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ABSTRACT: Density functional theory calculations are used to investigate the
catalytic hydrogenation of ethylene to ethane over a wide range of transition metal
(TM) surfaces. Assuming the Horuiti−Polanyi mechanism, the enthalpies of
adsorption, surface diﬀusion, and hydrogenation barriers are examined over closepacked surfaces of Co, Ni, Cu, Ru, Rh, Pd, Ag, Os, Ir, Pt, and Au. Special attention
is given to the eﬀects of ethylene and hydrogen coverage on the reaction pathway
and activation energies. The previously suggested importance of the balance
between di-σ and π adsorption modes is reinvestigated, and most metals are found
to exhibit a preference for the π state. Hydrogen coverage is found to control the
reactant stability and promote a surface distortion which facilitates the hydrogen
addition reaction. For all TMs, the calculated activation energies are low and span
a narrow range.

■

INTRODUCTION
The catalytic hydrogenation of alkenes is a major process in
industrial chemistry, utilized in such diverse areas as food
preparation, cosmetics, and fuel processing.1 Within the
automotive industry, hydrogenation is crucial to enhance the
stability of biofuel feedstocks. Biofuels, derived from organic
sources, contain a mixture of saturated and unsaturated esters
of varying carbon chain lengths that are unstable with respect to
oxidation under ambient atmospheric conditions. Understanding and controlling the processes by which this stability
may be chemically enhanced is of major present concern.2−4 To
this end, the activity of heterogeneous catalysts toward the
reduction of the carbonyl functional group is a primary
focus.5−8 Furthermore, selectivity of the catalyst toward the
carbonyl group rather than the alkene groups is key to the
design of appropriate catalysts. To control the selectivity it is
necessary to understand the governing factors for both alkene
and carbonyl hydrogenation.
Hydrogenation of alkenes over metal surfaces has been
studied in the past with ethylene as a model reactant.9−13 The
primary mechanism for hydrogenation of simple alkenes over
metal surfaces has been established as the Horuiti−Polanyi
(HP) reaction.14−17 In this scheme, the alkene is adsorbed on
the surface, and two sequential hydrogen addition steps take
place from a reservoir of adsorbed hydrogen atoms. The
resulting alkane desorbs spontaneously and the supply of
hydrogen is restocked by the dissociative chemisorption of
gaseous H2.
Although the overall reaction mechanism on diﬀerent metal
surfaces is known to follow the HP scheme, it has been diﬃcult
to establish unambiguous trends across the periodic
table.10,18,19 First-principles calculations have the ability to
isolate various factors that may inﬂuence the mechanism
through which the reaction proceeds. In this work, we
undertake a density functional theory analysis of the HP
© 2015 American Chemical Society

hydrogenation pathway of ethylene (C2H4) to ethane (C2H6)
over 11 late transition metals (TMs). By comparing a wide
range of metals, we elucidate structural and energetic trends
across the periodic table. The chemisorption properties of
ethylene, ethyl, and hydrogen are examined, along with the
eﬀect of reactant coverages on stability and binding mode
preference. Transition states are calculated along the reaction
pathway and used to generate the full reaction proﬁles. Finally,
the correlation between energetic and electronic parameters is
discussed.

■

BACKGROUND
Early experiments by Beeck and co-workers9,18,20,21 aimed to
isolate the primary factors which control the hydrogenation
reaction. The activity was correlated with the lattice parameter
of the various TMs and found to be structure-sensitive for
nickel.22 In addition, the arrangement of reactive species on the
surface was proposed to be important for the reaction.22
The question of which species are present on the TM surface
under particular conditions has generated much interest, with
many experimental and theoretical studies performed to
identify the range of carbonaceous intermediates and their
possible role on the hydrogenation reaction.23−26 One issue in
catalytic hydrogenation of alkenes is that catalysts which are
active for hydrogenation are also active for dehydrogenation.
This fact leads to the possibility of a rich surface chemistry with
competing reaction mechanisms. One example is the so-called
self-hydrogenation, where hydrogen atoms released through
alkene dehydrogenation react with another alkene moiety. On
Pt(111), dissociative chemisorption of ethylene to ethylidyne
(CH2CH) has been observed with low-energy electron
Received: October 5, 2015
Published: December 10, 2015
995

