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In this work, the adsorption of several unsaturated hydrocarbon molecules on a stepped Pd(4 2 2) surface
was studied. Using a periodic method based on the Density Functional Theory (DFT) formalism, different
adsorption geometries for ethylene, three butene isomers (cis/trans-2-butene and 1-butene), acetylene
and 2-butyne were investigated. The results were compared with those obtained for a free defect surface
as Pd(1 1 1). The 1-butene is more stable on the free defect surface than on Pd(4 2 2). On the stepped sur-

g?yr‘fl"ord;: . face, the olefins adsorb tilted towards the step and increases, in almost all the cases, the magnitude of the
P dec;aalyxrpnon adsorption energy. Conversely, the 3-fold site is the most stable for the alkynes adsorption on the stepped

Stepped surface surface, as it was found on Pd(1 1 1). The analysis of the dipole moment change indicate a charge transfer
Theoretical approach from the double bond of the olefin to the metallic surface, being higher for the Pd(1 1 1) surface. In case of
DFT the alkynes, an important back-donation is produced. Except the alkynes and the 1-butene molecule, the

results show the preference of ethylene and cis/trans-2-butene to be adsorbed on the stepped surface.

These observations are related with experimental catalytic results.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The transition metal catalysts are usually used for the hydroge-
nation reactions of alkenes, alkynes, aromatics, aldehydes, ketones
and carboxylic acids. The hydrogenation of these unsaturated com-
pounds is an essential process in many chemical industries, such as
pharmaceuticals, food additives, flavours and fragrances, and agro-
chemicals [1,2]. An example of large-scale applications involves
the hydrogenation of acetylene and diene impurities, which must
be removed from the C2 and C4 olefin feed stocks to prevent the
catalyst deactivation [3-5]. In the latter case, the best reaction
pathways imply the partial hydrogenation of the carbon-carbon
triple bond to yield the corresponding olefin (for C2 feed) or the
half-hydrogenation of one carbon-carbon double bond (for C4
feed). In other situations, the selective hydrogenation is also desir-
able, like the partial hydrogenation of edible oil to obtain the cor-
responding cis-fatty acids or the selective hydrogenation of
carbon-carbon double bonds in the presence of other functional
groups [6-9].

In spite of the fact that catalytic hydrogenation and isomeriza-
tion reactions have been extensively studied in several works
[10-12,2], an intense research activity is still progressing to obtain
more selective catalysts and to understand the factors which are
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important in these processes, such as operating conditions, metal
dispersion, carbon deposits, promoters and additives. In particular,
the dispersion of the supported metal particle is a fundamental is-
sue to evaluate in heterogeneous catalysis due to its significant
influence on the catalyst performance. Many reactions on sup-
ported metal catalysts are structure-sensitive and the reason for
this demanding is not yet very clear [13,14]. Besides, the size of
the metallic particle is a basic parameter that determines the kind
of adsorption geometry exposed to the molecules. In large parti-
cles, crystal planes of low Miller index (terraces) are developed
whose atoms have a high coordination number. When the metallic
particles are small, the surface regions where these planes inter-
sect are ever more important. The atoms pertaining to these edges
have low coordination number and can be associated with defects
such as steps, edge and corners. These atoms have different elec-
tronic properties than those of terraces. As a consequence the nat-
ure of the link formed between the surface Pd atoms and
adsorbates with m-bonds like unsaturated hydrocarbons would
be affected.

The theoretical study of the adsorption and decomposition of
unsaturated hydrocarbons with different chain lengths, cycloalk-
enes or hydrocarbons with functional groups as aldehydes or
alcohols on well-defined surfaces is an important issue to under-
stand the surface mechanisms in catalytic reactions [15-24]. Tradi-
tionally, these studies are focused on low-index surfaces. However,
catalytic surfaces of technological relevance are non-ideal and
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other studios must be performed to improve our knowledge of real
catalysts. In this sense, our interest is to study the role played by
surface defects in catalytic reactions. First-principle periodic calcu-
lations of surface defects are scarce and, due to the very low sym-
metry, limited to situations with a small number of atoms.

In the present paper the adsorption energies, binding site pref-
erences and geometries of different unsaturated hydrocarbons on a
stepped Pd surface are evaluated by means of DFT calculations. The
main purpose is to compare the adsorptive properties with respect
to a close packed Pd(1 1 1) surface. Palladium-based catalysts are
the most used ones in industry for gas- and liquid-phase hydroge-
nation of alkynes and dienes [25]. This metal presents appreciably
activity and chemoselectivity.

2. Surface model and computational details

All calculations reported in this work were carried out in the
framework of DFT using the Vienna Ab initio Simulation Package
(VASP) [26-28]. Plane wave basis sets were used to solve the
Kohn-Sham equations. The electron-ion interactions are described
by the projector-augmented wave method (PAW). The PAW meth-
od is a frozen core all-electron method that uses the exact shape of
the valence wave functions instead of pseudo-wave functions
[29,30].

The fixed convergence of the plane-wave expansion was ob-
tained with a cut-off energy of 400 eV. Our previous tests showed
that using this value the converged calculation error was lower
than 0.001 eV. Electron exchange and correlation effects were de-
scribed by the generalized gradient approximation (GGA), using
the functional described by Perdew-Wang (PW91) [31,32]. The
two dimensional Brillouin integrations were performed on a grid
of 3 x 6 x 1 Monkhorst-Pack special k-points for a 5 x 3 supercell,
and of 3 x 3 x 1 k-points, for a 3 x 3 supercell [33]. In both cases, a
Methfessel-Paxton smearing of width ¢ =0.2 eV was used [34].
Optimized geometries were found when the forces on atoms were
smaller than 0.02 eV/AZ2,

The stepped Pd surface was represented with a slab containing
four atomic metal layers. The effect of the slab thickness was tested
considering slabs containing up to six atomic layers. The results
showed that a slab with four layers provides converged results,
with an accuracy higher than 0.04 eV. Therefore, a slab with four
atomic layers should be appropriate to the present study. Our
stepped surface consists of (11 1) terraces of three atoms width
separated by monoatomic steps oriented parallel to the (1 0 0) face.
A three dimensional periodic cell was constructed including a vac-
uum gap of ~16 A in the perpendicular direction to the metallic
surface. The thickness of this vacuum region was found to be ade-
quate to eliminate any interaction between adjacent metal slabs.

