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Abstract

In this paper we extend our investigations of selective hydrogenation reactions catalyzed by platinum–iron alloy surfaces from
mination of adsorption energies to the calculation of reaction pathways. Trying to elucidate the experimental fact that over Pt80Fe20 alloy
surfacesα,β-unsaturated aldehydes are selectively hydrogenated tounsaturated alcohols, we determine transition states and reaction rate
for the hydrogenation of ethylene and formaldehyde to ethane and methanol, respectively, over pure Pt (111) and PtFe alloy s
a previous article (R. Hirschl et al., J. Catal. 217 (2003) 354) we argued that only iron atoms in the surface layer can explain
tivity in hydrogenation. Here we investigate the influence of surface-iron atoms on energy barriers for hydrogenation. While Pt (
platinum-covered Pt80Fe20 (111) surfaces behave in a similar way, apart from reduced adsorption energies on the alloy surface, iro
in the surface have significant effects for the hydrogenation of formaldehyde. Although the reaction barrier is higher, the ratio of th
barrier to the adsorption energy is much lower. Top-layer iron atoms do not change the behavior of the surface regarding the hyd
of ethylene.
 2004 Elsevier Inc. All rights reserved.

Keywords:Heterogeneous catalysis; Hydrogenation; Selectivity; Ethylene; Formaldehyde; Bimetallic catalysts; Density functional theory; Transition-state
theory; Reaction rates
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1. Introduction

Computational heterogeneous catalysis almost inevit
lags behind experiments due to the complexity of the un
lying processes. However, according to Moore’s Law[1], the
computational power available at a particular price rises
ponentially. This brought the class of catalytic reactions
can be treated fromfirst principlescloser to the “real world”
in several respects. With the possibility of using large c
culational supercells in plane-wave-based density-functi
theory (DFT) calculations (where the computational eff
scales essentially asO(Ne)

2, with Ne the number of elec
trons in the system), both the description of the substr
and the adsorbates can be improved. On the one hand
are capable of simulating alloy catalysts, which may h
properties vastly different from those of their constituen
and on the other hand, reactants with, e.g., more than on

* Corresponding author.
E-mail address:juergen.hafner@univie.ac.at (J. Hafner).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.05.012
e

-

ducible function, become tractable. Furthermore, we are
any more restricted to local minima in the potential ene
surface (i.e., initial and final states), but can explore reac
pathways, transition states, and eventually calculate rea
rates.

In this paper we discuss energy barriers and reac
rates for the hydrogenation of C=O and C=C double
bonds on close-packed Pt and Fe-alloyed Pt surface
has been known for more than a decade that the add
of an electropositive metal to monometallic catalysts s
as Pt changes the selectivity in the hydrogenation ofα,β-
unsaturated aldehydes toward unsaturated (allylic) alco
[2–8]. Unsaturated alcohols are important intermediate
the fine chemistry industry. This class of unsaturated a
hydes, the simplest of them being acrolein (2-prope
CH2=CH–CH=O), presents two adjacent double bonds
conjugation. Because of thermodynamic and kinetic reason
the selective hydrogenation of the C=O double bond only is
difficult to achieve on conventional hydrogenation cataly
(Pt, Ru, Ni,. . .) [9].

http://www.elsevier.com/locate/jcat


274 R. Hirschl et al. / Journal of Catalysis 226 (2004) 273–282

tion
per
sim-

-
m-
y

the
nder
-
e
ered
the

of
-
the

yde
by

.
t-

has
sinc
em

tion
cas
por

that
ption

t
the
on

od,

to

less
od-

or
de
at-

a et
e-
O)
tal
in-

g the
of

ntly

e-

orp-
s are
e

from

in
loy

ave
ed
Vi-

ima-
al
lation
e-

tions
ls
ne-

-
nd-

ed.
tic
her
re-
at a

ner-
pect

tion
der
long

um
es

ned
be-

apply

can
tate
fi-
Assuming a Horiuti–Polanyi mechanism[10], the hydro-
genation of either double bond is preceded by the adsorp
of the aldehyde via this particular bond. In a previous pa
we have discussed the different adsorption modes of
ple unsaturated aldehydes on Pt80Fe20 (111) alloy surfaces
and their relative stability[11]. Following experimental re
sults[12], the initial surface model consisted of a platinu
covered Pt3Fe bulk alloy. The possibility of forming ver
strong Fe–O bonds, however, is capable of changing
segregation profile, bringing Fe atoms to the surface u
catalytic conditions in agreement with experiments on sim
ilar systems[11]. Therefore, regarding the reactivity of th
surface we have to treat segregated purely platinum-cov
alloy surfaces as well as surfaces displaying Fe atoms in
surface.

We now extend this previous study to the investigation
the reaction dynamics of C=C and C=O double bond hy
drogenation on model surfaces. To go straightforward to
selective hydrogenation of the unsaturated higher aldeh
is a challenging approach. To facilitate our task, we begin
studying the hydrogenation of ethylene (where only C=C
bonds exist) and formaldehyde (with a C=O double bond)
This is an important step in preparing the analysis of compe
ing hydrogenations of the conjugated C=O and C=C double
bonds in the unsaturated aldehydes.