DOI: 10.1021/acs.jpcc.5b09735
J. Phys. Chem. C 2016, 120, 995−1003

Article

The Journal of Physical Chemistry C

adsorbed more strongly to metals with high d-occupation due
to a combination of spin pairing and exchange energy eﬀects
which balance the costs of covalent and donor type bonds.19,44
The lowest H insertion barrier was calculated for Rh and was
found to be related to a small metal promotion energy which
minimized repulsion between metal s electrons and the
ethylene frontier orbitals.
In addition to the importance of ethylene adsorption, the
role of hydrogen coverage on the metal surface during the
hydrogenation reaction has been stressed.13,56,57 By use of
TPD, it has been observed that codosing H2 with ethylene
reduces the apparent activation energy and increases ethane
yield over Pt(111).13,56 Shaikhutdinov et al. performed a TPD
analysis of ethylene adsorption on Pd nanoparticles,57
observing that dosing hydrogen caused a change in the
distribution of di-σ to π modes for ethylene. It was suggested
that the blocking of Pd hollow sites by hydrogen promotes the
π state, which leads to an increased activity. Similar results were
obtained with RAIRS by Stacchiola et al.52 on Pd(111), who
reported a shift from di-σ to π upon hydrogen preloading and a
small (0.13 eV) apparent activation energy for the hydrogenation reaction. Furthermore, the reaction was found to be
suppressed upon codosing of ethylene and hydrogen which
indicates that ethylene may block hydrogen adsorption. Similar
conclusions have been made for ethylene hydrogenation over
Pt13 and Ni.58
The extent to which adsorption energies control ethylene
hydrogenation has been questioned since the earliest studies by
Beeck,9 and later work aimed to identify the relevant kinetic
mechanisms. For example, Bos and Westerterp considered the
selectivity of ethylene hydrogenation in competition with that
of acetylene over Pd catalysts.12 It was shown that adsorption
energies do not account for the ethylene hydrogenation activity
in the presence of ethyne and that a kinetic model with multiple
adsorption sites is required to explain experimental results.
Dumesic and co-workers developed a three-site kinetic model
to describe ethylene hydrogenation over Pt(111)59,60 which
included competitive and noncompetitive adsorption sites.
With this model it was possible to accurately reproduce
turnover frequencies. However, the model is not fully
consistent with the present atomistic understanding as it, for
example, assumes hydrogenation from the di-σ mode.60
From the considerable amount of mechanistic work on
ethylene hydrogenation, it is clear that the various ways in
which ethylene and hydrogen bind and cover a surface are
important in describing the full range of possibilities available to
the reaction. Furthermore, the eﬀects of reaction conditions,
such as the concentrations of reactants and how the catalyst is
exposed to them, will likely inﬂuence the overall reaction
mechanism.

diﬀraction (LEED), reﬂection−absorption infrared spectroscopy (RAIRS), temperature-programmed desorption (TPD), and
X-ray absorption spectroscopic experiments,10,27−29 suggesting
a saturation coverage of 25%. A layer of ethylidyne is known to
form over many late TMs at room temperature, including
Ru(001), 30 Ir(111), 31 Pd(111), 32−35 Rh(111), 36,37 and
Ni(111).38 Helium scattering measurements suggested that
ethylene binds upon the ethylidyne layer over Pt(111).39 Such
an adsorption mode raises the possibility of an additional
mechanism for hydrogenation, namely, that ethylidyne is
hydrogenated to ethylidene (CH3CH), which further hydrogenates the adsorbed ethylene to ethane. Theoretical analysis
by Anderson and Choe showed, however, that this pathway is
thermodynamically unfeasible40 and ethylidyne was experimentally later identiﬁed as a spectator species.41 Ethylidyne has
been calculated40 and measured42 to be mobile on Pt(111)
which allows for ethylene to be hydrogenated according to the
conventional HP mechanism.
Ethylene can adsorb on metal (M) surfaces in two modes,
namely, di-σ and π. The di-σ mode involves a reduction of the
ethylene C−C bond order, from 2 to 1, and the formation of
two C−M σ bonds. Thus, this mode involves the
rehybridization of ethylene from sp2 to sp3 and occupies two
metal sites. In the π mode, ethylene adsorbs to a single metal
atom, and the molecule is not signiﬁcantly rehybridized.43,44
The competition between the binding modes and their role in
the hydrogenation reaction has been discussed extensively,45−50
and both modes have been detected and analyzed experimentally (see, e.g., ref 51). For example, the π mode has been
observed on Pd(111) at low temperatures by use of angleresolved ultraviolet photoelectron spectroscopy (ARUPS).33
The molecules were measured to adsorb with a high sticking
coeﬃcient up to a maximum coverage of 33%. Stacchiola et al.
later showed a particle size dependence of the π preference over
Pd nanoparticles.52 Larger particles were suggested to exhibit a
greater propensity toward back-bonding charge transfer to
ethylene, which in turn promotes rehybridization, yielding an
increase in the di-σ/π ratio. Computational studies have also
shown a competition between di-σ and π modes over Pd(111).
Due to eﬀects of lateral repulsion between the adsorbates, it has
been suggested that the mode preference is coverage-dependent.43,46 A similar di-σ and π coexistence has been reported for
several metal surfaces where Pt(111) is one example.28
In general, nondissociative ethylene chemisorption may take
either mode, although the π state is considered the most active
mode for HP hydrogenation.41,46,47 The preference for
nondissociative adsorption of hydrocarbons onto metal surfaces
was recognized by Silvestre and Hoﬀmann as a compromise
between the strength of metal−adsorbate binding and the total
strength of metal and adsorbate intrafragment binding.53 The
authors noted that multiple-site metal−adsorbate binding
weakens the surface bonds most signiﬁcantly and can promote
dissociation of the molecule. Nondissociative chemisorption,
and similarly the absence of surface distortion, occurs over
metals to which the adsorbate occupies only one metal site.
Hydrogenation activity trends of metal surfaces have been
discussed in terms of electronic structure. One early
contribution is the resonance d-band model of Pauling54,55
which predicted that metals with a high “d-contribution” in
their metal−metal bonding made better catalysts owing to their
advantageous adsorption properties. Later theoretical analysis
of the adsorption and hydrogen insertion processes for ethylene
on 4d metals went further, and it was found that ethylene

