Pt adsorption energy calculated according eq. 1 was -5.198 eV. Ti-Pt
bonds are originated with lengths and OP values between 2.574-2.577 A and 0.705-0.712,
respectively, as Pt atom is also located on a Hs, it interacts with 4 Ti atoms giving a total
overlap of 2.836. This is a strong bond between Pt and the surface, inasmuch as only TMs
are involved. Similar findings were computed by Celik et al.”® for Pt/TiO, where the
authors found a Pt-Ti bond length of 2.49 A. In both cases, H and Pt adsorption processes
almost no H-Zn or Pt-Zn interaction was detected.

It can be seen in Table 2 that OP values decrease for Ti-Ti bonds near to the
adsorption sites by 23% while OP for Ti-Zn bonds diminish by 2% when Ti-H bonds are
formed. Meanwhile, OP values for Ti-Ti bonds and Ti-Zn bonds show a reduction by 50%
and 11% respectively, after Pt adsorption. These results indicate that the interaction
between Pt and Ti are stronger than H and Ti. On the other side, Zn-Zn bonds are slightly
affected. A similar analysis can be done using OPs computed with DDEC6***® from VASP
output files. Table 2 presents the values for selected bonds. Although a direct comparison
of absolute values with those from SIESTA cannot be done, the changes and the tendency

of decreasing or increasing in a particular OP present a similar behavior.

10
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Table 2. Bond distances (d) and Overlap Population (OP) for optimized TiZn surface, H-TiZn and

Pt-TiZn" systems

TiZn (001) H-TiZn (001) i Pt-TiZn (001)
Bond OP OP OP OP
/A (siEsTA) Y A (SIESTA) (DDEC6) ¥ A (SIESTA)
Ti,-Ti, 2.706  0.435  2.683  0.351 0314 2730  0.219
Ti,-Ti; 2706 0435  2.698  0.446 0370 2.690  0.400
Ti,-Tis 2706  0.427  2.693  0.331 0307  2.748  0.219
Ti,-Tis 2.706  0.435  2.684  0.351 0314 2728  0.221
Tis-Tis 2.706  0.435  2.698  0.450 0370  2.689  0.402
Zn-Zn; 2.706 0205 2700  0.210 0.268  2.683  0.221
Ti-Zn, 2.771 0223 2771 0218 0225 2795  0.203
Ti»-Zn, 2.771 0224 2771 0219 0.225  2.805  0.198
TisZn, 2771 0224 2771 0.219 0225 2805  0.198
Tis-Zn, 2.771 0223 2771  0.218 0225 2799  0.201
H-Ti, 2122 0.151 0.224
H-Ti, 2122 0.152 0.224
H-Ti, 2122 0.152 0.224
H-Tis 2.122  0.151 0.223
H-Zn, 2.960  0.009 0.028
Pt-Ti, 2574 0.708
Pt-Ti, 2576 0.712
Pt-Ti, 2577 0.711
Pt-Tis 2.577  0.705
Pt-Zn, 3.724  0.007

? See atom labeling in Fig. 1(b) and Fig. 3.

® op computed with DDEC6 for selected bonds*’

It can be seen in Table 3 that the binding in the hollow position occurs mainly

through the combination of H 1s and Ti 4s, 3dy, and 3dy, states in the case of hydrogen

adsorption, whereas Pt atom suffers a rearrangement of its orbital occupation during the

bonding process and interacts mainly with 3p,, 3d,> and 3dX2_y20rbitals of surface Ti atoms.

Similar results were reported by Lee et al.>'. On the other hand, electron orbital occupations

of Zn remain without meaningful changes during both adsorption processes.

11
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Table 3. Electron Orbital Occupations for Optimized TiZn surface, H-TiZn and Pt-TiZn systems

(VASP)

s PPy P 42 d} dy dy  dy
Bare atom
Pt 0.00 0.00 0.00 0.00 2.00 2.00 2.00 2.00 2.00
H 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Tiznsurface
Ti 0.69 0.06 0.06 0.06 0.77 033 0.57 054 0.54
/n 1.19 045 046 052 199 199 199 199 1.99
H-TiZn
H 1.54 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.61 0.06 0.06 0.06 0.80 0.32 0.50 0.51 0.53
/n 1.19 045 046 051 199 199 199 199 1.99
Pt-TiZn
Pt 1.52 136 136 150 192 193 190 193 1.93
Ti 0.61 0.07 0.07 0.12 049 039 048 046 0.49
/n 1.20 044 045 049 199 199 199 199 1.99

Regarding the Ti-H, Pt-Ti, Ti-Ti and Zn-Zn OPDOS curves, it can be observed that

the interactions are mainly bonding, Figure 4 (a)-(f). As a reference, contributions above

the horizontal axis are bonding between specified atoms, while contributions below are

antibonding. Figure 4 (a) and (d) show a strong overlapping among H and Ti atoms and

among Pt and Ti atoms, respectively.