The hydrogenation of olefins over metal catalysts
been one of the most studied chemical processes ever
its discovery by Sabatier and Sendersen in 1897. The ch
istry of ethylene on Pt (111) has received particular atten
from the surface science community as a representative
of these reactions. Recent publications on that issue re
experimental results[13–15]as well as calculations[16,17].
This seemingly simple system is complicated by the fact
there appear to be at least two types of molecular adsor
states competing at higher coverages, namely a di-σ and a
π bonding. Furthermore, several reaction pathways migh
be followed, including the hydrogenation to ethane and
conversion to ethylidyne. All these features of ethylene
Pt (111), well investigated although not yet fully understo
have been neglected in our study. Starting from a di-σ ad-
sorption mode we adopt a Horiuti–Polanyi mechanism
successively hydrogenate ethylene via ethyl to ethane.

The hydrogenation of formaldehyde has been much
studied due its industrial insignificance. The potential pr
uct, methanol, is commonly synthesized by reducing CO
CO2. The only work on the hydrogenation of formaldehy
known to us is a trend analysis of group VIII metals as c
alysts and the effect of supports and promoters by Aik
al. [18]. In our context it is interesting to note in their r
sult that the selectivity for methanol (in comparison to C
correlates highly with the heat of formation of the me
oxide. The more thoroughly investigated reaction is the
verse process, the dehydrogenation of methanol, bein
primary source of formaldehyde. An extensive DFT study
the dehydrogenation of methanol over Pt (111) was rece
s

e
-

e
t

published by Desai et al.[19], using the same plane-wav
based code but other potentials.

Our paper is organized as follows: InSection 2we list
the key features of our calculations.Section 3introduces the
surface models used in our investigations. The chemis
tion energies of reactants, intermediates, and product
discussed inSection 4. Energy barriers obtained from th
nudged elastic band method (NEB) and reaction rates
harmonic transition-state theory (hTST) are the topic ofSec-
tion 5. The concludingSection 6summarizes our results
the context of our previous work on transition-metal al
surfaces.

2. Methodology

Ground-state energies including ionic relaxations h
been calculated within the framework of spin-polariz
density-functional theory using the plane-wave-based
enna Ab Initio Simulation Package (VASP)[20–23]. The
Perdew and Wang (PW91) generalized gradient approx
tion (GGA) [24], adding semilocal information to the loc
density approximation, was used as the exchange-corre
functional. Brillouin-zone integration is performed on sp
cial grids as proposed by Monkhorst and Pack[25] utilizing
a generalized Gaussian smearing. Electron–ion interac
are described using projector-augmented wave potentia
[26,27]. The oxygen and carbon potentials require the pla
wave energy cutoff to be set to 400 eV.

The k-point sampling was performed using(4 × 4 × 1)

and (3 × 3 × 1) Γ -centered grids for the(2 × 2) and
(2

√
3 × 2

√
3) supercells. The number ofk points was con

firmed to guarantee a sufficient accuracy of the total grou
state energy[11]. In the case of(4 × 4 × 1) k-point grids
for the(2× 2) cell, leading to 10k points in the irreducible
part of the Brillouin-zone, a note of caution is to be issu
While this number is generally sufficient for nonmagne
calculations, spin-polarized systems often require a hig
accuracy. However, the task of determining more than 20
action pathways necessitates a calculational speed up
tolerable loss of precision. Tests on several adsorption e
gies and energy barriers indicated that our errors with res
to full k-point convergence are well below 10 to 15%.

The finding of transition states requires the determina
of minimum energy pathways (MEP) for the reaction un
investigation, the transition state being a saddle point a
such a pathway. The nudged elastic band method[28,29]
was applied to scan potential energy surfaces for minim
energy pathways. An initial guess with four to five imag
between initial and final states was continuously refi
around the prospective saddle point until the distances
tween the images in phase space were small enough to
the climbing image NEB[30].

After the transition state is localized, reaction rates
be estimated in the framework of harmonic transition-s
theory[31]. Vibrational frequencies are obtained through
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nite differences of the forces to approximate the dynam
matrix. The vibrational spectra of initial and transition st
allow calculation of the prefactor for the reaction rate c
stant[31,32].

3. Surface models

Periodic boundary conditions, as used in our calculations
lead to a slab geometry as the natural choice for the su
cell setup. For close-packed surfaces such as fcc (111),
layers are sufficient to simulate a surface. Adsorption
surface segregation in the case of the alloy surface ar
lowed on one side of the slab only. The periodic slabs
separated by 4 layers of vacuum. A(2×2) supercell leads to
an adsorbate coverage ofΘ = 1

4 for ethylene and formalde
hyde hydrogenation.