■

COMPUTATIONAL DETAILS
Calculations are performed within density functional theory
(DFT) as implemented in the Vienna ab initio package (VASP
5.2) using the Perdew, Burke, Ernerhof (PBE) functional.61−65
The Kohn−Sham orbitals are expanded in a plane wave basis,
truncated at an energy of 420 eV. Standard projected
augmented wave potentials are utilized66,67 to describe the
interaction between the valence electrons and the core.
Hydrogen and carbon atoms are treated with one and four
electrons in the valence, respectively. For the group 8, 9, 10,
and 11 metals, 8, 9, 10, and 11 electrons are treated explicitly.
Integration over the Brillouin zone is approximated by ﬁnite
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Figure 1. Structures of the di-σ ethylene (left), π ethylene (mid), and ethyl (right) binding modes over Pt(111) at a coverage of 33%. The top row
corresponds to a top-down projection, while the bottom row is a side-view of the local geometry. The surface cell is indicated by dark lines.

sampling using the Monkhorst−Pack scheme,68 and Methfessel
and Paxton69 smearing of the Fermi discontinuity is applied to
ﬁrst order, with a smearing width of 50 meV. Spin-unrestricted
calculations are performed for metals with a nonzero bulk
magnetic moment (Co and Ni), while all other calculations are
restricted to a diamagnetic treatment. For local geometry
optimization, the structures are considered to be converged
when the energy diﬀerences are less than 1 × 10−3 eV and total
forces are less than 1 × 10−2 eV/Å.
The metal surfaces were modeled with four-layer slabs
separated by 20 Å of vacuum. Adsorption is considered in three
types of surface cells, namely, (√3 × √3)R30°, (2 × 2), and (3
× 3). With one ethylene adsorbed per cell, this corresponds to
coverages of 33%, 25%, and 11%, respectively. It is notable that
it was not possible to ﬁnd stable adsorption structures for
coverages higher than 33%, in agreement with TPD experiments over Pd(111).33 We thereby justify considering 33% to
be the high-coverage limit. The k-point grid is 7 × 7 for the
smaller cell and 5 × 5 for the larger cells. The metals were
treated in face-centered cubic (fcc) (111) (Ni, Cu, Rh, Pd, Ag,
Ir, Pt, Au) or hexagonal close-packed (hcp) (0001) (Co, Ru,
Os) bulk structures, respectively, which were cut from the
theoretical bulk lattice optimized at the same level of theory.
The accuracy of the computational method for modeling the
reactants was tested and the relaxed gas-phase C−C and C−H
bond lengths in ethylene were found to be 1.33 and 1.09 Å,
respectively, which is close to the experimental values of 1.33
and 1.08 Å. The corresponding theoretical (experimental)
values for ethane are 1.53 (1.54) Å and 1.10 (1.11) Å.
Activation energies were calculated using the climbing-image
nudged elastic band (CI-NEB) technique70 as implemented in
the transition state tools module for VASP. The number of
images required to achieve convergence varied between ﬁve and
eight for the various metals and intermediates, and all transition
states located were conﬁrmed with vibrational analysis.71

in bond lengths across the investigated metals are reported in
Table 1. For the metals with open d-shells, the C−M bond
Table 1. C−C and C−M Bond Distances (Angstroms) over
TMs at 33% Ethylene Coverage, with Overall Binding Mode
Preferencea
metal

C−C (π)

C−C (di-σ)

C−M (π)

C−M (di-σ)

Co
Ni
Cu
Ru
Rh
Pd
Ag
Os
Ir
Pt
Au

1.41
1.40
1.38
1.43
1.41
1.38
1.34
1.43
1.42
1.41
1.33

1.43
1.44
1.39
1.47
1.46
1.45
1.34
1.50
1.50
1.49
1.33

2.04
2.03
2.22
2.20
2.15
2.20
3.46
2.24
2.18
2.17
3.55

2.05
2.01
2.25
2.19
2.14
2.13
3.53
2.19
2.15
2.11
3.74

a

preferred
mode
π
π
π
π
π
di-σ
π/di-σ
di-σ
di-σ

The gas-phase C−C length is 1.33 Å.

