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Abstract: The catalytic activity of a 4 monolayer deposit of Pd on a Ni(110) surface toward the hydrogenation
of ethylene is investigated by using gradient-corrected periodic density functional calculations. The Pd/
Ni(110) surface is strongly nanostructured, due to the anisotropic stress induced by the Ni(110) substrate
on the Pd layer. A kinetic analysis, based on the investigation of the optimal reaction pathway for the
hydrogenation of ethylene to ethane, is presented, allowing a comparison between Pd/Ni(110) and pure
Pd(110) surfaces. The calculated activation energies allow one to reproduce the experimental result, which
shows that the Pd/Ni(110) surface is about 30 times more active than the pure Pd(110) surface. This marked
increase of the catalytic activity is a consequence of the specific nanostructure of the Pd/Ni(110) surface.
By examining the structure of the adsorbed species and of the transition states and by analyzing the
electronic properties, we show that this rate increase can be associated to the fact that the ethylene
adsorption energy in the first hydrogenation step and the ethyl-hydrogen coadsorption energy in the second
step are both much lower on Pd/Ni(110) than on pure Pd(110).

Introduction

Catalysts are used in most industrial processes to increase
the rate of numerous reactions that even sometimes would not
occur at the human time scale. They allow the use of milder
chemical reaction conditions and lead to a huge saving in the
fabrication costs. Renewed research to find more effective
catalysts is then fundamental to improve efficiency and cut the
costs. At the same time, the rapid development of nanoscience
and the ability to synthesize new nanostructured chemical
objects allows a better control of matter organization at the
nanoscale.1-3 This opens the way to the design of new catalysts
from the controlled fabrication of nanometer scale structures.4-6

Two directions are emerging: the creation of metal clusters with
controllable sizes and shapes7 or the spontaneous formation of
organized nanopatterns at surfaces. The driving force for the
formation of well-controlled nanoscale structures on a metal

surface can be the stress induced when a metal is deposited on
another metal with a different lattice parameter. The periodic
array of dislocations which forms by the deposit of a bilayer of
Cu on a Pt(111) surface was, for example, used as a template
to form highly ordered ensembles of nanostructures by further
deposition of iron or silver.8 The case we will focus on in this
paper is a deposit of Pd on a Ni(110) surface, which shows
two specific properties. It gives a large enhancement of the
catalytic activity for the hydrogenation of butadiene and alkenes,
the maximum amplification, by 2 orders of magnitude in
comparison to the already very active Ni surface, being obtained
for a deposit of four monolayers.9,10 Moreover, such a deposit
presents a clear nanostructure with a large anisotropy of the
surface pattern: the periodicity is 11 times the lattice constant
in the dense row [11h0] direction, but only 2 times the lattice
constant in the perpendicular direction. This surface reconstruc-
tion is clearly induced by the strain at the Pd/Ni interface and
the related stress field in the deposit.11,12 The relation between
the enhanced catalytic activity and the nanostructured surface
is, however, not clearly understood and is the focus of this
theoretical study. Additional evidence for nanometer-size effects
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in surface reactivity has been reported in the case of faceted
monolayer films of Pt or Pd on a W(111) surface.13

In contrast to usual surfaces, the structures of the deposits of
Pd on Ni were unknown and complex, showing in the case of
four layers of Pd an 11× 2 surface reconstruction. These surface
structures needed to be fully characterized and understood
because at the nanoscale the local arrangement of atoms is
expected to be crucial for the chemical reactivity.

The first step was then to determine the structure and phase
diagram14,15 of these deposits from first principle calculations.
These were successfully compared to the experimental16 results,
in particular for the 4 monolayer (ML) deposits that were found
to be the most catalytically active. The second and final step of
this study is presented in this Article, where we focus on the
pathway and kinetics for the catalytic hydrogenation of ethylene
on this nanostructured deposit surface, to understand the origin
of the activity enhancement. First, a simplified model of the
complex deposit is built, keeping all critical structural and
electronic features, to allow a first principle exploration of
reaction pathways and an accurate determination of transition
states. We then focus on the hydrogenation of ethylene on this
model deposit using the Pd(110) surface as a reference.

