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We have investigated the adsorption and decomposition of ethanol on the Rh(111) and Rh(553) surfaces
at room temperature with special emphasis on the dehydrogenation. We use high resolution core level
photoemission and density functional theory (DFT) based simulations. A detailed analysis of the C1s core
level spectra, including analysis of the vibrational fine-structure and comparison to calculated C1s bind-
ing energy shifts, shows that the ethanol decomposes into CO, ethylidyne (C2H3), methylidyne (CH),
atomic C, and hydrogen. At low ethanol exposures, CH is the dominating hydrocarbon fragment on
Rh(111), whereas on Rh(5 53) atomic C dominates over CH, indicating an enhanced dehydrogenation
due to the steps present on the latter surface. At higher ethanol exposures we find a similar behavior
of atomic C dominating over hydrocarbons on Rh(553), while on Rh(111) atomic carbon remains a
minority species. Our DFT based simulations show that the enhanced dehydrogenation results from a sig-
nificant lowering of the CH dissociation barrier from Rh(111) to Rh(553), as well as from the dissociation
changing from endothermic on Rh(111) to exothermic on Rh(553).

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Hydrogen is being considered as a possible major energy source
for the future, to be used in fuel cells where the hydrogen is oxi-
dized into H2O and electricity is produced. Storage of pure hydro-
gen, however, presents severe safety-related problems and it has
therefore been suggested to store and transport the hydrogen in
the form of a more stable hydrogen-containing compound from
which the hydrogen is extracted in close proximity to its use in
e.g. fuel cells. One such H-containing compound under consider-
ation is ethanol, for which it has recently [1–4] been demonstrated
that Rh-ceria based catalytic extraction of hydrogen by partial oxi-
dation is possible at relatively low temperatures.

However, little is known about the reasons for the efficiency of
the Rh-ceria based catalysts used for H2 production. This applies
not only to the partial-oxidation reaction but even to the funda-
mental steps of ethanol adsorption [5] and fragmentation on Rh
surfaces. As edges and corners constitute a significant fraction of
the surface area in the small Rh particles typically used in real cat-
alysts, it is important to investigate what influence the presence of
under-coordinated Rh atoms has on ethanol adsorption and frag-
mentation. We have therefore studied the room temperature
ll rights reserved.

: +46 46 222 4221.
ndersen).
adsorption and decomposition of ethanol on both the flat
Rh(111) and the vicinal Rh(553) surfaces where the steps on the
latter are used to mimic, at least partly, the under-coordinated
atoms present at the edges and corners of small Rh particles. Our
results show significantly different fragmentation of ethanol on
these two surfaces, demonstrating a large influence of the under-
coordinated step atoms at the 111-type microfacets of the
Rh(553) surface. On both surfaces, we find that predominantly
the C–C as opposed to the C–O bond of the ethanol molecule is bro-
ken due to the interaction with Rh. However, on the flat Rh(111)
surface, hydrocarbons constitute a large fraction of the final
decomposition products indicating non-complete dehydrogena-
tion whereas on Rh(553) an atomic carbon species is found to
dominate over hydrocarbon fragments indicating a more complete
dehydrogenation at the steps. The enhanced dehydrogenation at
the steps is shown to be the result of both a significantly lower en-
ergy barrier for CH dissociation as well as the dehydrogenation
becoming exothermic at the steps.

In addition to providing information on ethanol adsorption and
decomposition on Rh(111) and Rh(553), the present study also
demonstrates the potential of high resolution core level spectros-
copy (HRCLS) for identifying hydrocarbon fragments on surfaces.
This potential, which is not restricted to the current Rh surfaces,
rests on a detailed analysis of the vibrational fine structure present
in the HRCLS C1s spectra of adsorbed hydrocarbons and on
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comparison to theoretical simulations of adsorption structures and
C1s binding energy shifts [6–9].
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Fig. 1. C1s spectra after ethanol exposures at room temperature between 0.1 and
30 L on Rh(111) and Rh(553). The photon energy is 380 eV. Decompositions of the
spectra into a number of components as explained in the text are shown.
2. Experimental and calculational details

The measurements were performed at beam line I311 at the
synchrotron radiation facility MAX II in Lund, Sweden. We refer
the reader to Ref. [10] for a detailed description of this beam line.
Experimental procedures were as described in Ref. [11]. In short,
the surfaces were cleaned by a combination of Ar+ sputtering and
annealing in O2 and in vacuum. The surface cleanliness was
checked by HRCLS and the long range order by low energy electron
diffraction (LEED). The HRCL spectra were recorded at normal
emission and at liquid nitrogen temperatures in order to reduce
thermal broadenings. Special attention was paid to the possibility
of beam induced dissociation due to the high incident flux. No such
effects were found for the present experimental conditions.