length is decreasing moving from left to right in the periodic
table. Adsorption on the coinage metals results in long C−M
distances which is a structural signature of physisorbed
molecules. This is due to repulsion between the occupied
valence s states on the metal and the sp2 orbitals of ethylene.72
Concerning the C−C bond, the di-σ mode always causes a
greater extension with respect to the gas phase than the π
mode. The diﬀerence between the C−C bond in the two
modes is particularly large for the metals where ethylene is
preferably adsorbed in the di-σ mode.
Our results for ethylene adsorption on the metal surface are
in good agreement with available theoretical and experimental
data.29,44,73 For example, by use of He II photoemission
spectroscopy in combination with Hartree−Fock calculations,
Demuth estimated the C−C bond lengths to be 1.39, 1.47, and
1.52 Å, for ethylene adsorbed upon Ni(111), Pd(111), and
Pt(111), respectively.73 The HCH bond angles suggested π, diσ, and di-σ adsorption modes for the three metals, respectively.
Both the bond lengths and the site preference are in agreement
with our results. By extended X-ray absorption ﬁne structure
(EXAFS), the C−C bond length on Pt(111) was later
determined to be 1.49 ± 0.04 Å.29 For the 4d metals Ru, Rh,
and Pd, the π mode may be compared with the theoretical

■

ADSORPTION OF REACTANTS
The binding of ethylene and ethyl species to the TM surfaces is
calculated for both the di-σ and π modes. Figure 1 shows an
example of the two bonding geometries for a coverage of 33%
ethylene upon Pt(111). In agreement with previous theoretical
studies, it is found that the C−C bond in the π mode is
perfectly coplanar with the surface and is extended from the
gas-phase value of 1.33 Å to 1.41 Å,7,43,46 while the di-σ mode
induces a larger C−C bond extension (to 1.49 Å). The trends
997

DOI: 10.1021/acs.jpcc.5b09735
J. Phys. Chem. C 2016, 120, 995−1003

Article

The Journal of Physical Chemistry C

metal pxz/pyz orbital. As a result, the π-adsorbed ethylene
formally remains sp2 hybridized and the C−C π bond is
weakened, leading to an increased C−C bond length. For the
di-σ bond, the rehybridization induces a more signiﬁcant
distortion and the C−C bond order is formally changed from 2
to 1. This view of the bonding is very similar to the one
presented by Neurock and van Santen.43
Dissociative chemisorption, known to be the preferred mode
of hydrogen adsorption over transition metals, is assumed
across all metals in this study. CI-NEB calculations for H2
dissociation were performed over Pd(111) and Pt(111) to
determine whether the presence of ethylene blocks hydrogen
diﬀusion and chemisorption. The calculations showed no
barrier to adsorption for up to the maximum ethylene coverage
of one-third. Atomic hydrogen adsorbs preferably in threefold
hollow sites, with a slight (<50 meV) preference for fcc over
hcp sites. The only exception is platinum, for which the atop
site is competitive with the hollow sites.
The bond strength of hydrogen to the transition metals is
largely invariant to the presence of more or less diﬀuse metal
orbitals, and to the ﬁlling of the d-band, up to group 10.
Therefore, the variation of hydrogen adsorption is unlikely to
play a signiﬁcant mechanistic role in ethylene hydrogenation.
The only notable discrepancy is for adsorption on the coinage
metals, Cu, Ag, and Au, which have a d10s1 electronic
conﬁguration. Coinage metals have low adsorption energies,
with potentially high barriers to dissociative adsorption of
hydrogen.75−77 For gold surfaces, hydrogenation of acrolein has
been recently proposed to follow a non-Horuiti−Polanyi
mechanism where acrolein reacts with molecular hydrogen.8
There is an interesting trend when comparing the adsorption
energies for hydrogen and ethylene between the rows of the
period table. For 3d metals, hydrogen adsorption is clearly
preferred over ethylene, while the opposite is true for 5d
metals. The 4d metals display a subtle balance between
hydrogen and ethylene preference, which suggests that
operational control of the reaction conditions could be of
importance. Preloading of either reactant has been shown
experimentally to have an eﬀect on the hydrogenation activity,
as noted by Stacchiola et al.,52 Shaikhutdinov et al.,57 and
Zaera.56
For the ethyl intermediate, the bonding arrangement involves
a single C−metal bond to one atom in an atop fashion, see
Figure 1, with higher adsorption energy than for ethylene, in
part due to the instability of the gas-phase ethyl radical. Taking
the example of Pt(111), the C−Pt bond length is calculated to
be 2.09 Å, and the C−C bond length is 1.51 Å. This is in close
agreement with previous calculations.7,45,78 For the ethyl
species, rehybridization to sp3 carbon is complete, allowing a
covalent interaction with metal d orbitals to produce an
electronic shell closing stabilization. Co, Rh, and Ir represent
local maxima in stability, as with an electronic d 9 s 0
conﬁguration, they are able to form a single covalent bond
which induces a shell closing in both the carbon sp3 and metal d
shell, without the energetic cost of rehybridization.
Eﬀects of Ethylene Coverage. It was noted in previous
theoretical43,46 and experimental52,57 studies that the relative
stability of the di-σ and π modes vary with adsorbate coverage
on Pd and Pt surfaces; a high density of adsorbates drives a
preference for the binding mode which occupies fewer metal
sites. Thus, the π state should become stabilized at high
ethylene coverages. We note that the di-σ mode is calculated to
be the stable adsorption conﬁguration for a coverage of 33%