The 11× 2 surface nanopattern originates from the release
of the compressive stress of the Pd layers at the interface,
because the Pd atomic radius is 10% larger than that of Ni.
This reconstruction is driven by a dual mechanism, depending
on the directions on the (110) surface (Figure 1a). Along the
dense row [11h0] direction, a periodic array of dislocations forms
at the interface, which restores, at the surface, a bulklike Pd-
Pd distance. More precisely, an atomic vacancy is formed at
the interface every 10 Pd atoms, allowing one to position in
the deposit 10 Pd atoms in the space where 11 Ni are found in
the substrate, hence relaxing the stress in the Pd deposit layers.
In the perpendicular [001] direction (Figure 1a), the stress
induced by the Ni substrate creates a strongly distorted surface
structure, with rows shifted by 0.3 Å, associated with a Pd-Pd
interaction between two paired rows, at a distance of 2.88 Å.16

Such a pairing-buckling reconstruction does not exist on the
pure Pd(110) surface. A completely new coordination of surface
Pd atoms hence appears on the Pd/Ni(110) deposit with the
formation of square arrangements. This specific self-organized
superstructure could be the key point of the exaltation of the
catalytic activity of the surface. The identification of the reaction
pathways on the example of ethylene hydrogenation will clarify
the relationship between the nanostructure and the reactivity.

Computational Methods and Systems

The calculations were performed using the plane-wave density
functional theory (DFT) code Vasp17,18 with Vanderbilt ultrasoft
pseudopotentials.19,20The exchange-correlation energy and potential are
described by the generalized gradient approximation (Perdew-Wang
9121). The surfaces are represented by periodic slabs using at least a
vacuum of 12 Å between them.

The 11× 2 experimental nanostructure of the Pd deposition on Ni
necessitates 190 metal atoms in the unit cell and at least 1900 electrons
to be completely described16 (see Figure 1a). Although such a complex
system can be simulated with the considered approach, it is not possible
to carry a full reaction path search with such a large unit cell. Moreover,
only the uppermost Pd atoms are expected to have an important impact
on the surface reactivity because, for this thick deposit, the direct
chemical influence of the deep Ni atoms is supposed to be weak: the
main effect of the Ni substrate is to impose an epitaxial strain on the
Pd layer at the interface.

Furthermore, the surface Pd structure is rather homogeneous in the
dense row direction. A simplified model system can be constructed by
applying to a Pd surface the residual strain observed in the real Pd on
Ni deposit. Hence, a slab of Pd is constructed, made of 6 layers, the
top 3 layers being allowed to relax and the lower 3 layers remaining
frozen in a geometry identical to the pseudo epitaxial position found
in the Pd-Ni interface of the true Pd/Ni(110) 11× 2 unit cell. The
model system consists of a 2× 2 Pd(110) unit cell, but the cell
parameters are constrained to the average Pd-Pd distance observed in
the Pd on Ni deposit, giving box sizes of 5.48 Å in the [11h0] direction
and 7.06 Å in the [001] direction (Figure 1b). This corresponds to a
compressive strain of 2% and 10.9% in each direction, respectively.
This differs from the (1× 1) epitaxial model, which would apply a
strain of 10.9% for each direction, and takes into account the structural
relaxation observed in the row direction for the real deposit.
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Figure 1. (a) Structure of a 4 ML, 11 × 2 Pd/Ni(110) deposit in two
different directions. The main geometric elements are presented. The unit
cell is indicated by a dashed line. (b) Structure of the Pd 2× 2 model for
the Pd/Ni 11× 2 deposit. Some of the geometric elements are presented.
The unit cell is indicated with a dashed line. (c) Local density of states
projected on a surface Pd atom of the model structure, whose unit cell is
presented in (b) (line) and of the 11× 2 realistic structure presented in (a)
(dashed line). The energy reference is the Fermi level.

Catalytic Activity of a Deposit of Pd on Ni A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 10, 2004 3229



The key point, which validates this simplified constrained Pd model
of the Pd/Ni deposit, is that, with this constraint applied in the 3 bottom
layers of the slab, the surface does not adopt the usual 1× 1 geometry,
but reconstructs with a geometry which is completely similar to that
of the peculiar deposit (Figure 1b) with the striking row pairing process
(with a distance between paired rows of 2.90 Å, very close to the 2.88
Å in the true deposit) and also an identical buckling in the second layer.
In addition, the surface electronic structure of this strain-induced
reconstruction of Pd(110) matches very well the one calculated for the
full 11 × 2 Pd on Ni deposit (Figure 1c). The unique local environment
of the surface Pd atoms in the Pd/Ni(110) nanostructured deposit is
hence perfectly taken into account in the model surface, as demonstrated
by the nearly identical electronic properties: this model should
reproduce very closely the reactivity of the experimental Pd/Ni(110)
system. The surface Pd structure of the 11× 2 reconstruction can then
be seen as an hybrid (110)-(100) Pd surface that is only stable because
of the epitaxial strain imposed by the Ni(110) substrate. The creation
of the quasi-square surface sites in the nanostructure should induce a
completely new range of catalytic behaviors. It should be underlined
here that such a pairing row reconstruction is not stable on a normal
Pd(110) surface and is stabilized in the deposit, or in its simple 2× 2
model, by the natural or imposed interfacial strain.