In order to minimize the interaction between adsorbates and
neighboring steps surface, a 5 x 3 super cell with 54 atoms distrib-
uted over four layers was used (Fig. 1). The effect of the size of the
cell was tested by comparing the results corresponding to 1-bu-
tene adsorbed also on 6 x 3 and 5 x 4 super cells. They do not
show significant variations in adsorption energies neither in geo-
metrical parameters. The discrepancy observed on the adsorption
energies was lower than 0.3 kcal/mol and on the optimized
distances was lower than 0.01 A among the three super cells. For
this reason, the 5 x 3 unit cell gives energies and geometrical
parameters well converged for the hydrocarbon adsorptions
studied in our work. This unit cell is associated with a molecular
coverage of 1/15 ML.

Regarding the effect of step width, we point out that in a previ-
ous theoretical work performed by Raouafi et al. [35] the variation
of the step energy as a function of the terrace width for different
stepped surfaces was studied. In case of Pd metal, the step energies

Fig. 1. 5 x 3 Supercell used to represent the stepped Pd surface.

for the stepped surface p(111) x (1 00) (where p means the num-
ber of rows at the terrace) varies only by nearly 0.004 eV (per step
atom) from p = 3 top = 7.In our surface model, p = 3. According to
the Somorjai notation [36], the Miller indices for the stepped sur-
facep(111)x(100)are(p+1,p—1,p— 1), where p+1 also de-
notes the number of rows at the terraces that are parallel to the
steps. In our ideal stepped surface with p = 3, the Miller indices
are (4, 2,2).

The interaction between the adsorbate states and the metal d
states is the main physical factor that defines the chemisorption
energy. The d-bands are narrow and small changes in the environ-
ment can modify significantly the d states and their interaction
with adsorbate states [37]. As a general rule it can be stated that
the lower the coordination number, the smaller the local
bandwidth and the higher the d-band center [38]. According to
this rule, the d-band centers calculated from the local density of
states (LDOS) for edge Pd atoms in Pd(4 2 2) and regular surface
atoms in Pd(111) are at —1.88eV Pd(422) and —1.97eV,
respectively.

Different unsaturated hydrocarbons were adsorbed on the
stepped Pd surface. The adsorbate species were placed in one side
of the slab and their geometries were allowed to optimize com-
pletely together with the two uppermost layers of the surface.
The remaining atoms of the slab were frozen at the bulk optimized
positions (with a Pd-Pd interatomic distance of 2.80A). The
adsorption energy (E.qs) was calculated as the difference between
the energy of the adsorbed molecule (Eagsorbatejsurface) and the
sum of the free surface (Esyrface) and the gas-phase molecule
(Egas-phase) €nergies. A negative value indicates an exothermic
chemisorption process. A large box of 20 x 15 x 15 A> was used
to obtain the gas-phase molecule energies. The optimized geome-
tries of the free unsaturated hydrocarbons predict bond distances
and bond angles in agreement with previous experimental and
theoretical results [15,18,39].

The electronic structure of the adsorbate/Pd interaction was
analyzed by calculating the Local Density of States (LDOS) at se-
lected atoms and the change of the work function (A®). A®
was obtained as the difference between the work function of
the surface with and without adsorbed molecules. The work func-
tion itself was obtained by computing the electrostatic potential
of the corresponding surface. The dipole moment (u) was also
evaluated by integration over the entire cell. The dipole moments
were calculated by numerical integration of charge densities
obtained from single point energy calculations on relaxed
structures, as implemented in VASP. This vector is considered as
positive going from the positive charge towards the negative
charge. The dipole moments were obtained considering different
contributions [40].
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3. Results and discussion
3.1. Adsorption of alkenes

First, the di-c and © adsorption modes of ethylene, cis/trans-2-
butene and 1-butene on a stepped Pd surface were evaluated. In
Table 1 the adsorption energies and the main geometrical param-
eters are summarized while in Fig. 2 the optimized geometries of
these molecules in di-c and 1 adsorption modes on the stepped
Pd surface are presented.

Regarding the adsorption energies of the alkenes, we observe
that generally the di-c adsorption mode is slightly preferred with
respect to the © mode, with a relatively small difference between
their adsorption energies. Only the trans-2-butene adsorbed on 7
site of this stepped surface has the E,4s greater than on the di-c
site. In this case, the optimized geometrical configuration presents
the C=C double bond not aligned with the edge of the step (see
Fig. 2f). The butene isomers adsorbed on their most preferred sites
have the following stability: trans-2-butene > cis-2-butene >
1-butene; the latter isomer being the lowest stable on both adsorp-
tion sites. The adsorption of ethylene is stronger on the di-c site
than 7 site as it was observed with other coverages and surfaces
[15,17,20,41,42]. Ethylene adsorbed on the di-c site is more stable
than 2-butenes isomers. In fact, the increase of the chain length
produces a slight destabilization of the olefins as one goes from
ethylene to cis/trans-2-butene isomers, with an even greater de-
crease for 1-butene. On the other hand, Neurock et al. [24] found
that the greater decreases was obtained from ethylene to 1-propyl-
ene, remaining afterwards with a similar value for higher olefins if
they are adsorbed on terrace surfaces of bimetallic catalysts
composed with Pt. This trend was not observed for the olefins
evaluated in this work, likely due to the better geometrical rear-
rangement of olefins when are adsorbed on a defective surface.