results of Blomberg et al.,44 who report C−C lengths of 1.44,
1.44, and 1.43 Å, respectively, for adsorption on metal atoms.
Care should be taken in comparing the binding to a single
metal atom with that over an extended surface, but it is clear
that, for the π mode, the single atom gives a fair representation
of the geometry.
The adsorption energies of ethylene (π and di-σ modes),
ethyl, and hydrogen upon the surfaces at one-third coverage are

Figure 2. Adsorption energies of the di-σ ethylene (blue diamonds), π
ethylene (green circles), H (red squares), and ethyl (black triangles)
species for the investigated TMs, at a coverage of 33%.

depicted in Figure 2. The adsorption energy for an adsorbate X
is calculated according to
Eads = −(Etot − Eslab − EX )

(1)

where Etot is the total energy of the chemisorbed adsorbate, Eslab
is the total energy for the slab, and EX is the total energy of the
adsorbate in gas phase. Positive adsorption energies indicate
exothermic adsorption. Focusing on ethylene, there is a general
increase of the adsorption energy going from the 3d to the 5d
metals. Within a period, there is a maximum in the adsorption
energy for the di-σ mode at the d9s1 metals. The bonding to the
coinage metals is weak, and a slightly endothermic adsorption
energy is calculated for Cu(111). For this metal, a local
minimum exists although the strain-induced energetic penalty
in the metal and molecule is larger than the gain obtained by
the metal−ethylene interaction. As a result, the C−Cu bond
lengths (see Table 1) are clearly shorter than for the other
coinage metals. This result is in agreement with previous
calculations74 as well as experimental near-edge X-ray
absorption ﬁne structure (NEXAFS) studies.75
There is an interesting trend in the competition between the
π and di-σ modes across the periodic table. The di-σ mode
becomes more stable moving from left to right and from 3d to
5d. As a consequence, it becomes the preferred mode for the
late transition metals. Taking the examples of the d9s1 metals,
the di-σ preference varies from −0.1 eV for Ni(111) to 0.1 and
0.3 eV for Pd and Pt, respectively. It is notable that an overall
preference for the di-σ mode is observed only for Pd, Pt and Ir.
The bonding in the two modes is of a fundamentally diﬀerent
nature. The di-σ mode involves a rehybridization of the carbon
centers from sp2 to sp3 and the subsequent overlap of sp3
orbitals with metal dz2 orbitals on adjacent atoms. In contrast,
the π mode involves a ﬂip of the p orbital phase on one carbon
atom. This produce a net bonding interaction with a single
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which is the experimentally observed saturation coverage for
Pd(111)33 (Figure 2).
In order to examine the dependence of the relative stabilities
of the two adsorption modes, a lower loading of 25% over the
pristine metal surface is considered. For Pt(111), an 11%
ethylene coverage is additionally investigated. In general, the
preferred adsorption mode is the same for the studied
coverages. Furthermore, as shown in Figure 3, the relative

Figure 4 depicts the variation in ethylene adsorption energy
with respect to the H precovered surface, given by

Figure 4. Eﬀect of hydrogen loading for a ﬁxed 25% ethylene coverage.
Top: the resulting structural distortion on increasing H-loading from
0% to 75% on Pt(111). Bottom: ethylene adsorption energy as a
function of H-loading in di-σ (solid) and π (dashed) modes, for Pd
(red diamonds) and Pt (black circles).

Figure 3. Ethylene adsorption preference over the studied metals at
coverages of 33% (red diamonds) and 25% (black circles). Preference
for the di-σ mode is denoted by positive values.

nH
Eads = −(Etot − Eslab
− EC2H4(g))

