JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Communication

Hydrogen Transfer Reaction on the Surface of an Oxide Catalyst
Marcus Knapp, Daniela Crihan, Ari P. Seitsonen, and Herbert Over
J. Am. Chem. Soc., 2005, 127 (10), 3236-3237+ DOI: 10.1021/ja043355h « Publication Date (Web): 18 February 2005
Downloaded from http://pubs.acs.org on March 24, 2009

Op  Og H@Op M@t
N

[oo1] REACTION COORDINATE

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 5 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja043355h

JIAIC[S

COMMUNICATIONS

Published on Web 02/18/2005

Hydrogen Transfer Reaction on the Surface of an Oxide Catalyst

Marcus Knapp,™ Daniela Crihan,™ Ari P. Seitsonen,** and Herbert Over*’

Physikalisch Chemisches Institut, Justus-Liebig#drsita, Heinrich-Buff-Ring 58, D-35392 Giessen, Germany, and
Physikalisch Chemisches Institut, Warsité& Zirich, Winterthurerstrasse 190, CH-8057 rifeh, Switzerland

Received November 3, 2004; E-mail: Ari.P.Seitsonen@iki.fi; Herbert.Over@phys.chemie.uni-giessen.de

Oxide catalysts are considered to be versatile in heterogeneous Oy O
catalysis because of the presence of chemically distinct reactive
centers on their surface, acting as either acidic or basic sites, and
the intimate interplay of these centers in catalyzed reactiéits.
instance, the model catalyst Ry(@10) exposes two kinds of active
surface species that have shown to govern the interaction of the
gas phase in contact with this surf&¢eThese are the so-called
1f-cus-Ru atoms (1éusstands for 1-folccoordinativelyunsaturated
sites: acidic sites) and the bridging O atomg (Basic sites), both
of which are 1-fold undercoordinated with respect to the Ru and O
atoms in bulk environment (cf. Figure 1).

Most of the molecules studied thus far on the RUQO) surface

adsorb from the gas phase initially above the 1f-cus Ru afoms. -30 REACTION COORDINATE
The CO molecule, for instance, adsorbs first on the 1f-cus-Ru site Figure 1. (Top) Ball and stick model of the RuQL10) surface under
and then recombines with the bridging O atom to form,@Bove oxidizing conditions. Oxygen atoms are indicated by large balls, while the

room temperaturg4-8 In this oxidation reaction the bridging O  Ru atoms are presented as small balls bridging Oy, on-top O= Oc,

atoms are consumed rather than serve as a reactive center. Quitd f0ld undercoordinated Ru site 1f-cus Ru. (Bottom) Energy diagram of
e water formation along the reaction path calculated from DFT. Hydrogen

in contrast, hydrogen molecules have shown to interact preferen-y,,,4s are indicated by dashed lines, and the asterisk marks an unstable
tially with the bridging O atoms, forming hydroxyl groups and a  configuration. Without @ on the surface the binding energy of@Qy; is
kind of water moleculé. only 0.3 eV. We estimate the error bars in the relative energies to be at

Here we will elucidate the cooperative interplay of the two active most ca. 0.1 eV.
surface sites on RulL10) for a simple model reaction, namely
the water formation over RuZatalysts when supplying hydrogen
and oxygen from the gas phase. Oxygen molecules adsorb disso-
ciatively above the 1f-cus Ru atoms, forming on-top O atoms O
while the incoming hydrogen molecules accommodate solely above
the bridging O atoms. Subsequently, the on-top O species picks up
sequentially two hydrogen atoms from the bridging O atems
hydrogen transfer reactionthereby forming adsorbed water above
the 1f-cus-Ru atoms.

To study the water reaction on Ru(@10), we exposed the RyO
(110) surface to 50 L (1 = 1.33 x 1076 mbars) of D, at room Figure 2. Temperature-programmed reaction of wate©by dosing only
temperature and recorded a thermal desorption (TD) spectrum ofssoolli‘dol;(ngi (dotted line) and dosing first 50 L of Dand then 5 L of @
D,0 using a quadrupole mass spectrometer and a heating rate 01‘( ’

10 K/s. In a second experiment, we exposed the fRLID) surface
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at RT
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50 L of dth dth ; adsorption and consequently the water formation. However, the
to of D, at room temperature and then saturated the surface ;.\ o+ ¢ produced BD is not affected by the sequence of

by on-top O.' Both BO.TD spect_ra are_shown in Figure 2. Clearly, adsorption. Therefore Dadsorbs preferentially through the surface
the production of RO is dramatically increased by a factor of 20 5 444ms rather than via the 1f-cus Ru atoms, challenging recent
when on-top O is present on the surface. These experiments teachy -1 - <4 soredictionst?

us two lessons: First, adsorbs on the stoichiometric Rp(@10) Next we took TD spectra of D and Q (Figure 3), exposing

surfacg,tﬁarely remowfng c:xygoen from t_he oxget sur]face‘ﬁ_a_ndtvarious D doses: in each experimental run we exposed first the
second, the presence ot on-top © Species IS mandatory for eflicien RuO,(110) surface to Pand saturated subsequently the surface

water production. . :
’ with on-top O (by dosig 5 L of at room temperature). We
To determine the entrance channel of hydrogen, we reversed the p O (by g ©. P )

. ’ ! dnotice that with increasing Dpre-exposure more O is produced
sequence of the above _adsorptlon experiment, W? first saturate and less on-top O is left on the surface. The integral TD signals of
the RuQ(110) surface with on-top O, thereby blocking all the 1f- on and Q (integrated from 300 to 600 K) are complementary in
cus Ru atoms, and subsequently exposgd the surface to 50 L O%hat the sum of both TD signals is independent of thedDse.