As a general rule, the interaction of the olefin with the metallic
surface is mainly through the C=C double bond, accompanied by a
bending of the hydrogen or alkyl groups away from the surface. In
all the cases, the original planarity of the free molecules is broken,
which is an evidence of some degree of rehybridization of the car-
bon atomic orbitals. Regarding the internal geometry of adsorbed
alkenes, the C=C double bond is significantly longer than in the
free molecule; for all the adsorbates, the lengthening is of nearly
0.1 A. The interaction with the metal surface in the di-G sites takes
place at shorter Pd-C interatomic distances than when the adsorp-

tion is in 7 sites, for example at 2.14 and 2.15 A for ethylene and 1-
butene in di-c sites and at 2.21 and 2.23 A for ethylene and 1-bu-
tene in 7 sites, respectively. This behavior is also observed for cis/
trans-2-butene. The equilibrium geometries of the adsorbed mole-
cules are tilted with respect to the terrace plane, in a way to de-
crease the steric hindrance of the alkyl groups with the metal
surface. The o angle, which is formed by the C-Pd bond and the
normal to the Pd(1 1 1) terrace of the step, measures this inclina-
tion (see Table 1). The di-c adsorption mode presents larger o an-
gles than the  mode, i.e., the molecules in the first case are ~30-
40° more tilted than in the second case.

It is well-known that the work function is highly dependent on
the distribution of charges in the molecule/substrate system. Par-
ticularly, its change A® with respect the bare metal surface is di-
rectly associated with the value of the dipole moment change Au
induced by the molecule on the surface. In Table 1 the values of
A® and Ay for different olefins are summarized. The negative val-
ues of A® indicate that the presence of adsorbates become easier
the extraction of an electron from the surface. In general, the mag-
nitude of A® is lower on di-c than on 7 sites, with the exception of
trans-2-butene where the same magnitude of A® for both sites
were obtained.

In order to understand these results, the Au generated by the
molecules adsorbed on stepped surface were evaluated. In the sit-
uation where the effects from Pauli repulsion can be discarded, Au
is associated with two main contributions: that due to the individ-
ual molecules (Uagsorbate) and that due to the charge reordering
upon chemisorption (fteanst) [40]. The molecules studied in this
work do not present intrinsic dipole moments in gas phase. How-
ever, when they adsorb on the Pd surface, non-negligible dipole
moments appear because their initial geometries are modified
and the electronic charge becomes distorted. For this reason, the
Uadsorbate Must be calculated considering the adsorption geometry
of the molecules, but without the presence of the metal surface.
In our adsorbate/substrate systems, the coverage is fixed and then
any effect due to molecule-molecule interactions is included in the
Uadsorbate Calculation. In particular, the values of ptigsorbate ON di-G
sites are higher than on 7 sites due to the greater deformation in
contact with the surface, in agreement with our previous analysis
of their equilibrium geometries.

The dipole moments due to the charge transfer, pt¢ans, Were ob-
tained after subtracting of fladsorbate from Ag. Looking at Table 1, a
first observation is that the adsorption of olefins always produces

Table 1
Adsorption energies (E.qs in kcal/mol), work function change (A® in eV), dipole moments (u in Debye) and relevant geometric parameters of olefins adsorbed on stepped surface
Pd(422)2
Adsorbate Ethylene Cis-2-butene Trans-2-butene 1-Butene
Adsorption mode di-o T di-c T di-c b4 di-c b4
Eaas —28.2 -26.0 -25.7 -24.9 -26.0 -27.3 -19.9 -17.9
AD —-0.46 -0.54 -0.84 -1.03 -0.84 -0.83 -0.75 -0.85
Ap —-1.55 -2.03 -3.15 -3.68 -3.01 -3.12 -2.92 -3.25
Hadsorbate -0.49 —-0.44 -0.80 -0.71 -0.71 -0.61 -0.86 —0.64
Heransf -1.06 -1.59 -2.35 -2.97 -2.30 -2.51 -2.06 -2.61
d(Pd-C) 2.14 2.21 2.16 2.25 2.17 2.24 2.15 2.23
d(C=C) 1.43 1.39 1.43 1.40 1.43 1.40 143 1.39
d(C-C) - - 1.51 1.51 1.52 1.50 1.52 1.51
(c-c=C® 117.7 1204 120.6 125.2 120.7 124.0 120.1 1239
(Pd-C=C 108.0 71.7 107.6 71.9 106.7 72.1 108.2 71.5
(Pd-Pd-C 72.0 74.3 724 754 722 77.9 72.0 74.9
76.2
o 54.9 12.0 55.7 19.0 46.6 9.5 43.2 16.3
274

2 Distances expressed in Armstrong (A) and bond angles in degrees (°).
" In case of ethylene molecule the angle corresponds to H-C=C.
¢ o Angle is formed by C-Pd bond and the surface normal.
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Fig. 2. Optimized adsorption geometries for adsorbed alkenes on the stepped Pd(4 2 2) surface. Di-c and © adsorption modes for: (a-b) ethylene, (c-d) cis-2-butene, (e-f)
trans-2-butene and (g-h) 1-butene, respectively. Two different grey colours were used to clarify the step edge.

negative [anst Values. These negative values show the dominant
effect of electronic charge donation from the molecules to the
metallic surface rather than the back-donation to the molecules.
Comparing both adsorption sites, we observe that the olefins gen-
erally release a greater electronic charge on 7 sites than on di-c
sites, i.e., transt S enhanced from ~30% to 50% on these sites. In
other words, the unbalance of donation/back-donation is more
notorious for 7 sites, where the magnitude of the adsorption en-
ergy is smaller. Therefore, the weaker bonding on = sites can be
attributed to a less relevant back-donation effect. The exception
is trans-2-butene, where the 7 site is more favoured. However, in
this case the pianss is increased only in 9% with respect to the di-
G site. The panst for ethylene is lower than the values observed
for butenes isomers. This behavior can be related with the elec-
tron-donating effect of the methyl groups in butane molecules
with respect to ethylene. Analyzing the magnitude of Uadsorbate
and Lranse cONtributions to Ay, it is possible to observe that the lat-

ter are bigger, being from twice to four times higher than ftadsorbate-
For this reason, the work function change is mainly due to the
charge transfer between adsorbate and the metallic surface.