preference between the two modes displays a lack of coverage
dependence. Most metals exhibit a change of less than 0.1 eV in
total mode preference, with exceptions for Co and Au. For
these metals, the eﬀect may be ascribed primarily to the weak
adsorption at 33% coverage. For Pt at 11%, the di-σ preference
is determined to be 0.29 eV, which is similar to that for 25%
(0.35 eV) or 33% (0.33 eV). This result agrees with that of
Hirschl et al.7 for 25% coverage, where a di-σ preference of 0.37
eV was reported. It is obvious that the ethylene coverage is not
the sole driving force toward promotion of the π state, which is
expected to be the intermediate species for the hydrogenation
reaction. The trends across the periodic table are clear, with
distinct peaks in the di-σ preference for the platinum group
metals, and minima for the group 8 metals. Moreover, there is a
trend toward a di-σ preference moving down in the periodic
table. This trend may be understood by the localized nature of
the d orbitals for the 3d metals. The energetic trends are in
agreement with the structural analysis in Table 1.
Eﬀects of Hydrogen Coverage. The second important
coverage dependence is that of hydrogen, which was varied
independently of ethylene coverage. Taking the coverage of
25% ethylene, we examine the eﬀect of hydrogen loading on
the total and relative stability of the two ethylene binding
modes. The coverage of hydrogen is here deﬁned to be 25% for
one hydrogen per cell, and 100% when all possible threefold
sites are occupied. In this manner, the eﬀect of lateral surface
repulsion between hydrogen and ethylene species may be
elucidated. Subsurface hydrogen, which is known to be the
relevant adsorption mode for several metals, 79 is not
considered, in order to identify trends which are general for
all metals. We note that the diﬀusion barriers for H over TM
surfaces are small. Consequently, H may easily migrate to sites
near to ethylene.80

(2)

where Etot is the total energy of the nH + C2H4 system and EnH
slab
is the total energy for the system with n chemisorbed H atoms.
The eﬀect of hydrogen loading for the adsorption energy of
ethylene was calculated for Ni, Cu, Rh, Pd, Os, and Pt;
however, for clarity only the results for Pd and Pt are shown in
Figure 4.
For each metal, and for both binding modes, the total
stability decreases dramatically with increasing H-loading and
becomes unstable (Eads < 0) at high coverage. The coverage at
which adsorption becomes endothermic is metal-dependent.
For Cu, Eads is below zero for all H-coverages. For Os and Ni,
ethylene adsorption becomes unfavorable between 25% and
50% H. Rh and Pt are stable to between 50% and 75%, while
Pd only becomes unstable above 75% H coverage. In general,
the di-σ mode is more dependent on H coverage than the π
mode. This yields a coverage regime where the π mode is
preferred. This eﬀect is particularly striking for Pd and Pt,
which exhibit a strong di-σ preference on the surface in the
absence of hydrogen. Overall, rather than ethylene coverage
alone, the preferred ethylene binding mode is shown to be
sensitively dependent on metal and H-loading.
In addition to the energetic trend, it is noted that the
coverage of hydrogen induces a local surface distortion, in
which a metal atom is pulled out of the surface by the ethylene
molecule. The eﬀect is observed over all metals considered, and
the surface rumpling is enhanced with H coverage. For 100% H
loading, the local rumpling81 ranges from 0.59 Å in Os, to 1.07
Å in Pt. Rh, Pd, and Ni have similar degrees of distortion, of
0.83, 0.87, and 0.91 Å, respectively. It is of note that the
rumpled surface will geometrically promote the π mode. Thus,
the di-σ conﬁguration is disfavored structurally as well as
energetically at high H loading.
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■

Comparing the barrier heights of Ru and Pt, we ﬁnd that
there is no clear diﬀerence, either between the ﬁrst and second
hydrogenation steps or the two metals. This result suggests that
the ﬁrst barrier may not be suﬃcient to represent the kinetics of
the hydrogenation process. Over Pt, the accumulation of ethyl
due to the higher second barrier is unlikely due to the high
backward barriers from ethyl to ethylene and from ethane to
ethyl. Our results predict that both Ru and Pt are active metals
for ethylene hydrogenation, however, for slightly diﬀerent
reasons. In the case of Ru, the irreversible adsorption of the
reactants will drive the reaction despite modest enthalpic gains
along the reaction path. In contrast, for Pt every reaction step
contributes to a similar extent to the enthalpy of the reaction.
Activation Energies. In general, a high activation barrier is
indicative of a reaction step which is likely to limit the overall
reaction rate. In order to investigate whether the hydrogenation
barriers may control the reaction we have calculated the
activation barriers for both hydrogenation steps for each TM,
see Table 2. In all cases we ﬁnd that the barriers are low. This is

HYDROGENATION REACTION
The full reaction pathways for ethylene hydrogenation are
investigated with an initial ethylene coverage of 33%. The
reaction is studied according to the HP mechanism with the
elementary steps C2H4(ad) + H(ad) → C2H5(ad) and
C2H5(ad) + H(ad) → C2H6(g). The reaction pathways for
Pt and Ru are shown in Figure 5. The two metals are chosen to

Table 2. Transition State Barriers (eV) for the First and
Second Hydrogen Addition Steps over the Investigated
Metalsa

Figure 5. Reaction pathways for the hydrogenation of ethylene over Pt
(top) and Ru (bottom) surfaces at 33% ethylene coverage. The
energies diﬀer for the two hydrogen adsorption steps because of the
ethyl-hydrogen repulsion in the second step.