In Fig. 1 we have depicted the surface models u
in our study. Fig. 1a shows a simple Pt (111) surfac
Pt80Fe20 (111) surfaces have been well studied experim
tally [12,33,34], all results agreeing on the fact that
strongly segregates toward the surface, leading to a
tinuously decreasing concentration profile of Fe toward
surface. This is also in agreement with theoretical determi
nations of the Pt–Fe segregation energy by Ruban et al.[35].
Consequently the initial surface model consists of a Pt3Fe
bulk covered by a single layer of pure Pt (Fig. 1b), leading
to two inequivalent Pt sites in the surface layer, one wit
nearest iron neighbor (Pt1), the other without neighborin
iron (Pt2).

In a third surface model we have interchanged the sub
face iron atom with a surface Pt atom (Fig. 1c). This surface
will from now on be dubbed “modified Pt80Fe20” surface.
The choice of this surface model is motivated by the f
thatα,β-unsaturated aldehydes very favorably adsorb on
Pt80Fe20 alloy surface via the formation of O–Fe bonds. T
can be achieved on one hand through a few iron atoms b
diffusing to the surface, the driving force for the reversa

Fig. 1. (2× 2) supercells of the different model surfaces: pure Pt (111)
platinum-covered Pt80Fe20 (111) (b), and modified Pt80Fe20 (c), showing
iron atoms in the surface layer. All unlabeled atoms are Pt; for further detai
see the text.
r

-

segregation being the strong difference in the adsorption
Pt and Fe atoms[11]. In a recent study we have discuss
the local electronic structure and chemical activity of thi
modified alloy surface in great detail[36].

4. Chemisorption energies

In this section we examine the chemisorption of the
ferent surface species produced during the hydrogena
of ethylene and formaldehyde to ethane and methanol
spectively. Adsorption geometries are discussed, particu
regarding the C–C and C–O bond lengths, which are a m
sure of the strength of that bond.

In Fig. 2 we have summarized the reaction schem
Ethylene hydrogenates via ethyl to ethane. For the hy
genation of formaldehyde, two intermediates are poss
hydroxymethyl by adding the first hydrogen to the oxyg
atom of the C=O double bond, and methoxy, by adding t
first hydrogen to the carbon atom. The second hydrogena
step leads to methanol in both cases.

Adsorption energies on the three surfaces introdu
in Section 3are compiled inTable 1. For ethylene and
formaldehyde two adsorption modes are considered,σ
andπ . In the former both atoms of the double bond inter
with different surface atoms, in aπ configuration theπ sys-
tem of the double bond interacts with a single surface at
Using sum frequency generation (SFG) techniques at hi
pressures, it was recently shown by Cremer and co-wor
[14] thatπ -bound ethylene is likely to be the precursor
hydrogenation on Pt (111). This fact was corroborated
oretically by Neurock et al.[16], through calculations o
ethylene hydrogenation on Pd (111). Pd surfaces do in m
respects behave very similar to Pt surfaces, differences

Fig. 2. Stepwise hydrogenation of ethylene to ethane (top row) an
formaldehyde to methanol (bottom row).
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Fig. 3. Adsorption modes of formaldehyde (di-σ ) (a), methanol (b),
methoxy (c), and hydroxymethyl (d) on Pt (111). Adsorption geomet
on the alloy surface are analogous; on the modified alloy the oxygen
interacts with the surface iron for adsorbate species (a to c). Black, oxyge
dark gray, carbon; light gray, hydrogen.

be accentuated below. Theπ -ethylene species is also expe
imentally considered to be the reactive intermediate on oth
metal surfaces[37], such as Pd[38]. However, we conside
only hydrogenation starting from a di-σ -adsorbed ethylen
since the most favored adsorption geometries of the un
urated aldehydes all include the C=C double bond in di-σ
configuration[11].

Before we discuss the adsorption energies in detai
want to note a difference between adsorption of the in
mediates on Pt (111) and Pd (111). InFig. 3 we sketch
the adsorption geometries of formaldehyde, methanol,
the hydrogenation intermediates on Pt (111). The meth
intermediate (Fig. 3c) is found to be most stable on-to
adsorbed with the C–O bond tilted with respect to the
face normal. On Pd (111) the methoxy species adsorb
a threefold hollow site in an upright configuration w
the oxygen atom pointing toward the surface, a geom
that, on Pt (111), is 110 meV less stable. Desai et al.[19]
found a configuration similar to the one we present here
with the oxygen atom being in a bridge position instead
top to be the most stable adsorption mode for methoxy
Pt (111). However, their adsorption energies differ by l
than 2%, and our primary issue, the comparison of p
Pt with PtFe alloy surfaces, is not affected by that discr
ancy.