When H atom is adsorbed on TiZn surface, the

bonding area of Ti-Ti bonds decreases while the bonding area of Zn-Zn bonds is not

affected (see Figure 4 (b) and (c)). A similar behavior is found when Pt atom is adsorbed on

the (001) surface (see Figure 4 (e) and (f)). Also it can be observed that Ti-Zn OPDOS

curves do not show significant changes after H or Pt adsorption.

12
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Figure 4. OPDOS curves of selected bonds: (a) H-Ti formed bond, (b) Ti-Ti bonds before and after,
(¢) Zn-Zn and Ti-Zn bonds before and after H adsorption on TiZn, (d) Pt-Ti formed bond, (e) Ti-Ti
bonds before and after, (f) Zn-Zn and Ti-Zn bonds before and after Pt adsorption on TiZn. All
calculations from SIESTA.

The DOS curves corresponding to H-TiZn and Pt-TiZn are plotted in Figure 5 from

panel (a) to panel (f).

It can be observed that systems maintain the strong states

hybridization after H or Pt adsorption on TiZn, mainly near the Fermi level. Moreover, H

band states are stabilized at -5 eV below the Er whereas the main Pt band states are located

between -4.8 eV and -1.80 eV. In both cases, Zn and Ti states are mixed in all plotted

energy range.

13
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DOS / a.u.

Energy/eV Energy/eV
Figure 5. DOS curves for: (a) H-TiZn total, (b) H atom projected, (¢) Ti atoms and Zn atoms
projected corresponding to H-TiZn, (d) Pt-TiZn total, (¢) Pt atom projected, (f) Ti atoms and Zn
atoms projected corresponding to Pt-TiZn as calculated by VASP.

Also, it can be observed that H adsorption on TiZn surface leads to a slightly
decrease in the magnetic moment from 3.187 uB (clean surface) to 3.134 uB (H-TiZn). In
contrast, Pt adsorption increases the total magnetic moment from 3.187 pB to 6.502 uB (Pt-

TiZn) which is expected from the unfilled d shell of TMs.

3.2 Hydrogen adsorption on Pt/TiZn (001)

When a hydrogen atom is adsorbed on Pt-doped TiZn, it is also located on a Hg
position with Ti-H bond distances between 2.056 and 2.148 A and Zn-H bond distance of
2.902 A. The H adsorption energy is enhanced from 1.181 eV (on TiZn) to -0.870 eV on

Pt-TiZn, the negative value indicates that no energy is required in order to adsorb a H atom

14
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on the surface. The H binding energy is improved as well from -1.091 eV (on TiZn) to -
3.141 eV on Pt-TiZn, the last value is similar to those obtained by Kulkova et al* in which
authors have studied the binding energy of H atom on some pure and TM doped-titanium
alloy (001) surfaces, their values are around -2.62 and -3.25 eV depending on which atom
H is bonded to. Most of the articles in literature report H, binding energy which cannot be
used to compare our results. However, Jeloaica et al.*” have reported the binding energy for
H atom on graphene, obtaining an energy of about -0.57 eV. Recently, Zhuang et al.®’ have
calculated the hydrogen binding energy for an H atom on Tungsten carbide (WC) pure and
Pt doped; they have found that hydrogen binding energies for the W- and C-terminated are
as large as -0.98 to -1.17 eV when the H atoms are adsorbed on the most stable sites,
respectively. We can see that the presence of TMs improves the interaction of H with the
surface. Moreover, H introduces a decrease in the total magnetic moment of Pt-TiZn (001)
system.

The OP values and bond distances corresponding to the adsorption process are
presented in Table 4. In comparison with H-Ti bond lengths presented in Table 3, these

results show that H-Ti, and H-Tis bond lengths elongate 2% while their strength decreases

Published on 20 July 2016. Downloaded by Cornell University Library on 20/07/2016 13:26:28.

by 24% ; in contrast, H-Tis and H-Tie strength is increased by 25%. At the same time, it can
be seen that the OP values of Pt-Ti; and Pt-Tis bonds are incremented by 6% whereas Pt-
Ti, and Pt-Tis diminish their distances by 10%.