exemplify systems with π (Ru) and di-σ (Pt) preference. The
pathways are calculated in a sequential manner, wherein the
minimal hydrogen coverage required to allow the reaction is
included at each stage. Therefore, the reaction proﬁles may be
considered to represent the sparse hydrogen regime. The
C2H4(ad) + H(ad) → C2H5(ad) step is calculated to proceed
through the π state.82 Thus, for the metals where ethylene
preferably is adsorbed in the di-σ mode, a promotion energy
(Ep) is deﬁned as the diﬀerence in adsorption energy between
the di-σ and π modes. The barrier for di-σ to π conversion was
calculated according to a translation motion from bridge (di-σ)
to atop (π) adsorbed ethylene and found to be small with
respect to Ep. Thus, this step is not included in the reaction
pathways.
The two reaction pathways are clearly diﬀerent on Ru and Pt.
The reactants are more strongly bonded to Ru than to Pt. Over
Ru, the adsorption of hydrogen and ethylene is exothermic by
1.41 eV, making up the vast majority of the total reaction
enthalpy. The ﬁrst hydrogen addition step is actually slightly
endothermic, while the addition of the second hydrogen is
exothermic by only 0.25 eV. By contrast, the major energetic
gain in the reaction over Pt is the ﬁrst hydrogenation step,
which is exothermic by 0.61 eV. Relative to the pristine surface
and gas-phase reactants, the reaction pathway up to the
formation of ethyl over Pt releases 1.27 eV, which makes up the
majority of the total enthalpy of reaction, calculated to be 1.76
eV. The second hydrogen addition step is exothermic by 0.31
eV.

metal

barrier 1

barrier 2

Co
Ni
Cu
Ru
Rh
Pd
Ag
Os
Ir
Pt
Au

0.41
0.25

0.51
0.22

0.54
0.52
0.58

0.52
0.36
0.54

0.59
0.65
0.49
0.57

0.56
0.34
0.56
0.50

a

Converged reaction pathways are not found for the Cu and Ag
surfaces.

in agreement with experimentally determined apparent
activation energies for Co, Ni, Ru, Rh, Pd, Ir, and Pt.10 Over
this set, the average activation energy was reported to be 0.40
eV, with a standard deviation of 0.12 eV.10 In comparison, our
results show an average of 0.48 eV, and a standard deviation of
0.12 eV. The barriers for the 3d metals are slightly lower on
average than for the 4d and 5d metals. In all cases, we observe
that the calculated ﬁrst and second hydrogenation barriers are
similar. This suggests that both steps could be needed for a
complete description of the reaction kinetics. We do not ﬁnd
any correlation between adsorption energies for the reactants
and activation energies. This is in agreement with the
conclusion of Siegbahn for hydrogen insertion to ethylene on
single metal atoms.19
Analysis of the Transition States. The geometry of the
ﬁrst transition state is depicted in Figure 6 for Pd, while a
schematic depiction of π ethylene and the ﬁrst transition state
for Ni, Ru, Rh, Pd, and Pt is included for comparison. The
structure of the transition state has been discussed by several
authors for the ﬁrst addition step to π ethylene. Neurock et al.
describe the geometry of the ﬁrst transition state over Pd(111)
at one-third π-ethylene coverage.46 An early transition state was
obtained,46 in which the ethylene is coplanar with the surface,
with a C−M bond of 2.16 Å, and a C−C bond of 1.41 Å. This
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binds directly to the undercoordinated carbon atom in a
concerted mechanism by which ethyl desorbs vertically from
the surface, evolving into ethane as it desorbs. Over Rh and Pt,
the second hydrogenation reaction involves a migration from a
threefold to a bridge site before binding to ethyl. It can be
observed from the bond lengths that the transition state is late,
with C−M bonds extended by up to 0.27 Å before reaching the
transition state. The C−C bonds show little variation in length,
both across the metals and along the pathway. This is
reasonable, as the ethyl C−C bond is eﬀectively an ideal sp3
single σ bond throughout the reaction.

■

Figure 6. Top: transition state for the ﬁrst hydrogen addition step
from the π ethylene mode to ethyl over Pd(111). Bottom: a schematic
of the π minimum and the ﬁrst transition state over Ni, Ru, Rh, Pd,
and Pt (top to bottom), with bond lengths in angstroms.