For this 2× 2 Pd(110) slab, a Monkhorst-Pack mesh of 5× 3 ×
1 k-points and a cutoff energy of 287 eV were used. The optimization
is achieved by using analytical calculations of Hellmann-Feynman
forces acting on the atoms of the unit cell.

The molecular coverage for ethene (our model alkene) on the (2×
2) surface is 0.25 ML. Such a coverage can be easily reached for ethene
adsorption on metal surfaces. We have, however, checked the conver-
gence of the calculated energy for ethene adsorption and coadsorption
with hydrogen by enlarging the unit cell to 4× 2 (0.125 ML). The
variation of binding energy is less than 2 kJ mol-1, hence showing
that the interaction between periodic images in the 2× 2 unit cell is
small. Furthermore, the purpose of this study is not to reach absolute
binding energies and barriers but to compare similar systems: the strain-
induced reconstruction of Pd(110) (as a model for the Pd/Ni deposit)
and the normal Pd(110) surface. Hence, from cancellation of errors,
the variation of activation barriers and the ratio of the calculated rate
constants (i.e., the activity ratio) are far more precise than the absolute
values. This should allow us to compute proper variation of the catalytic
activity of the Pd/Ni(110) in comparison to the Pd(110) surface.

The transition states were reached by an initial crude search, refined
by an iterative estimation and inversion of the Hessian matrix until
convergence toward a transition state. The validity of the obtained
transition state was checked by a full vibrational calculation achieved
by a complete calculation of the Hessian matrix followed by a
diagonalization procedure to obtain the eigenmodes.22 The states should
only present one negative force constant, the others being positive. We
then checked that the eigenvector associated with the negative force
constant was related to the considered reaction pathway. This procedure
allows one to obtain accurate transition states and activation barriers.

Results

In this section, the “Pd/Ni model deposit” will refer to the
stained and reconstructed Pd slab, as explained above. On the
Pd/Ni model deposit, as well as the pure Pd(110) surface, the
most stable coadsorption state corresponds to an ethylene
molecule in a bridge site, with hydrogen atoms in pseudo-three-
fold sites inside the grooves.23 A short distance repulsive lateral
interaction is present so that the H atoms tend to move the largest
distance from the molecule that is allowed from the unit cell.

One important difference for the strained deposit is that the
coadsorption energy for this initial state is significantly reduced
(by 16 kJ mol-1), as compared to the pure Pd(110) surface.
This is mainly related to a weaker Pd-ethylene bond on the
deposit.

Reaction pathways for hydrogenation have been exhaustively
explored, and three low energy profiles have been found. The
reaction pathways on the Pd/Ni model are all qualitatively
similar to those on the pure Pd, but with important differences
in the relative energies and barriers between the subsequent
states along the profile, due to the specific paired and distorted
structure on the Pd/Ni model. The lowest energy pathway is
illustrated in Figure 2 for both the Pd and the Pd/Ni surfaces.
For the first insertion of a hydrogen atom in the C-Pd bond,
the ethylene molecule does not react preferably from the bridge
site. First, it diffuses to a metastable precursor state, bound to
a single Pd atom on a top site, while simultaneously a hydrogen
atom migrates to an adjacent three-fold site. In this metastable
state (24 kJ mol-1 less stable), the couple of adsorbates is
prepared for reaction. Considering that the diffusion barriers
(typically of the order of 20 kJ mol-1) are small, the top and
bridge adsorption sites are assumed to be in a chemical
equilibrium. So, the most stable adsorption site (bridge) is not
the reactive state, unlike what was found on Pd(111).24 From
this precursor state, the C-H bond formation occurs through
the first transition state, TS1 (Figure 2), located 56 kJ mol-1