Coming now to adsorption energies, the first thing to n
is the reduction of the adsorption energies on the platin
covered alloy surface. The two distinct Pt sites on this
face as well as the two different species in the surface lay
in the modified surface multiply the number of possible
sorption geometries. InTable 1we have only listed the mos
-

favorable adsorption energies. The corresponding ads
tion geometries show the following characteristics wh
applicable: (a) Oxygen atoms always bind to surface
atoms. (b) Carbon atoms avoid surface iron atoms. (c)2
sites are more reactive than Pt1 sites, particularly toward ca
bon. Consequently, one carbon atom always tries to bind
Pt2 atom. These properties of the Pt80Fe20 surfaces, as we
as the overall reduced adsorption energies, agree with p
ous results on that surface alloy[11,36].

Ethylene adsorbs, as noted before, in two configurati
di-σ andπ , separated in energy by 0.3–0.5 eV. The C=C
axis is in both cases parallel to the surface; the hydro
atoms are slightly tilted away from the surface. The c
culated C=C bond length in gaseous ethylene is 1.32
It elongates by 13% to 1.49 Å for di-σ -adsorbed ethylen
on Pt and by 7% to 1.41 Å when the molecule isπ ad-
sorbed. The bond-length increase is similar on the a
surface despite of the lower adsorption energy. The e
radical has an adsorption energy about twice that of
ylene. Similar to hydroxymethyl (Fig. 3d) it is adsorbed
on top through the carbon atom with the methyl gro
canted away from the surface.The ethane molecule ad
sorbs with its C–C axis parallel to the surface. The
drogen atoms are arranged in a staggered configur
as in the gas phase. Being a saturated hydrocarbon
primary interaction force ought to be of van der Wa
type, a phenomenon only poorly described by DFT. T
calculated adsorption energies, being around 50 meV
therefore certainly underestimated. The C–C bond le
in the gas phase (1.53 Å) is not changed upon ads
tion.

Formaldehyde adsorbs, analogous to ethylene, with
molecular axis (being C=O in this case) parallel to the su
face. The lower adsorption energy with respect to ethy
causes theπ configuration to be unstable. The adsorpt
energy of formaldehyde on Pt (111) was experimentally
timated by Abbas and co-workers[39] to be 0.54 eV, in
quite good agreement with our calculated result. The r
tive elongation of the C=O bond upon di-σ adsorption for
formaldehyde is comparable to the elongation of the C=C
double bond in ethylene, i.e., by 12% from 1.21 Å in the
phase to 1.36 Å when adsorbed. If iron atoms are prese
the surface, the adsorption energy of formaldehyde alm
doubles to 0.93 eV due to the formation of a very strong
Fe bond. Interestingly, judging from the bond lengths,
does not further weaken the C=O bond; the bond is stil
1.36 Å long. Furthermore, the probability that the molecule
is decomposed to CH2 and O individually adsorbed on th
surface seems to be very low. The dissociation is endo
mic by 0.7 eV, comparing just initial and final states.
contrast, on pure Fe (110), there is an energy gain of 0.4
when formaldehyde is decomposed on the surface.

The two intermediates hydroxymethyl and methoxy
again radicals and are therefore strongly adsorbed. In
cases our calculations predict a top geometry for hyd
ymethyl with the coordinatively unsaturated carbon at
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Table 1
Molecular adsorption energies on Pt (111), Pt80Fe20 (111), and modified Pt80Fe20 (111) (cf.Fig. 2)

Adsorbate Mode Pt (111) (eV) Pt80Fe20 (111) (eV) Mod. Pt80Fe20 (111) (eV)

Ethylene C2H4 di-σ 1.051 0.931 1.190
Ethylene C2H4 π 0.678 0.637 0.696
Ethyl C2H5 Top 1.950 2.006 2.065
Ethane C2H6 Top 0.052 0.053 0.062

Formaldehyde CH2O di-σ 0.456 0.465 0.930
Formaldehyde CH2O π 0.017 −0.004 0.459
Hydroxymethyl CH2OH Top 2.095 2.137 2.207
Methoxy CH3O Top 1.638 1.478 2.180
Methanol CH3OH Top 0.201 0.146 0.513

Results printed in boldface highlight a pronounced increase of the adsorption strength on the modified compared to the segregated alloy surfaces.
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pointing toward the surface; for methoxy the undercoo
nated oxygen atom binds to the substrate. For both spe
the C–O axis is oriented in an acute angle to the surf
Hydroxymethyl is the stronger bound species. The in
ence of surface iron atoms is larger in the case of meth
again due to a strong oxygen–iron interaction. Methano
also top-adsorbed via the molecule’s oxygen atom (Fig. 3).
The molecule is saturated, but its partially polar char
ter and high polarizability lead to a better DFT descr
tion of chemisorption than for the nonpolar ethane. Fr
temperature-programmed desorption (TPD) experiment
Villegas et al., the adsorption energy of methanol over Pt
estimated to be 0.48 eV[40]. Our calculations underestima
this value.

All our adsorption energies of formaldehyde-deriv
species on Pt (111) agree accurately with previous
culations by Desai et al.[19] with the exception of the
chemisorption energy of methanol, caused by a slightly
consistent calculational setup in the previous work[41].