DISCUSSION
Activation barriers are generally considered to be a metric for
catalytic activity, in such a way that reduction of the ratedetermining barrier will result in an increased reaction rate. In
the past, this concept has also been applied to ethylene
hydrogenation where emphasis has been put on the ﬁrst
hydrogenation step.43 Furthermore, the relevance of reactant
coverage on hydrogenation barriers has been suggested.43,45
Speciﬁcally, a high ethylene coverage has been proposed to
favor π-bonding from which the hydrogenation reaction
proceeds with a low barrier. By studying ethylene hydrogenation over a range of TM surfaces, we are able to investigate
the generality of these ideas across the periodic table.
We have calculated the hydrogenation barriers for C2H4(ad)
+ H(ad) → C2H5(ad) and C2H5(ad) + H(ad) → C2H6(g) over
Co, Ni, Ru, Rh, Pd, Os, Ir, Pt, and Au. The two barriers are
similar and in all cases low. Moreover, the complete reaction
pathways do not support the focus on only the ﬁrst
hydrogenation step as representative of the overall reaction.
The reaction barriers are found not to correlate with adsorption
energies.
It is generally accepted that the ﬁrst hydrogenation step
proceeds via the π mode. Therefore, it is important to
understand under which conditions this mode is preferred. This
is, in particular, true for Pd, Ir, and Pt, which have a di-σ
preference on the clean metal surfaces which is not signiﬁcantly
dependent on ethylene coverage. We ﬁnd, however, a
dependence of the preferred mode on the hydrogen coverage.
A high hydrogen coverage promotes the π mode. Furthermore,
there is a metal dependence on the maximum hydrogen
coverage that allows simultaneous ethylene adsorption. This is
an important observation, as it has a implications on the likely
coverages available in the experiment and the energetics of the
reaction.
Experimental studies have previously noted the eﬀects of
preloading hydrogen onto the surface.52,57 TPD results have,
for example, suggested that the ethylene desorption temperature is reduced when the surface is exposed to hydrogen prior
to ethylene. This is in agreement with our results for all TMs.
Another eﬀect of hydrogen loading is that it appears to inhibit
ethylene decomposition.57 Our calculations suggest that
hydrogen loading is indeed likely to block ethylene
decomposition. By introducing a surface distortion which
disfavors the di-σ mode, from which C−C bond scission is
known to occur, hydrogen serves to remove this reaction
channel and, thus, may play an important kinetic role in
ethylene hydrogenation. Furthermore, it may additionally be
suggested that the extent of this distortion has a dependence on
metal identity, complicating prediction of the prevalence of the
π mode in practice.

could be compared with the π ethylene-Pd(111) values of 2.20
and 1.38 Å, respectively.46 Our results suggest a slightly later
transition state, in which the C−M bond has contracted to 2.11
Å, and the C−C bond extended to 1.45 Å. The ethylene is
therefore slightly further along the rehybridization path to form
the sp3 ethyl−metal system when the hydrogen addition takes
place. Qualitatively, however, the process is similar, with a foursite transition state, between Pd, C, and H, and hydrogen in a
twofold bridging site on the surface at the point of reaction.
The barrier height obtained for this step is 0.58 eV (56.0 kJ/
mol), which is higher than the 36 kJ/mol reported by Neurock
et al. However, the transition state in ref 46 is not calculated
from the stable π conﬁguration, and thus the reported46
activation energy is a lower bound.
The schematic in Figure 6 shows that for 3d, 4d, and 5d
metals, the ﬁrst transition state is generally fairly early along the
reaction coordinate, with only a partial C−M bond contraction
and C−C bond extension at the critical point. Furthermore, the
pathway and the geometry of the transition states are similar
across metals. The hydrogen migrates from the threefold
hollow site to occupy a twofold bridge site at the transition
state. An exception is Pt where H is located at an atop site in
the transition state. We conclude that the hydrogen addition
shows signiﬁcant similarity across the late transition metals.
The second transition state is found to be later along the
reaction coordinate, as displayed for Pd(111) in Figure 7. The
hydrogen atom migrates from the threefold hollow site and

Figure 7. Top: transition state for the second hydrogen addition step
from ethyl to ethane over Pd(111). Bottom: a schematic of the ethyl
minimum and transition state over Ni, Ru, Rh, Pd, and Pt (top to
bottom), with bond lengths in angstroms.
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Chen, Z.-X.; Mei, D.; Rösch, N. J. Catal. 2012, 285, 187−195.
(26) Aleksandrov, H. A.; Kozlov, S. M.; Schauermann, S.; Vayssilov,
G. N.; Neyman, K. M. Angew. Chem., Int. Ed. 2014, 53, 13371−13375.
(27) Somorjai, G. A.; Van Hove, M. A.; Bent, B. E. J. Phys. Chem.
1988, 92, 973−978.
(28) Steininger, H.; Ibach, H.; Lehwald, S. Surf. Sci. 1982, 117, 685−
698.
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CONCLUSIONS
The reaction proﬁles, consisting of adsorption, reactant
migration, sequential hydrogenation and desorption steps,
have been modeled according to the HP mechanism. Small
variations across the periodic table are predicted for the
pathway, barrier heights, and transition state geometries. The
latter are found to be early for the ﬁrst hydrogenation reaction
and later for the second step. The ability to dissociatively
adsorb hydrogen in tandem with chemisorption of ethylene is
expected to be the key requirement for the reaction to proceed,
with activation and adsorption energies, along with the
preferred location of adsorbed hydrogen, only secondary
features of the reaction. Structural distortions of the surface
are observed to be a general feature in high adsorbate coverage
regimes. This appears to induce a synergistic eﬀect, both to
promote the active binding state of reactants and to disfavor
unwanted side reactions, such as ethylene decomposition.
Work is currently being undertaken to model the kinetic
properties of ethylene hydrogenation, in order to further isolate
and explore factors involved in transition metal activity.
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