The electronic structure that governs the chemical bonding be-
tween molecule and substrate has been analyzed through the
LDOS, which were calculated on interacting Pd and C atoms. In par-
ticular we are interested in the change in the d-band of Pd atoms
after the olefin adsorption, with respect to the bare surface. For
both di-o and 7t adsorption modes, the C=C double bond is gener-
ally in the same direction of the Pd atoms at the edge of the step.
This geometry favours the overlapping between the d-orbitals of
Pd atoms and the p-orbitals of C atoms producing a significant
splitting of the d-band. Furthermore, the center of the occupied
d-band shows a displacement to lower energies in comparison
with the free metallic surface. These observations can be rational-
ized taking into account that the states at the bottom of the d-band
are more involved in the interaction with HOMO and HOMO-1
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Fig. 3. LDOS for cis-2-butene and trans-2-butene molecules adsorbed on the stepped Pd surface. On di-c site: (a) cis-2-butene and (b) trans-2-butene. On T site: (c) cis-2-

butene and (d) trans-2-butene.

orbitals of the olefin. On the other hand, the states at the top of
the d-band are mainly involved in the interaction with the
LUMO orbital of the adsorbate generating the displacement of
states above the Fermi level. For further analysis, we point out that
for cis/trans-2-butene isomers in gas phase only the Cp, atomic
orbital participates in the HOMO and LUMO molecular orbitals,
while in the HOMO-1 exclusively contributes the Cp, atomic
orbital.

For the di-c adsorption mode, the main interaction occurs be-
tween the d,, and p, orbitals of Pd and C atoms, respectively. In
case of the cis/trans-2-butene isomers, the center of the occupied
d,, band shows a binding energy shift of —1.0 eV with respect to
the clean surface where the band center is at ~—1.7 eV (see
Fig. 3a and b). In case of cis-2-butene/Pd(4 2 2) system, the pres-
ence of a peak at ~—7.2 eV and a feature at —4.5 eV would corre-
spond respectively to the bonding and antibonding combinations
between the adsorbate HOMO-1 orbital (where the Cp, atomic
orbital mainly participates) and the dy, band of Pd. On the other
hand, the flat band at 2 ev results from the combination between
the higher unoccupied © orbital of cis-2-butene and the d,, band
of Pd. A similar analysis can be performed for the trans-2-butene/
Pd(4 2 2) system. Besides, a non-negligible mixing of Cp, and dﬁ
band is also produced. For cis-2-butene, a band at about -5 eV
and a double peak at —6.3 and —6.7 eV were observed at the LDOS
of Cpyand df band (not shown), while for trans-2-butene we have a
band at about —5.2 eV and a double peak at —7.0 and —7.4 eV. On
the other hand, a coupling between the df and p, orbitals of Pd and
C atoms respectively also takes place, but it is of smaller impor-
tance than that of previous mentioned orbitals. The displacement
of d® band center is of ~—0.5 eV downward with respect to the
clean stepped surface (<E§Z> at —2.1 eV). It is worth emphasizing

that when the molecule resides on the regular Pd(1 1 1) surface,
the interacting orbitals are mainly Pd df and Cp, [21].

When the olefin adsorbs in the ™ mode, the coupling between
the palladium di and carbon p, orbitals is more relevant than the
coupling between the palladium d,, and carbon p, orbitals. In case
of the cis/trans-2-butene isomers, the displacement of the center of
the occupied d> band is of —0.8 eV downward with respect to the
clean stepped surface (Fig. 3c and d). For the cis-2-butene/
Pd(4 2 2) system, the presence of a peak at ~—5.6 eV and a feature
at —4.1 eV would correspond to the bonding and antibonding com-
binations between the adsorbate HOMO orbital (where the Cp,
atomic orbital mainly participates) and the df band of Pd. A similar
analysis is valid for the trans-2-butene/Pd(4 2 2) system. However,
no relevant mixing can be observed between the LUMO of cis-2-bu-
tene and the d> band of Pd. This result is compatible with the fact
that for this site the electronic back-donation to the LUMO of cis-2-
butene is much less important than the donation from the HOMO,
as it was commented above using pansf arguments. Furthermore, a
non-negligible mixing of Cp, and d,, band is also produced. For cis-
2-butene, the peaks at about —6.9 eV and at —5.0 eV were observed
at the LDOS of Cp, and Pd d,, (not shown), while for trans-2-butene
these same contributions were at —7.4 eV and —6.8 eV.