While for all the hydrocarbonspecies the adsorption e
gies on pure Pt, on the segregated Pt–Fe alloy surface, a
the modified Pt–Fe alloy surface are all of the same orde
magnitude, formaldehyde, methanol, and their reaction in
termediates (with the exception of hydroxymethyl) ads
much more strongly on the modified alloy surface via
exposed Fe atom. The difference in the adsorption ene
relative to the segregated surface varies between 0.3
(methanol) and 0.70 eV (methoxy). As demonstrated in
previous work[11], this difference is large enough to driv
the reversal of the segregation process.

5. Reaction dynamics

Having determined the equilibrium geometries a
ground-state energies of reactants, intermediates, and prod
ucts in the hydrogenation processes, we will now adva
one step further and investigate reaction pathways and
sition states. For the hydrogenation of ethylene to ethan
was concluded from experiments[14] and calculations[16]
that the reaction occurs after aπ adsorption of ethylene
Earlier experimental studies[42] reported reaction barrier
s

n

-

of 0.65 and 0.25 eV for the first and second hydrogena
steps of ethylene over Pt (111), respectively, and assu
di-σ adsorption mode of the reactant. For the hydroge
tion of formaldehyde over Pt (111) no experimental data
available.

5.1. Pathways and barriers

The reaction barriers for the hydrogenation of ethyle
as well as the hydrogenation of formaldehyde via meth
and hydroxymethyl on our three model surfaces (Secyion 3)
have been determined employing the nudged elastic b
method. Following the optimal adsorption position of h
drogen on Pt (111)[36], we started from a hydrogen ato
adsorbed in a fcc hollow site neighboring the molecule to
hydrogenated. Only one pathway was explored per reac
hence, we cannot claim to have found the overall opti
pathway in all cases.

The energy profiles are collected inFigs. 4–6; relevant
energies are compiled inTable 2. The first two steps consis
of the dissociative adsorption of hydrogen and the molec
adsorption of ethylene or formaldehyde at larger separat
such that lateral interactions are negligible. This is follow
by the diffusion of hydrogen toward the molecule to be
drogenated.

Every hydrogenation process consists of two steps. A
a hydrogen molecule is initially assumed to be dissociativ
adsorbed somewhere far away from the molecule to be
drogenated, a dissociated atom has to approach this m

Fig. 4. Energetic profile of the hydrogenation of ethylene to ethane on di
ferent surfaces.
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Fig. 5. Energetic profile of the hydrogenation of formaldehyde to meth
via a methoxy intermediate on different surfaces.

Fig. 6. Energetic profile of the hydrogenation of formaldehyde to meth
via a hydroxymethyl intermediate on different surfaces.

cule. We did not calculate diffusion barriers for hydrog
but know from previous calculations[36] and experiment
[43] that they are around 70 meV on pure Pt (111) and e
lower on the PtFe alloy. Only the overall reaction energy
the hydrogen diffusion is determined. This reaction ene
is generally endothermic because of the Pauli repulsion

For the hydrogenation of ethylene to ethane on Pt (1
the first hydrogenation is the rate-determining step, havi
reaction barrier 140 meV higher than the second hydrog
tion step. Our barrier agrees reasonably well with prev
results[16]. On the alloy surfaces the intermediate ethy
slightly more strongly bound than on Pt (111). It intera
with only a single surface atom of type Pt2 which is hardly
influenced by iron. Consequently, while the reaction bar
for the first hydrogenation step is lower on the alloy than
-

the pure Pt surface, the second step has an almost ide
barrier on all surfaces. The energy needed to approac
hydrogen atom to the C=C bond is in the range of 150 t
250 meV in all cases. Despite the small differences no
above, we can conclude that all three model surfaces be
similarly regarding the hydrogenation of ethylene.

Coming now to the hydrogenation of formaldehyde, th
are two possible intermediates depending on whethe
C–H or the O–H is the first bond to be formed. Treat
first the hydrogenation via the methoxy intermediate,
again identify the first hydrogenation as the reaction s
having the higher barrier. The energy barrier for the C
bond formation in formaldehyde is much lower than in eth
ene. Still, in contrast to ethylene, the total barrier (includ
the hydrogen diffusion) is for, the pure Pt and the Pt-cove
alloy, higher than the formaldehyde adsorption energy.
overall process of C–H bond formation in formaldehy
is endothermic; in return the barrier for the second hyd
genation is very low as long as no O–Fe bond is pres
The energy needed for hydrogen diffusion toward the
ganic molecule on the platinum-covered surfaces is slig
lower than in the case of ethylene but still between 90
170 meV.

Iron atoms in the surface have a major impact on the
ergetics of the process. The energy barrier for the first hy
genation is higher than on the platinum-coveredsurfaces, b
due to the high adsorption energy of formaldehyde the
tal barrier is 370 meV lower than the chemisorption ene
The barrier to form the O–H bond (second hydrogenat
is also around 500 meV since the strong O–Fe bond ha
be broken. A very important point, however, is the ene
gain when the reactant and hydrogen are coadsorbed
a surface iron atom with respect to the sum of their in
vidual chemisorption energies. Not only is the C=O double
bond bound very strongly to the substrate in the case of
atoms in the top layer, but also the diffusion of hydrog
toward the reactant is an exothermic reaction, a substa
step in the hydrogenation of the bond.