Ethanol exposures are given in Langmuir (L) (1 L = 10�6 torr s)
based on the gauge reading with no correction applied for the sen-
sitivity towards ethanol [12]. Ethanol pressures in the low
10�8 torr range were typically used except for the lowest expo-
sures. The ethanol was 99.5% pure with dry residuals less than
0.002% and was further purified by freeze-pump-thaw cycles.

The HRCL spectra were decomposed using Doniach–Sunjic line
shapes [13] convoluted with Gaussian functions that represent
unresolved vibrations and the experimental broadening. A linear
background was included in the fits. For the case of hydrocarbons,
it has long been known [14] that intrinsic excitation of C–H stretch
vibrations in the photoemission process gives rise to higher bind-
ing energy satellites in the C1s spectra also for the case of chemi-
sorbed molecules, see e.g. Refs. [6–9]. The energy separation of
the C–H vibrational satellites is in all cases close to 400 meV and
the intensity distribution closely follows a Poisson distribution as
expected from a linear coupling model [15]. For the decomposition
of hydrocarbon spectra we have therefore used vibrational compo-
nents with an energy splitting of close to 400 meV and the addi-
tional constraint that the intensities of these components follow
a Poisson distribution.

For the slab-based calculations of surface structures we used
density functional theory (DFT) as implemented in the DACAPO
package [16]. Ion-cores were described by ultrasoft pseudopoten-
tials [17]. In order to describe core ionized C atoms, we used a
pseudopotential constructed for a C atom where a 1s electron
had been promoted to a 2p valence level [18–21]. The one-electron
wave functions were expanded in a plane wave basis with an en-
ergy cutoff of 25 Ry. For the exchange and correlation functional
we used the generalized gradient approximation (GGA) as imple-
mented in the PW91 form [22]. For Rh(111) we used a three-layer
slab and for Rh(553) a slab containing three (111) Rh layers. The
first two substrate layers as well as the adsorbates were allowed
to relax geometrically. The slabs were separated by vacuum layers
of thickness equivalent to five (111) Rh layers. Energy barriers
were found by constrained relaxation with care being taken that
the pathways become continuous. Sampling of k-space was done
using a (2 � 4 � 1) mesh for the (5 � 2) and (1 � 2) unit cells used
for Rh(111) and Rh(553), respectively. The theoretical lattice con-
stant 3.83 Å was used for Rh. Finally, the C1s core level binding en-
ergy shifts were calculated as total energy differences between
systems where the appropriate C-atoms had been core-ionized.
Convergence tests showed that increasing the slab thickness from
three to five layers caused the relative differences of the adsorption
energies for atomic C and CH at different sites to change by less
than 50 meV. Changes of the corresponding C1s core level shifts
were less than 10 meV. The conclusions based on three layer slabs
are therefore not affected.
3. Results and discussion

C1s spectra measured after representative room temperature
ethanol exposures ranging from 0.1 to 30 L on Rh(111) and
Rh(553) are shown in Fig. 1a and b, respectively, together with
decompositions into a number of components.

3.1. C1s results, overview

The C1s peaks at binding energies above 285 eV can all be as-
signed to CO molecules adsorbed in different sites on the two sur-
faces. For Rh(111) the components at �286 and �285.4 eV are
assigned to CO molecules in on-top and three-fold-hollow adsorp-
tion sites, respectively, based upon their binding energies, as dis-
cussed in more detail in [11]. The shoulder at �286.3 eV on the
high binding energy side of the on-top peak is due to the intrinsic
excitation of the C–O stretch vibration in the photoemission pro-
cess [23] and not to CO in a different configuration. For Rh(553),
the C1s components at similar binding energies as those found
on Rh(111) are interpreted as due to CO molecules in on-top and
three-fold-hollow sites on the (111) terraces of the surface. In
addition, a C1s component at �285.7 eV is clearly visible after eth-
anol exposures up to 1 L. This component can, by comparison to
C1s spectra measured after CO exposure of Rh(553) [24], be as-
cribed to CO molecules adsorbed on-top the Rh atoms at the steps
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of Rh(553). For the sake of simplicity we include an explicit com-
ponent for this step-adsorbed CO only at the lower ethanol expo-
sures whereas at higher exposures we incorporate it via an
additional broadening of the three-fold-hollow component.

As discussed previously [11], the above assignments for
Rh(111) are supported by corresponding O1s spectra. We find
the O1s spectra for Rh(553) to be very similar to those for
Rh(111). In particular we find a similar lack of any emission
around 529.5 eV which could be ascribed to atomic oxygen. From
this, and the appearance of CO on the surface, we conclude that
the C–C bond of the ethanol molecule is broken upon adsorption
on Rh surfaces at 300 K whereas the C–O bond is left intact.