In order to evaluate the effect of surface morphology on olefins
adsorption, the chemical bonding of these molecules with a perfect
Pd(11 1) surface was also studied by using the same theoretical
approach on a 3 x 3 supercell (associated with a molecular cover-
age of 1/9 ML). The corresponding adsorption energies and geo-
metrical parameters are summarized in Table 2. For the olefins
here studied, the di-c adsorption mode is slightly preferred with
respect to the mw mode. In the particular case of ethylene, the
di-o mode is slightly more stable by ~3 kcal/mol than previous
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Table 2

Adsorption energies (E,qs in kcal/mol), work function change (A® in eV), dipole moments (u in Debye) and relevant geometric parameters of olefins adsorbed on surface

Pd(111)2
Adsorbate Ethylene Cis-2-butene Trans-2-butene 1-Butene
Adsorption mode di-c T di-c T di-o b4 di-o b4
Eads -239 -20.4 -19.5 -17.6 -19.5 -17.3 -20.6 -17.9
AD —1.03 -1.20 -1.63 —-1.85 -1.64 -1.92 -1.60 -1.68
Ap —2.07 —2.38 —3.50 —3.94 —3.45 —4.05 -3.19 —3.53
Hadsorbate -0.85 -0.49 -1.09 -0.76 -1.22 -0.83 -1.06 —-0.68
Mtranst -1.22 -1.89 -2.39 -3.18 223 322 213 ~2.85
d(Pd-C) 2.13 2.19 2.15 2.24 2.14 2.23 2.14 2.20

2.24

d(C=C) 1.45 1.40 1.46 141 1.47 1.41 1.45 1.40
d(C-C) - - 1.51 1.50 1.52 1.51 1.52 1.51
(C—C=Cb 116.8 120.3 119.8 123.6 1174 1223 119.3 1231
(Pd-C=C 107.8 714 107.2 71.7 107.3 71.6 107.6 70.2
(Pd-Pd-C 72.2 75.9 72.8 78.0 72.7 78.4 749 74.1

3 Distances expressed in Armstrong (A) and bond angles in degrees (°).
b In case of ethylene molecule the angle corresponds to H-C=C.

reported results [17], due to the lower coverage used in this work
(6=0.11 ML vs. 0 = 0.25 ML, respectively). Our results indicate that
the different butene isomers adsorbed on di-c site have the fol-
lowing stability: 1-butene > trans-2-butene = cis-2-butene. On
the other hand, the three isomers have almost the same stability
for the 1 site. These results as well as the geometric ones show
the same trends as those obtained by other authors [39]. Ethylene
is more stable than the butene isomers for both types of sites.

The adsorption energy values for the regular surface are gener-
ally lower in magnitude than those for the stepped surface by
nearly 7-10 kcal/mol, with the exception of 1-butene, where it is
slightly greater for the di-c site or equal for the 7t site. The A® val-
ues for the (1 1 1) surface (see Table 2) are negative as those for the
(4 2 2) surface, suggesting an electronic transfer from the adsorbed
molecules to the metal. For Pd(11 1), the magnitude of A® is
about 50% higher due mainly to the larger coverage (1/9 vs. 1/15
ML). On the other hand, the Au value, which is a physical property
normalized per adsorbed molecule, is at least 0.3 Debye greater for
the (11 1) surface. As it was commented for the stepped surface,
the values of padsorbate ON di-C sites are higher than on w sites
due to the greater deformation in contact with the surface. This
deformation is even more pronounced on (11 1) surface than on
stepped surface. Once more, the sign of the pi.ns¢ contribution to
Ap indicates that an electronic transfer is produced from the mol-
ecule to the metal rather than a back-donation to the molecules. Its
magnitude is in general larger than on the stepped surface, indica-
tive that the adsorptions are governed by stronger donation effects
of the molecules than back-donation effects.

Studies accomplished by Freund et al. [43,44] have shown that
the catalytic hydrogenation of 1,3-butadiene on Pd catalyst is a
structure-sensitive reaction, i.e., Pd(1 1 0) is 5-fold more active than
Pd(1 1 1). Subsequent studies of the same authors pointed out that
this reaction is particle size independent if the number of Pd atoms
in the (11 1) facets is used to normalize the number of converted
1,3-butadiene molecules [45,46]. The Pd nanoparticles with sizes
larger or equal to 4 nm, considering that they have a truncated
cubo-octahedral shape with (1 1 1) and (1 0 0) surface facets, pres-
ent similar activity to Pd(1 1 1) single crystal. In the initial state of
reaction, the hydrogenation of 1,3-butadiene produces 1-butene,
trans-2-butene and cis-2-butene as primary products, indepen-
dently of the Pd particle size in the catalyst [46]. After complete
consumption of diene, the 1-butene molecule readsorbs yielding
n-butane by hydrogenation and cis/trans-2-butene through isom-
erization. The experiments show that on the Pd(1 1 1) single crys-
tal, the n-butane was produced before the diene was completely
consumed; thus, the selectivity of Pd nanoparticles toward butenes

turns out to be higher than that of Pd(1 1 1), giving lower amount
of n-butane. In relation to this point, our theoretical results indi-
cate that the higher binding energy for 1-butene on Pd(1 1 1) could
be a reason why this isomer is primarily readsorbed and hydroge-
nated. The situation is different in the case of the (4 2 2) surface.
Here, the magnitude of E.qs changes in the following order:
trans-2-butene = cis-2-butene > 1-butene, with an energy differ-
ence of 27% for 1-butene with respect to trans-2-butene. If we as-
sume that the catalytic particles have a greater amount of line
defects, it would be expected that the 1-butene yield would not de-
crease significantly. Nevertheless, the 1-butene readsorbs produc-
ing more cis/trans-2-butene and n-butane [45]. From the
experimental and our theoretical data previously commented, we
can infer that the hydrogenation of 1-butene occurs preferentially
on the Pd(1 1 1) facets of Pd particles than on line defects of these
particles. Taking into account that the line defects could be repre-
sented by our stepped Pd model, they would be occupied by the
cis/trans-2-butenes, while the 1-butene would adsorb on the
(11 1) facet of the Pd nanoparticles. This is a consequence of the
slightly better stability of 1-butene on this surface (energy differ-
ence of ~0.8 kcal/mol) with respect to the stepped surface. Regard-
ing the improved selectivity for isomerization on nanoparticles, it
may be due to the poor hydrogen accessibility to the metallic sur-
face, because the Pd(1 1 1) facet would be occupied by 1-butene
and the line defects of the particles by cis/trans-2-butene. In this
situation, the 1-butene hydrogenation would be disfavoured and
the isomerization would take place. Experimental evidences indi-
cate that, after 1,3-butadiene hydrogenation, the surface structure
do not undergo relevant changes [46]. Furthermore, the presence
of a small amount of carbon deposit do not affect the reaction per-
formed up to 500 K [44]; neither, no Pd-C phase was observed for
1-pentene, propene and ethylene hydrogenation at ~350 K on Pd
foil catalyst [47].