The second reaction pathway to hydrogenate forma
hyde is via hydroxymethyl (seeFig. 6 for the energetic
d

ated
Table 2
Heat of reaction�Ediff for the diffusion of atomic hydrogen toward the reactant and activation energies�Eact for the hydrogenation of formaldehyde an
ethylene over pure Pt and PtFe alloy surfaces

Path Surface �E
(1)
diff (meV) �E

(1)
act (meV) �E

(2)
diff (meV) �E

(2)
act (meV)

C2H4 → C2H6 Pt 188 803 205 660
C2H4 → C2H6 Pt80Fe20 250 695 285 706
C2H4 → C2H6 Mod. Pt80Fe20 211 681 134 660

CH2O → CH3O → CH3OH Pt 144 391 134 142
CH2O → CH3O → CH3OH Pt80Fe20 171 491 88 243
CH2O → CH3O → CH3OH Mod. Pt80Fe20 −34 594 −72 506

CH2O → CH2OH → CH3OH Pt 144 444 203 1104
CH2O → CH2OH → CH3OH Pt80Fe20 171 461 269 1131
CH2O → CH2OH → CH3OH Mod. Pt80Fe20 −34 592 155 787

Cf. Fig. 6 for the complete energetic profile of the reactions. Indices 1 and 2 refer to the first and second hydrogenation steps. The species to be hydrogen
are initially adsorbed in a di-σ mode. Exothermic diffusion reactionsare highlighted by boldface print.
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Fig. 7. Transition states over Pt (111) surfaces for the hydrogenation of ethylene (a), formaldehyde via methoxy (b), and formaldehyde via hydroxymethyl (c).
Distances as given inTable 3are indicated.
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profile). Reaction barriers for the first hydrogenation (i
formation of the O–H) bond are very similar to the metho
case. The second step, however, costs more than 1 eV o
platinum-coveredsurfaces and still 940 meV on the modi
alloy surface. Not only is hydroxymethyl already in the g
phase more stable than methoxy by 350 meV, it is also m
stronger bound to the substrate. Scission of the C–Pt b
and formation of a C–H bond are therefore very expen
energy-wise. An exothermic diffusion of hydrogen towa
the double bond can only be observed when approachin
oxygen–iron bond. Although the first hydrogenation ste
equally likely to lead to methoxy or hydroxymethyl, the fu
hydrogenation is only feasible via the methoxy route.

5.2. Transition states

We now discuss the transition states in more detail. T
sition states for all six hydrogenation steps studied are
picted inFig. 7 on the pure Pt (111) surface. On the all
surfaces the transition states have a similar geometry; pa
ular atomic distances for all transition states are compile
Table 3.

At this point it must be noted that in a strict sense h
monic transition-state theory is not applicable to our s
tem, since the reaction pathway often has more than
local maximum. From a threefold hollow site next to t
bond to be hydrogenated the hydrogen atom in many c
first diffuses further, surmounting a first local maximum a
crossing a local minimum before the actual insertion i
the C=C or C=O bond occurs. The first local maximum
however, generally lower than the second one which
responds to the transition states shown inFig. 7. Only for
methoxy hydrogenation on the platinum-covered alloy s
face the highest barrier is reached when the hydrogen a
is on top a neighboring Pt atom; consequently, the co
e

sponding transition-state distances inTable 3do not fit into
the series.

Hydrogen–carbon bond lengths in all molecules inve
gated, in the gas phase as well as adsorbed, are around
Hydrogen–oxygen bondsare a little shorter, around 0.97 to
1.0 Å. Transition states have C–H or O–H distances betw
1.5 and 2.5 Å. Metal–carbon (or metal–oxygen) distan
in transition states are between 2.3 and 3.1 Å; in the
sorbed species these distances are between 2.0 and
with the exceptions of methanol (dO–M ≈ 3.0 Å) and ethane
(dC–M ≈ 3.7 Å). Furthermore, we note the following: Fo
the hydrogenation of ethylene as well as for the hydroge
tion of hydroxymethyl the transition-state geometries on
three model surfaces are very similar. In these cases no
nificant interaction of oxygen with the surface is involv
(methanol is bound to the surface only weakly). In the ot
hydrogenation steps transition-state geometries differ
siderably between the different surfaces. This once m
indicates that alloying platinum with iron influences the h
drogenation of C=O double bonds rather than that of C=C
double bonds.

5.3. Reaction rates

The last section on the reaction dynamics of the hyd
genation of formaldehyde and ethylene deals with reac
rates. For each step, the reaction rate constantk is given with
hTST by

k = ν · e−�Eact,zp/(kBT ).