higher for Pd (42 kJ mol-1 for the Pd/Ni model). An ethyl
molecule is formed in an eclipsed conformation, followed by a
change to a staggered conformation. This fragment is slightly
stabilized by coadsorption with an H atom on the pure Pd
surface, but not on the Pd/Ni model deposit. This first hydro-
genation step, from the initial bridge site to the most stable ethyl
group, shows an important difference between the two surfaces,
the nanostructured Pd/Ni deposit yielding a smaller activation
energy (61 kJ mol-1 instead of 80 kJ mol-1) and a reduced
endothermic character (22 kJ mol-1 versus 27 kJ mol-1 for the
reaction energy). Finally, the second hydrogenation step can
take place, through the transition state TS2 (Figure 2), with an
activation energy of 45 kJ mol-1 on Pd and 42 kJ mol-1 on the
Pd/Ni model. The resulting staggered ethane molecule desorbs
easily, in agreement with the weak interaction of alkanes with
the Pd surfaces. The reaction from the ethyl group coadsorbed
with a hydrogen atom to form the weakly adsorbed ethane is
exothermic by 25 kJ mol-1 for Pd and by 29 kJ mol-1 on the
Pd/Ni model.

In TS1, the transformation is more advanced toward the ethyl
product on the Pd/Ni model deposit than on Pd, with a shorter
C-H and a longer C-C bond (Figure 3). In addition, the
modification of the Pd-Pd surface bonds is larger on the pure
Pd surface, with H nearly inserted in a Pd-Pd bond, than on
the Pd/Ni model. The stability of TS1 is a compromise between
all bonds involved, resulting in a very similar total energy for
the two systems. The reaction barrier difference is hence totally
arising from the weakened stability of the initial adsorption state
on the deposit. For the second reaction step, the geometry and
energy position of TS2 are similar on both surfaces.

Electronic Properties

The difference in the behavior of the Pd and Pd/Ni systems
toward the adsorption of ethylene may be related to the surface(22) Filhol, J.-S. Reconstruction et activite´ catalytique induite par contrainte:

une étude quantique des de´pôts de Pd sur Ni(110). Thesis, Ecole Normale
Supérieure de Lyon, 2001.
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electronic structure. For the sake of clarity, the analysis of the
adsorption is done for an ethylene molecule in the top geometry.
In this case, the dxz and dz2 orbitals of the Pd atom overlap,
respectively, with theπ andπ* ethylene molecular orbitals, for
topological reasons. Figure 4 presents a comparison of the
electronic density of states of Pd and Pd/Ni, first in the case of
a naked Pd surface, and then in the case of a surface with an

ethylene molecule adsorbed on a top site. When the Pd and
Pd/Ni systems with the naked surface are compared, the dz2 band
(Figure 4a) shows an important modification close to the Fermi
level, whereas the main features of the dxz band (Figure 4b)
remain nearly unchanged. The main peak of dz2 is displaced
toward a lower energy, getting away from the Fermi level. This
behavior can be seen as a consequence of the pairing and
buckling reconstruction. The buckling breaks the Pd-Pd bond
between the surface and the third layer Pd atoms. The lack of
dz2 interaction between these two Pd atoms leads to a decrease
of the width of the surface atom density of states, and conse-
quently a loss of contribution close to the Fermi level. This
induces a marked modification in the features of the dz2 band,
in the presence of an adsorbed ethylene molecule (Figure 4c).
The interaction of dz2 with a filled π orbital may be stabilizing,
provided that antibonding states are efficiently pushed above
the Fermi level. The weight of the energy contributions that
are above the Fermi level is clearly larger in the Pd than in the
Pd/Ni system. Consequently, these Pd-C antibonding levels
are more efficiently emptied on Pd than on the Pd/Ni deposit.
So, this behavior is associated with a less stabilized situation
in the Pd/Ni case, as compared to the Pd system. The difference
between Pd and Pd/Ni in the dxz band, as the ethylene molecule
is adsorbed (Figure 4d), is less noticeable. In both cases, the
interaction with theπ* ethylene orbital yields emptied contribu-
tions far above the Fermi level and pushes down the peaks that
were close to the Fermi level in the naked surface dxz band
(Figure 4b). This behavior is again stabilizing, but does not seem
to differentiate the Pd and Pd/Ni systems. The lower adsorption
energy of ethylene on the Pd/Ni surface then originates from
the fact that the surface electronic structure is less suited to the
interaction with the occupied ethyleneπ orbital.

Figure 2. Reaction pathway of the two successive steps of hydrogenation of ethylene to ethane on a model Pd/Ni surface (full line) and a Pd(110) surface
(dashed line). The energy values are given in kJ mol-1 and refer to the dihydrogen and ethylene molecules in the gaseous phase and the bare corresponding
metal surface. In this figure, the zero-point energy corrections are not included in the energy positions of the intermediate and transition states.