3.2. Adsorption of alkynes

The adsorption of acetylene and 2-butyne on di-c and 7 sites of
the stepped Pd(4 2 2) surface were investigated. Besides, an addi-
tional adsorption site was also evaluated. Taking into account dif-
ferent experimental works indicating that the acetylene molecule
binds on the 3-fold hollow sites of Pd(1 1 1) [48-50], this type of
site was also considered. In Table 3 the adsorption energies and
the main geometrical parameters for these three adsorption modes
on this surface are summarized. In Fig. 4a-c and d-f the
corresponding equilibrium geometries for acetylene and 2-butyne
on di-o, m and 3-fold hollow adsorption modes are exhibited,
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Table 3

Adsorption energies (E,qs in kcal/mol), work function change (A® in eV), dipole
moments (u in Debye) and relevant geometric parameters of alkynes adsorbed on
stepped surface Pd(4 2 2).?

Adsorbate Acetylene 2-Butyne
Adsorption di-o b4 3-Fold di-oc T 3-Fold
mode
Eads -31.0 -24.8 —41.6 —-234 -15.7 —244
AD -027 -055 -056 078 -1.17 -0.89
Au —0.97 -1.98 —1.62 —2.93 —4.35 —3.38
Hadsorbate —1.53 —0.87 —1.55 -1.99 -1.25 -2.11
Heransf 056  -1.11 -0.07 -094 -3.10 -1.27
d(Pd-C) 2.00 213 2.00 2.01 2.17 2.03
2.18 2.25
d(c=0) 1.31 1.26 1.36 1.32 1.25 1.36
d(c-C) = = = 1.50 1.47 1.50
(C-C=C b 1319 155.3 128.2 132.2 156.0 128.8
(Pd-C=C 1129 72.9 71.8 111.6 73.3 724
1131 1124
(Pd-Pd-C 67.1 75.3 66.8 68.5 77.9 67.6
o 1.6 133 55.8 7.1 4.2 64.3

3 Distances expressed in Armstrong (A) and bond angles in degrees (°).
" In case of acetylene molecule the angle corresponds to H-C=C.
¢ o Angle is formed by C-Pd bond and the surface normal.

respectively. On this stepped surface, the 3-fold hollow site has
two Pd atoms located on the edge of the step.

For acetylene and 2-butyne, the di-c adsorption mode is pre-
ferred with respect to the © mode, as it was also observed for ole-
fins, but with a more significant energy difference (by near 7 kcal/
mol). For both alkynes, the better stability was obtained on the 3-
fold hollow site; the energy difference with respect to the di-c site
is of nearly 10 kcal/mol for acetylene and only of 1 kcal/mol for 2-
butyne.

Regarding the adsorption geometries of alkynes, we notice that
the chemical links with the Pd surface for the di-c and m adsorp-
tion modes are trough the C=C bond, with the Pd-C bonds shorter
than in olefin adsorption. However, the acetylene and 2-butyne
molecules adsorb for both di-c and m modes on the edge of the

step with only a very small tilting (o < 13°). The interatomic dis-
tance of the C=C bond is up to 0.1 A longer than in the free mole-
cule, while the H-C=C and C-C=C angles change significantly from
180° in gas phase to 132° and 156° for di-G and T sites, respec-
tively. In the 3-fold hollow mode, the C atoms change the hybrid-
ization from a sp to a sp? configuration due to the double
interaction of each C atom with the Pd surface. After the adsorp-
tion, the interatomic C-C distance increases by 0.15 A, while the
H-C=C and C-C=C angles decreases by 52°.

In Table 3 the values corresponding to A®, Au and the two con-
tributions fadsorbate aNd LUiranst fOr the alkynes are summarized. The
negative value of A® indicates like for the olefins that the presence
of adsorbate molecules become easier the extraction of an electron
from the surface. For both alkynes, the values of A® are more neg-
ative on 1 than on di-c sites. On the other hand, the magnitude of
Hadsorbate 1S greater than for the olefins, due to the larger deforma-
tions undertaken by the alkynes; in addition and for the same
reason they are higher on di-c sites than on = sites. The values
of panse corresponding to acetylene on di-c and r sites are more
positive than for ethylene adsorbed in the same sites. This observa-
tion can be explained taking into account the large electronegativ-
ity of acetylene that produces an importan*t back-donation from
the d-orbitals of the metal to the empty n antibonding orbitals
of acetylene. Consequently, we have a stronger bonding to the me-
tal than that obtained for the correspondent olefin (ethylene). For
acetylene on the di-c site, puanse has a positive value and the
charge transfer goes from the Pd surface to the adsorbate. In case
of 3-fold site, the value of pianst is very small indicating that no
charge transfer occurs; for this reason, A® is exclusively due to
the dipole moment of the acetylene layer. In case that the C=C
triple bond has methyl substituents like in 2-butyne the donation
increases, i.e.,, more negative values of piansr are obtained in the
three adsorption sites and the molecule-metal bond becomes less
strong (Table 3). Comparing the alkynes on the same adsorption
site, it is possible to observe that the A® values are less negative
when the back-donation is increased.