D,. If hydrogen enters the surface only via the 1f-cus-Ru atoms,

) ) ; From the shape of the TD traces we infer that thed®sorption
then blocking these sites by on-top O s to suppress the hydroglenproceeds with second-order kinetics consistent with that of two

 Justus-Liebig-Universita neighboring on-top O atoms that recombine to form Quite in
# Universita Zurich. contrast, the water signal follows first-order reaction kinetics with
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Figure 3. Predosing various Pdoses (6-500 L) and postdosm5 L of
O, to saturate the surface with on-top O. (Top) Desorption pfaDvarious
D, doses. (Inset) Temperature-integrated (3600 K) O, TD spectra.
(Bottom) Temperature-programmed® reaction for various P doses.
(Inset) Temperature-integrated (30600 K) D,O TPR spectra.

a maximum at 420 K. This reaction order suggests thgD D
desorption is the rate-determining step. At adxposure of 500
L, no O, leaves the surface below a temperature of 600 K.

The last question we want to settle with mass spectrometry is
whether both surface spectelsridging O and on-top ©are equally
capable in the accommodation of.Exposing the stoichiometric
Ru0,(110) surface to CO at room-temperature, we replaced all the
bridging O atoms by bridging C®. Subsequently, we saturated
the 1f-cus Ru atoms by on-top O atoms (exposurg b of O, at
200 K) and dosed 500 L of DWith mass spectrometry we followed
the temperature-dependent production gDDCQO,, and the Q.

No DO is detected, and most of the bridging CO molecules
recombine with on-top O to form CQdentical to the case when

no D, is post-exposed!? This experiment provides strong evidence
that the on-top O species is hardly able to adsogbThis finding

is quite counterintuitive as we would have expected that the on-
top O is much easier to polarize than bridging O atoms and therefore
more prone to adsorbed,DAgain the on-top O species on
RuQ,(110) surprises by its inactive behavidr.

With DFT calculation¥* we studied the hydrogen transfer
reaction from the bridging O atoms toward the on-top O atoms. In
the first reaction step we started from a configuration where two
hydrogen atoms sit on a single bridging O atom and no hydrogen
atom is adsorbed on the on-top O species. Our DFT calculations
indicate that there is no energy barrier for one hydrogen to shift to
the on-top O site (cf. Figure 1). This means that the first hydrogen
atoms move spontaneously from the bridging to the on-top O
position. The reverse reaction is of course activated by the hydrogen
adsorption energy (i.e., 0.7 eV per hydrogen atom). The final state
of this reaction pathway is characterized by a hydrogen bond
between the bridging O and the H atom now covalently attached
to the on-top O atom.

The second reaction path modeled was the transfer of the second

hydrogen atom from the bridging O to the on-top O aférim the
initial state of this reaction, both the on-top and the bridging O
atoms carry one hydrogen atom. The minimum energy configuration
is characterized by the4Dl group that is inclined toward the next-
row bridging O atom and a second hydrogen bond between the H
atom from the bridging O atom and the on-top O atom. The reaction

coordinate is again the separation of the on-top O species and the

hydrogen atoms sitting on the bridging O atom. DFT calculations

determined the energy barrier to be 0.28 eV. This activation barrier
is still quite low compared to the desorption/reaction temperature
of 420 K (cf. Figures 2 and 3). However, the resulting water
molecule adsorbs quite strongly by 0.84 eV over the 1f-cus-Ru
atoms, in agreement with a recent DFT stdélyThe strong
adsorption of water is therefore consistent with the desorption
temperature of 420 K and the observed first-order kinetics. The
strong adsorption of water is also supported by a recent X-ray
diffraction study® and HREELS measuremenfsFrom our DFT
calculations we infer that hydrogen bonding is important to lower
the activation barriers for the hydrogen transfer reactions, similar
to the well-known Grotthus effeé where the fast diffusion of
protons is explained in terms of structure diffusion.

The quintessential point is that the Ryf010) surface provides
a nice example of a synergy effect in the catalyzed water reaction:
The bridging O atoms harvest the hydrogen from the gas phase,
while the on-top O atoms pick up those adsorbed hydrogen atoms
from the bridging O atoms to form water. The mechanism of
hydrogen transfeis mediated by the strong hydrogen bond. The
hydrogen transfer is expected to play an important role for the whole
class of catalyzed hydrogenation and dehydrogenation reactions of
hydrocarbons over RuQ®
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