�Eact,zp is the activation energy corrected for zero-po
vibrations, and the prefactorν is calculated in terms of th
vibrational partition functions of the initial (fini ) and of the
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Table 3
Transition-state geometries

Path Pt (111) Pt80Fe20 (111) Mod. Pt80Fe20 (111)

A–M H–M A–H A–M H–M A–H A–M H–M A–H

C2H4 → C2H5 2.34 1.65 1.51 2.35 1.61 1.58 2.32 1.68 1.49
C2H5 → C2H6 2.30 1.68 1.48 2.43 1.69 1.58 2.29 1.64 1.51

CH2O → CH3O 3.14 1.58 2.39 2.94 1.68 1.46 3.14 1.58 2.41
CH3O → CH3OH 2.09 2.38 1.57 2.04 2.91 2.58* 1.92 2.24 1.49

CH2O → CH2OH 3.26 1.60 2.60 3.09 1.71 1.61 2.02 2.07 1.42
CH2OH → CH3OH 2.54 1.70 1.46 2.49 1.67 1.46 2.31 1.65 1.45

A is the atom to be hydrogenated (carbon or oxygen), H the hydrogen atom (cf.Fig. 7). All distances in Å.
* In this reaction path the transition state is the hydrogen atom adsorbed on top of a neighboring Pt atom. From there on no further barrier exists.
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Hence, knowledge of the vibrational spectra of the
tial and the transition states is required. To correctly ob
a vibrational spectrum of a transition state that contains
one imaginary eigenfrequency, the transition state mas
known with high accuracy. This can be achieved by us
the “climbing image” NEB[30]. The prefactor also depen
on the displacement of the atoms in determining the dynam
ical matrix, especially if there is a certain degree of anh
monicity. It turned out that, leaving everything else but
amplitude of the atomic displacement unchanged, the resu
ing prefactor could be varied by a factor of up to 4. This
because an average change in the frequencies by only 7
ready leads in the case of ethane (24 frequencies) to a ch
of the prefactor by a factor of 5. Determining all eigenval
of a dynamical matrix whose eigenvalue spectrum co
several orders of magnitude exactly requires forbiddin
high accuracy in the calculations. However, a factor 5 in
prefactor changes the logarithm of the rate constant onl
0.7 unit. Still the results presented in this section should b
taken qualitatively rather than quantitatively.

Figs. 8–10show the variation of the reaction rates w
temperature for all hydrogenation steps investigated.Table 4
lists the zero-point-corrected activation energies.

We see in the first of the figures that in the hydroge
tion of ethylene all rate constants are similar at all temp
tures. On the pure Pt (111) surface the first hydrogenati
unambiguously the rate-determining step while this is
as clearly the case on the alloy surfaces. In hydroge
ing formaldehyde via methoxy to methanol on platinu
covered surfaces, the first hydrogenation step is the m
difficult, although only at temperatures below 450 K. F
higher temperatures the second hydrogenation becomes t
rate-determining step because of the low prefactor, firs
Pt (111), after further heating also on Pt80Fe20. The reaction
rates for the two hydrogenation steps on the modified
face are similar, but the second hydrogenationbecomes
favorable only below about 250 K. Finally, in the hydroge
tion of formaldehyde via hydroxymethyl the second hyd
genation has at room temperature a reaction ratek < 1 on
l-
e

e

Fig. 8. Logarithm of the reaction rate constants for the hydrogenation
ethylene on different surfaces. Lines for the first and second hydrogen
are black and gray, respectively.

the platinum-covered surfaces and onlyk ≈ 10 on the mod-
ified surface; this process is therefore extremely unlikely a
was already seen from the high reaction barrier.

6. Conclusions

Following the theoretical investigation of the Pt80Fe20
(111) surface[36] and the determination of aldehyde chem
sorption energies on it[11], we have studied the hydro
genation of C=C and C=O double bonds in ethylene an
formaldehyde on pure Pt (111) and Pt80Fe20 (111) surfaces
as a first step toward the understanding of the experimen
observed selectivity of the alloy surface in hydrogena
α,β-unsaturated aldehydes to unsaturated alcohols. S
ing from the adsorption energies of reactants, intermediate
and products, we have identified and characterized tra
tion states for the formation of H–C and H–O bonds a
determined the corresponding energy barriers on various
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Table 4
Energy barriers and prefactors for the hydrogenation of formaldehyde and ethylene over pure Pt and PtFe alloy surfaces

Path Surface �E
(1)
act

(meV)
�E

(1)
act,zp

(meV)

ν(1)

(1012 s−1)
�E

(2)
act

(meV)
�E

(2)
act,zp

(meV)

ν(2)

(1012 s−1)

C2H4 → C2H6 Pt 803 739 260 660 598 99
C2H4 → C2H6 Pt80Fe20 695 620 420 706 646 340
C2H4 → C2H6 Mod. Pt80Fe20 681 616 87 666 593 704

CH2O → CH3O → CH3OH Pt 391 344 633 142 128 1.6
CH2O → CH3O → CH3OH Pt80Fe20 491 451 9.5 243 211 5.8
CH2O → CH3O → CH3OH Mod. Pt80Fe20 594 503 2700 506 427 46