The local density of states (LDOS) calculated on Pd and C atoms
for the alkyne/Pd(4 2 2) systems reveal some common features just

Fig. 4. Optimized adsorption geometries for adsorbed alkynes on the stepped Pd(4 2 2) surface. Di-c, ® and 3-fold hollow adsorption modes for: (a-c) acetylene and (d-f) 2-

butyne, respectively. Two different grey colours were used to clarify the step edge.
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outlined for the olefin adsorptions. As for alkenes adsorbed on di-c
and 7 sites, the C=C triple bond is placed parallel above the edge of
the step where the interacting Pd atoms are, favouring the overlap-
ping between the Pd d-band and Cp atomic orbitals. Then, a signif-
icant splitting of the d-band is produced, together with a downward
displacement of its center (for the occupied states) in comparison
with the bare metallic surface. This observation is particularly noto-
rious for the di-o adsorption mode, because in this situation the al-
kynes molecules are not tilted as was the case of alkenes, producing
an important overlap between the Pddi and Cp, atomic orbitals
(Fig. 5a and b). For the acetylene molecule adsorbed on the di-c
site, the center of the occupied df band shifts downward by about
—1.3 eV with respect to the clean surface ((E2,) at —2.1 eV). At least
part of this behavior can be due to the fact that the Pd surface re-
leases a significant amount of electron charge through the back-
bonding mechanism to acetylene (as it was previously mentioned
in the analysis of pansf). The presence of two peaks at ~—7.4 eV
and —-5.1 eV would correspond respectively to the bonding and
antibonding combinations between the adsorbate HOMO orbital
and the d> band. On the other hand, the flat band at —4.0 eV, with
a feature at energies higher than the Fermi level could be due to
the combination between the higher unoccupied t orbital of acet-
ylene and the d> band of Pd. For the 2-butyne molecules adsorbed
on the di-c site, we have also two peaks at —7.4eV and at
—6.8 eV which would correspond to the bonding and antibonding
combinations between HOMO and d” band.

When the alkyne adsorbs on the 3-fold site, the d*> band and
the Cp, orbital couple, but less strongly than on the di-c site. On
this site, the d,, band and the Cp, orbitals play the main role in
the interactions (see Fig. 5c¢ and d). For acetylene, the peaks at
—8.0 eV and at —5.8 eV would correspond to the bonding and anti-

bonding combinations of acetylene HOMO and dy, band. The pres-
ence of these peaks at higher binding energies than on the di-c site
is in agreement to the relatively large electronic back-bonding
from the surface Pd atoms for the last type of site (as it was previ-
ously analyzed with figans)-

For the sake of comparison, the chemical bonding of these al-
kynes was also studied on a perfect Pd(1 1 1). The corresponding
adsorption energies and geometrical parameters are summarized
in Table 4. In agreement with other DFT studies [18], we find for
acetylene that the preference site decreases in the following order:
3-fold > di-o > m. The 3-fold hollow mode is slightly more stable
by ~4.5 kcal/mol than previous reported results [17], due to the
lower coverage considered in this work (0=0.11 ML vs. 0 =0.25
ML, respectively). The 3-fold and di-G sites of the regular surface
are more stable than those of the stepped surface by 9.7 kcal/mol
and 8.8 kcal/mol, respectively. To our knowledge, no experimental
or theoretical studies related to the 2-butyne adsorption on metal-
lic surfaces have been published. Our results show that 2-butyne
adsorbed on 3-fold hollow sites is the energetically preferred
adsorption mode. Although the geometry optimizations were per-
formed without symmetry constrains, the di-c adsorption mode
for 2-butyne was not found. The 3-fold hollow sites on Pd(11 1)
are much more stable than on the stepped surface by 19.3 kcal/
mol. The alkyne adsorptions on the stepped surface are disfavoured
because these molecules have a high electrophilicity and, at the
same time, the Pd atoms belonging to the edge of the step present
lower coordination number, with a consequently reduced electron
density. We notice that the adsorption geometry for acetylene and
2-butyne is very similar in both considered surfaces. Furthermore,
the geometrical parameters for acetylene on the three sites are in
agreement with previous theoretical results [17].

—"Pd "dz2"™"
a "Pd "dz2" - bare surface"
—C"pz"

——Pd "dz2"
b Pd "dz2" - bare surface
—

8 -7 6 5 4 3 -2 -1 0 1 2 3 4 5 6

E (eV)
——Pd "dyz" Pd "dyz" - bare surface
Pd "dyz"" - bare surface ——Pd "dyz"
C —C"py" d —c "pyx
8 7 -6 5 4 3 2 A 0 1 2 3 4 8 7 6 5 -4 3 2 4 0 1 2 3 4
E (eV) E (eV)

Fig. 5. LDOS for acetylene and 2-butyne molecules adsorbed on the stepped Pd surface. On di-G site: (a) acetylene and (b) 2-butyne. On 3-fold hollow site: (c) acetylene and

(d) 2-butyne.



394 P.G. Belelli et al./Surface Science 604 (2010) 386-395

Table 4

Adsorption energies (E,gs in kcal/mol), work function change (A® in eV), dipole
moments (u in Debye) and relevant geometric parameters of alkynes adsorbed on
surface Pd(111).2

Adsorbate Acetylene 2-Butyne
Adsorption mode di-o T 3-Fold T 3-Fold
[Zeas -39.9 -19.8 -51.3 —-15.3 —43.7
AD —0.96 -1.26 —0.99 —-2.21 -1.90
Au -1.84 -2.53 -1.94 -4.57 -3.80
[ ~1.51 ~0.94 ~1.54 ~151 ~2.19
Htransf —0.30 —1.58 —0.40 —3.06 —1.61
d(Pd-C) 1.99 2.12 2.01 2.13 2.02
2.16 2.18
d(C=0) 1.32 1.26 1.37 1.27 1.39
d(c-C) = = = 1.47 1.50
(C—CECb 131.3 153.6 127.5 149.9 1259
(Pd-C=C 112.6 72.6 715 72.6 71.5
(Pd-Pd-C 67.4 76.4 68.7 78.3 69.4

2 Distances expressed in Armstrong (A) and bond angles in degrees (°).
" In case of acetylene molecule the angle corresponds to H-C=C.