Figure 3. Structure of the different transition states on the hydrogenation
pathway for the first hydrogenation step on (a) Pd(110) and (b) Pd/Ni-
(110), and for the second hydrogenation step on (c) Pd and (d) Pd/Ni.
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Discussion

From this first principle energy profile, a detailed kinetic
model has been constructed to obtain a more detailed under-
standing of the compared hydrogenation reaction rates. The
following mechanism results from the calculated pathways,
where the adsorbed species are followed by a star:

The kinetics of the system has been simplified as follows.
The adsorption reaction of ethylene and hydrogen is assumed
to be very fast and corresponds to the global equilibrium (0).
The first hydrogenation step (I) takes place from the most stable
coadsorption state, through TS1, toward the most stable ethyl
state. The second hydrogenation step (II) relates this ethyl state
to an adsorbed ethane molecule, through TS2, the backward
reaction being neglected due to a much higher activation barrier.
The surface coverage of ethane can be neglected, because it
has a very small desorption energy, and the desorption step is
expected to be a nonactivated equilibrium (III).

The hydrogenation rate can be expressed as a function of
the adsorbed species coverageθ, in the stationary surface limit:

The rate-limiting step is obtained from the comparison ofk-1

andk2θH.

The ratiok2θH/k-1 was evaluated from the exponential terms
and activation barriers, assuming identical prefactors. The zero-
point energy has been included from a vibrational calculation.
This effect, equivalent on the two surfaces, is dominated by
the contribution of the C-H stretch, and hence TS2, with one
additional CH bond, is destabilized by 10 kJ mol-1 as compared
to TS1. The ratiok2θH/k-1 is calculated to 9× 10-4 for the
model Pd deposit on Ni and 0.11 for pure Pd, for the coverage
θH ) 0.25 ML. Hence, as the first hydrogenation occurs as a
quasi-equilibrium, with the constantK1 ) k1/k-1, the rates on
the Pd and the Pd/Ni model surfaces can be written, respectively,
as:

The values of the rates are then dominated by the energy
behavior ofK1 andk2:

where∆H1 is the enthalpy of the quasi-equilibrium (I), and∆E2
q

is the activation energy of reaction II, both including the zero-
point energy correction. Assuming that the entropy prefactors
in K1 andk2 have the same value in Pd and the Pd/Ni model,
the increase,ν, of catalytic activity on the strained deposit, as
compared to the pure Pd surface, can be expressed as:

Figure 4. Electronic density of state for a surface Pd projected on (a) the dz2 orbital and (b) the dxz orbital for a bare Pd/Ni surface (straight line) and a bare
Pd(110) surface (dashed line). Electronic density of state for a surface Pd projected on (c) the dz2 orbital and (d) the dxz orbital for a Pd/Ni surface (straight
line) and a Pd(110) surface (dashed line) in the case of an adsorbed ethylene on a top site.
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The exponential terms are estimated, at 300 K, to be 7.5 and
3.3, respectively. The value of the expression (1+ (k2

Pd/
k-1

Pd)θH) is dependent on the H coverage (between 0 and 1
ML), but remains in the range 1-1.4. As the energy positions
of TS1 and TS2 are similar in both systems, the exponential
terms in eq 5 are mainly related to the stability of the adsorbed
intermediate species. Clearly, the increase of the rate in the Pd/
Ni model system is linked to the fact that, on one hand, the
adsorption energy of ethylene and, on the other hand, the
coadsorption of the ethyl group with an H atom are both much
lower on the Pd/Ni model than on pure Pd.ν is then estimated
in the range 25-35, in very good agreement with the experi-
mental result, that shows an increase of the catalytic activity of
34.9,10

Conclusion

We have computed the various hydrogenation pathways from
ethylene to ethane on both Pd(110) and 4 ML Pd/Ni(110)

surfaces. The energetic behavior along the pathways allows one
to model the kinetics and shows that the reaction rate on the 4
ML Pd/Ni(110) nanostructured surface is about 30 times larger
than that on the Pd(110) surface, as found experimentally. This
activity increase was associated with the strong destabilization
of the ethylene adsorption on the Pd/Ni system, due to the
peculiar surface nanostructure. Our computations demonstrate
that the creation of nanostructured surfaces allows one to obtain
an anisotropically stressed Pd surface. That layer exhibits
unusual hybrid surface structures with the metallic atom in a
completely different environment than any normal surface. This
organization can lead to a striking enhancement of catalytic
properties.

Using anisotropic stress to tailor structures with such a
special atomic environment (perhaps also by other means
than the epitaxial deposits) could then lead to an inno-
vative way of designing new families of highly efficient
catalysts.
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