CH2O → CH2OH → CH3OH Pt 444 349 24,000 1104 1049 320
CH2O → CH2OH → CH3OH Pt80Fe20 461 413 46 1131 1046 36,000
CH2O → CH2OH → CH3OH Mod. Pt80Fe20 592 505 29 787 712 230

The species to be hydrogenated are initially adsorbed in a di-σ mode.
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Fig. 9. Logarithm of the reaction rate constants for the hydrogenation
formaldehyde via methoxy on different surfaces. Lines for the first and
ond hydrogenation are black and gray, respectively.

faces. Besides the pure Pt (111) surface and a segre
Pt80Fe20 (111) surface simulated by a Pt3Fe bulk termi-
nated by a layer of pure platinum, we have chosen a
called “modified” Pt80Fe20 surface, having a second lay
Fe atom interchanged with a surface platinum atom, the
presenting iron atoms in the surface layer. The local re
sal of the surface segregation is driven for formaldehyde
also demonstrated in our previous study of the adsorp
of unsaturated aldehydes, by the strong differences in
adsorbate bonding with Fe and Pt atoms. No such effe
predicted for ethylene.

When hydrogenating ethylene, the local chemical e
ronment of the platinum atoms interacting with the adsorb
does not have a significant influence besides reducing
sorption energies, neither on the reaction geometry no
the reaction barriers, which are around 700 meV for all
drogenation steps involved.
d

Fig. 10. Logarithm of the reaction rate constants for the hydrogenation
formaldehyde via hydroxymethyl on different surfaces. Lines for the
and second hydrogenation are black and gray, respectively.

In the hydrogenation of formaldehyde, all C–H bond f
mations are overall endothermic while all O–H bond form
tions are exothermic. The first bond to be built is equa
probable to be either of the two, since the reaction barr
are almost identical. However, the hydroxymethyl interm
diate is a very stable species on the surface. If it reac
all it is more likely to be decomposed into hydrogen a
formaldehyde again than to be successively hydrogenat
methanol. The methoxy intermediate, on the other hand,
very easily be further hydrogenated to methanol with an
tivation energy of only∼ 200 meV on the platinum-covere
surfaces and 430 meV (includingzero-point corrections) o
the modified surface. On the modified surface all barr
are below the adsorption energy of formaldehyde. The
termination of reaction rates confirms the conclusions ba
on theT = 0 K results regarding reaction probabilities a
rate-determining steps at room temperature.
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On the investigation of the hydrogenation reactions
observed a favored coadsorption of hydrogen near F
bonds. Calculations on the coadsorption of unsaturated
hydes and hydrogen confirmed this situation also for la
adsorbates. The energy gain is around 30 meV, while
coadsorption of hydrogen and another molecule near
surface atom “costs” about 200 meV compared to an i
vidual adsorption of the two species “far away” from ea
other.

We are now able to suggest an explanation for the
lective hydrogenation ofα,β-unsaturated aldehydes towa
unsaturated alcohols on Pt80Fe20 surfaces. These aldehyd
adsorb in a flat geometry on the surface, including the in
action ofbothdouble bonds with the surface. While on t
clean surface Pt segregates to the topmost layer, the fa
formation of O–Fe bonds changes the segregation profile
almost restores the bulk stoichiometry at the surface. Coa
sorbed hydrogen atoms favorably diffuse close to the C=O
double bond attached to the surface Fe atom. Not on
the diffusion barrier of hydrogen on platinum surfaces v
low, i.e., the atoms are mobile, also the hydrogenation
Fe–O bonds is favored over all other adsorption sites. A
the first O–H bond formation the carbon radical at the o
end of the former C=O double bond is immediately also h
drogenated, leading to the unsaturated alcohol. The lat
adsorbed in a diσCC configuration via the remaining doub
bond. Our previous results[11] suggest that the adsorptio
energy for prenal is around 0.3 eV, while for allyl alcohol it
around 0.7 eV. The diffusion of a hydrogen atom toward
C=C double bond is associated with an energy cost of a
0.2 eV; the following reaction barrier for the hydrogenat
is around 0.7 eV. Consequently, prenal will almost certa
desorb before it can become hydrogenated to isopentyl
hol, while in the case of allyl alcohol a further hydrogenat
to propyl alcohol is more prone to occur.

Summarizing, we have in the last three sections prop
a scenario of a complex catalytic phenomenon from
principles that now awaits experimental verification. The
havior of other platinum-based alloys is very likely to follo
a similar pattern. For example, recent work of Nørskov
co-workers[44,45]has investigated the promoting effect
alloying Pt with Sn or Ru on electro-oxidation and hyd
genation reactions. It was emphasized that alloying lead
a surface heterogeneity suppressing the formation of ce
adsorbed species while promoting others and thereby im
proving reaction selectivity. Theinterplay between selectiv
adsorption and surface structure and composition, how
is a novel aspect of our work.
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