Looking at the A® values from Table 3, they are greater for
Pd(1 1 1) than for the stepped surface, due to the higher coverage
of the alkynes in the first surface. Besides, Ay increases accordingly
with the enhancement of A®. For both alkynes, the tlidsorbate Values
are similar to those obtained for Pd(4 2 2). This behavior can be ex-
plained considering that the internal geometries differences of the
alkynes on both surfaces do not alter significantly this parameter.
For acetylene, the value of the piansse iS more negative on
Pd(1 1 1) in comparison with Pd(4 2 2), indicating that on the for-
mer surface the adsorptions are governed by stronger donation ef-
fects of the molecules than back-donation effects.

In alkyne hydrogenation, the main objective is to achieve the
highest possible alkene selectivity. Several experimental studies
devoted to study the particle size effects on the alkyne transforma-
tions are rather controversial. Most of these investigations showed
that the alkyne hydrogenation is a structure-sensitive reaction at
high dispersions, producing specific activity decrement or exhibit-
ing slightly higher activity ([12] and reference therein). In the last
years, some new contributions on the alkyne hydrogenation were
discovered [47,51,52]. The selective hydrogenation of alkyne to al-
kene on Pd catalysts was observed when significant amount of sub-
surface carbon was present. The effect of carbon dissolution in the
crystal lattice near the surface was evidenced by high-resolution
transmission electron microscopy [51]. The possible role of this
Pd-C phase is to inhibit the emergence of bulk-dissolved hydrogen
to the surface, which is reactive but unselective. Besides, the
hydrogenation selectivity depends strongly on the H, partial pres-
sure; at low pressure the selectivity to alkenes is increased.

The experiments show that, at the initial state of reaction, pal-
ladium particles with the proper surface orientation or significant
structural defects are required to start the C-C dissociation [51].
Our theoretical results predict a decrease of the binding energy
on the stepped Pd(4 2 2) surface of approximately 20% and 44%
for acetylene and 2-butyne, respectively, in comparison with the
regular Pd(1 1 1) surface. The extremely higher adsorption ener-
gies of alkynes on 3-fold hollow sites of bare Pd(1 1 1) imply a very
strong bond with the metal surface and, as a consequence, these
molecules could be susceptible to decomposition. This fact is con-
firmed by the geometrical parameters of alkynes adsorbed on this
site (lower Pd-C distances and bigger C=C distances than stepped
surface). If we consider that in the initial state of reaction the Pd-C
phase is not present, our results point out that alkynes would eas-
ier dissociate on Pd(1 1 1) than on stepped surfaces or on superfi-
cial Pd atoms with low coordination number. Previous DFT
calculations showed that the insertion of impurities such as C into
the first layer of Pd(1 1 1) surface is energetically favored, being the

C subsurface preferentially trapped in octahedral sites [53]. How-
ever, the C diffusion toward the bulk, that is, the C migration from
the first to the second surface layers of the solid is an energetically
expensive process. From these experimental and theoretical con-
siderations, we can conclude that the alkyne initially decomposes
on bare Pd(1 1 1) surface but the carbon diffusion progresses only
up to the first interlayer, which is experimentally evidenced by a
weak palladium peak with a binding energy of 335.7 eV [51].

A high selectivity in alkyne hydrogenations is possible only if
the reactant is easily fragmented at the bare palladium surface
and if this surface has ability to build up the superficial Pd-C phase.
Different crystal facets will have different activities in the carbon
dissolution process. For this reason, further theoretical studies
should be performed to evaluate the C diffusion on the stepped
surface to arrive toward some conclusion on the role of non-perfect
Pd surface in the selective alkyne hydrogenation.

4. Conclusions

In this work, different binding modes and energies for unsatu-
rated hydrocarbons on the stepped Pd(422) and regular
Pd(1 1 1) surfaces were studied. In general, the olefins adsorb pref-
erentially on the stepped surface excepting the 1-butene molecule.
On Pd(4 2 2), the adsorption energies for the different butenes
change in the order: trans-2-butene > cis-2-butene > 1-butene,
with an energy difference of 27% for 1-butene with respect to
trans-2-butene. Conversely on Pd(1 1 1), the binding energies fol-
low the order: 1-butene > cis-2-butene > trans-2-butene, with a
slightly poor difference between them (nearly 5%). For both sur-
faces, the electronic charge donation from the olefin molecule is
higher than the back-donation from the metal; but the former is
relatively higher on m than on di-c sites, making the adsorption
on 7 sites less stable. Considering the adsorption energy difference
between defective and non-defective surfaces, we could infer that
the 1-butene hydrogenation occurs on Pd(1 1 1) facets of the Pd
catalytic particles instead of the line defects or on Pd atoms with
low coordination number.

Regarding the alkynes adsorption, both acetylene and 2-butyne
adsorbs preferentially on 3-fold sites of the stepped Pd(4 2 2) and
regular Pd(11 1) surfaces. The binding energies are lower on
Pd(4 2 2) than on Pd(1 1 1), with an energy difference of 20% for
acetylene and 44% for 2-butyne. In spite of the presence of methyl
groups, 2-butyne shows similar internal geometry than acetylene
on both surfaces. The higher electrophilicity of alkynes in compar-
ison with olefins generates their stronger adsorptions on electron-
rich surfaces like Pd(1 1 1). This behavior could be the reason of
their molecular dissociations into C; species, beginning the forma-
tion of a Pd-C phase as it was experimentally observed in alkyne
hydrogenation catalysts.
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