There is no Pt-H bonding after H adsorption on Pt-doped TiZn (001) surface as it
can be observed in Table 4 and Figure 6 (a). Nevertheless an energetic improvement can be
seen when the H adsorption occurs in presence of Pt, this can be explained considering the
total overlapping values, i.e. taking into account that both Pt and H atoms are adsorbed on

hollow sites surrounded by four Ti atoms. In order to understand the magnitude of the

15
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bonding it is needed to consider the four OP values involved in the adsorption. In the case
of H adsorbed on pristine TiZn surface the total OP (1H - 4Ti atoms) value is 0.606;
however, when H is adsorbed on Pt doped TiZn surface this value increases to 0.611. On
the contrary, a total OP value of 2.836 is found for Pt adsorbed on clean surface;
meanwhile, in presence of H this OP value diminishes to 2.775. This leads us to suggest
that, the preference for the hollow position is related to two factors: the higher coordination
number in this site and the minimization of the repulsion among the overlapping charge
densities.

Table 4. Bond distances (d) and Overlap Population (OP) for Optimized H-Pt/TiZn"
H-Pt/TiZn (001)

Bond d/A OP AOP%°
(SIESTA)
Ti-Ti, 2.756  0.208 -5.0
Tir-Ti; 2.696  0.293 -26.8
Ti,-Tis 2.703  0.192 -12.5
Tis-Tis  2.756  0.207 -6.4
Tis-Tis 2.696  0.293 27.1
ZHI-ZHH 2.691 0.222 0.5
Ti-Zn; 2.792  0.207 2.0
Ti»-Zn; 2.810  0.198 0.0
Ti>-Zn; 2.790  0.208 -7.6
Tis-Zng 2.777  0.219 5.2
TisZn; 2.791  0.205 3.5
Tis-Zn; 2.810  0.198 -1.5
Tis-Zn; 2.790  0.205 -8.1
Ti¢-Zny 2.777  0.218 5.2

H-Ti, 2.148 0.115 -
H-Ti;  2.056 0.190 -
H-Tis  2.148 0.117 -
H-Tis 2.056 0.189 -
H-Zn; 2.902 0.010 -
Pt-H  3.060 0.000 -

Pt-Ti, 2.542 0.751 6.1
Pt-Ti, 2.639 0.636 -10.7
Pt-Ti, 2.543 0.754 6.0
Pt-Tis  2.639 0.634 -10.1
Pt-Zn;, 3.749 0.008 0.0

* See atom labeling in Fig. 1(b) and Fig. 3
b Percentages are related to Pt atom adsorbed on surface
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Moreover, Ti atoms participate in the bonding process mainly by their 3p,, 3dy.y and

3d,”.,” orbitals as we can see in Table 5. Also, it can be noticed that the bonding mechanism

between Ti and Zn is still dominated by p-d hybridization.

Table 5. Electron Orbital Occupations for Optimized TiZn surface and H-Pt/TiZn system (VASP)

s pr Py P & 4 dy dy dy
Bare atoms
Pt 0.00 0.00 0.00 0.00 2.00 2.00 2.00 2.00 2.00
H 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Tiz R jean surface
Ti 0.69 0.06 0.06 0.06 0.77 0.33 0.57 0.54 0.54
Zn 1.19 045 046 052 199 199 199 199 1.99
H-Pt/TiZn
H 1.53 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pt 1.52 136 136 150 193 1.93 190 193 1.93
Ti, 0.56 0.06 0.07 0.10 049 035 042 046 048
Ti; 0.61 0.05 0.05 0.06 0.71 0.28 0.51 049 0.54
Tiy 0.61 0.06 0.07 0.12 045 039 050 046 047
Zny 1.20 043 045 049 199 199 199 199 1.99
Zny 1.20 045 045 051 199 199 199 199 1.99

The evolution of the chemical bonds was examined through the analysis of OPDOS

curves for selected bonds (see Figure 6). As it can be noticed H-Ti, Pt-Ti, Ti-Ti and Zn-Zn

interactions are mainly bonding after H adsorption on Pt/TiZn surface. While Pt-Ti (b) and

Ti-Ti (c) bonds decrease their area under the Eg, Zn-Zn bonds (d) remain almost the same

after H adsorption. In the case of H-Pt, bonding and antibonding areas are compensated,

thus the interaction is non-bonding.
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Figure 6. OPDOS curves for selected bonds: (a) H-Ti formed bond and H-Pt bond, (b) Pt-Ti bonds
(c) Ti-Ti bonds and (d) Zn-Zn bonds before and after H adsorption on Pt/TiZn as calculated by
SIESTA

The density of states (DOS) corresponding to H-Pt/TiZn is plotted in Figure 7 from
panel (a) to panel (c). When H is adsorbed on Pt/TiZn, H Is-state is located around -5.25
eV below Er while Pt states are slightly displaced in comparison with those from Pt-TiZn

without H, from -4.8 to -4.5 eV. Figure 7 (c) shows the Ti states and Zn states still strongly

hybridized after H adsorption.
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Figure 7. DOS curves for: (a) H-Pt/TiZn total, (b) H atom and Pt atom projected, (c¢) Ti atoms and

As charge transfer is an important component in the nature of the surface metal-

In Table 6 the Bader’s charges for all studied systems are presented. It can be
noticed that Ti atoms act as electron donors; whereas Zn atoms act as electron acceptors

given that Zn is more electronegative than Ti. This tendency can be seen in Figure 8 (a)

When H is adsorbed on the surface, it is surrounded by 4 Ti atoms which transfer a
total charge of 0.431e". As a consequence of the charge transfer from Ti to H, Zn atoms
diminish their electron density. Thus, Zn near to the adsorption site loses 0.103 ¢". In Figure

8 (b), it can be observed H charge density distribution in the Hs site and its interaction with
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the nearest Ti atoms. A similar behavior was found in metal-transition hydrides reported by

Smithson et al.>

Table 6. Bader’s charge of TiZn (001), H-TiZn, Pt-TiZn, H-Pt/TiZn (in €") calculated by VASP

TiZn (001) H-TiZn Pt-TiZn H-Pt/TiZn

H 0.633 0.598
Pt 1.092 1.044
Ti, -0.414 -0.536  -0.630 -0.625
Ti, -0.414 -0.500  -0.633 -0.715
Tiz -0.414 -0.333  -0.373 -0.543
Ti, -0.414 -0.544  -0.634 -0.647
Tis -0.414 -0.507  -0.628 -0.738
Tig -0.414 -0.333  -0.423 -0.552
Zn, 0.788 0.685 0.678 0.650
Zny, 0.788 0.675 0.740 0.711

The contour map of charge density distribution of Pt-TiZn is shown in Figure 8 (c).

A relatively high electron density region extends from the Pt atom site to the interacting Ti

atom sites. As a result of the greater affinity among Pt and Ti atoms on the Hg site, the

interaction among Zn and Ti is weakened. In this case, Ti atoms act as electron donors and

lose between 0.214 and 0.220 e while Pt gains 1.092 ¢ (see Table 6).

Finally, when H is adsorbed on Pt doped-TiZn, it can be noticed that H and Pt act as

electron acceptors while Ti superficial atoms still act as electron donors. Since H and Pt are

located in high-symmetry positions, they gain 0.598 e- and 1.044 e-, respectively whereas

Zn atoms near the adsorption sites lose between 0.077 and 0.138 e- during the H adsorption

process. As seen from Figure 8 (d) the regions of high electron densities are expanded from

H and Pt sites to Ti sites but they are not symmetric. Furthermore, it can be observed that H
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has a greater affinity for Ti atoms than for Pt which is consistent with the OP value of cero

for Pt-H (see Table 4).

Figure 8. Contour plots of charge density distribution projected along [100] axis of (a)
TiZn surface, (b) H-TiZn, (c) Pt-TiZn and (c) H-Pt/TiZn systems. Blue -Green- Red colour

scale was used, ranging from red for high to blue for low electron density.
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4. CONCLUSIONS

Spin-polarized density functional theory (DFT) calculations were performed in
order to understand the interaction among H, Pt and B2-TiZn (001) surface at a
microscopic level. It was found that the Pt doping enhances significantly the hydrogen
adsorption process on the alloy. This behavior was explained by a throughout analysis of
their electronic and chemical bonding properties.

Both H and Pt prefer to be adsorbed on the hollow site where the higher
coordination number allows them to minimize the repulsion among the overlapping charge
densities of H, Pt and surface. Moreover, 3dx2_y2, 3dZ2 and 3p, Ti, 5p, Pt orbitals play an
important role in this process and the high overlapping among Pt and Ti orbitals enables a
more effective H bonding to the surface. This is a result of charge transfer among
interacting atoms, H and Pt accept charge density from Ti atoms which constitute the
hollow sites. It was also found that the adsorption of H and Pt on the surface changes the
total magnetic moment, due to the interaction among H and Pt single spin and open d shells
of Ti atoms. Finally, it was useful the bonding analysis from SIESTA and DDEC6 being

the last a direct application from VASP output data.
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