The remaining C1s components are all found at binding ener-
gies between �283 and �284.5 eV, that is, in the binding energy
range expected for hydrocarbons and/or for C-species adsorbed
on metallic surfaces see e.g. [6–9,25–27]. Assigning these compo-
nents to specific molecular fragments is in general difficult due
to the large number of possible C–H containing fragments, the
close-lying and even overlapping C1s binding energies, and the
possibility that some of the components are not due to chemical
shifts but instead to the excitation of C–H vibrations in the photo-
emission process. In the present case we, however, believe that
several fragments can be unambiguously identified.

3.2. Rh(111), the hydrocarbon region

We start with the Rh(111) surface and ethanol exposures of up
to 5 L, see Fig. 1a. For these exposures, the C1s spectra below
285 eV binding energy contain two main components; one at
283.0 eV and one at 283.4 eV. In addition, a broad shoulder is vis-
ible, in particular at 5 L exposure, on the high binding energy side
of the 283.4 eV component. In a previous publication [11] it was
tentatively suggested that the 283 eV component was due to atom-
ic C on the surface based on its low binding energy. Here we show
that instead this component is the adiabatic peak from CH (meth-
ylidyne) fragments on the surface and that part of the 283.4 eV
peak is due to excitation of the C–H stretch vibration of the CH
molecule.
Bindi
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Fig. 2. (a) C1s spectra after exposure of Rh(111) to 0.5 L of ethanol (grey triangles) and
vibrational component upon deuteration is indicated. Decompositions of the C1s spectra
lines are adiabatic and vibrational components from methylidyne; grey lines are compo
A priori the emission at 283.4 eV could be either a chemically
shifted C1s component or, as it is shifted �400 meV from the
283.0 eV component, a vibrational shake-up of the C–H stretch in
the hydrocarbon fragment, or a combination of these two possibil-
ities. In order to distinguish between these possibilities we per-
formed experiments where fully deuterated ethanol was used as
this should reduce [6,15] the C–H vibrational energy by close to
the factor of

p
2 expected for a harmonic oscillator, i.e. the compo-

nent should shift from 283.4 to 283.3 eV. As seen from Fig. 2, deu-
teration causes the 283.4 eV peak to split into two components,
one at just above 283.4 eV and one at 283.3 eV where the
283.3 eV component can be identified as due to the excitation of
a C–D stretch vibration. The component at just above 283.4 eV in
the deuterated spectra is due to a chemically shifted component
which, as shown below, is ethylidyne (C–CH3). We thus can con-
clude that part of the 283.4 eV emission in the non-deuterated
spectra of Figs. 1 and 2 is due to a C–H vibrational satellite of the
283.0 eV peak and that the remaining part of the intensity comes
from ethylidyne that has a chemically shifted component at that
energy.

In identifying that the 283.0 eV component corresponds to
methylidyne we make use of the correlation [6–9,28] between
the intensity ratio (the so-called S-factor) of the first vibrational
component and the adiabatic C1s peak and the number of H-atoms
bonding to the C-atom. For free molecules [28] and for CH2 and CH3

groups in molecules chemisorbed on surfaces [6,7,9], the S-factor is
found to depend almost linearly on the number of H-atoms bound
to the C atom. The proportionality factor is around 0.13 per H-atom
for free molecules and for hydrocarbon groups not directly chem-
isorbed to the metal surface whereas for CH species directly chem-
isorbed on metal surfaces, a slightly larger S-factor of �0.17 is
found [9]. In the present case, extraction of the S-factor is made dif-
ficult by the presence, as described above, of another chemical
component overlapping the first C–H vibrational component. How-
ever, for the deuterated spectra this difficulty decreases due to the
lowering of the C–D vibrational energy which allows separation of
the C–D component and quite unambiguous determination of its S-
factor as being �0.22, see Fig. 2. As the S-factor (for the harmonic
ng Energy (eV)
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deuterated ethanol (black dots), respectively, at room temperature. The shift of the
after an exposure of 0.5 L deuterated (b) and normal (c) ethanol, respectively. Black
nents due to ethylidyne (see text).
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Fig. 3. Comparison of the C1s intensity ratio between the outer (Couter) and the
inner (Cinner) C-atom of ethylidyne versus photon energy for the present system (red
triangles) and ethylidyne co-adsorbed with CO (black dots) from Ref. [7]. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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approximation) increases by close to a factor of
p

2 from CH to CD,
the 0.22 determined for the deuterated species corresponds to
about 0.16 for the non-deuterated case i.e. a value consistent with
methylidyne directly bonded to a metal surface. Using this S-factor
of 0.16 for the non-deuterated spectra results in fits where the
intensity of the additional chemically shifted component at just
above 283.4 eV due to ethylidyne is very similar to those found
for the deuterated case, see Fig. 2, demonstrating the internal con-
sistency of the assignment and the S-factors. From this analysis we
conclude that methylidyne is found on the Rh(111) surface and
gives rise to an adiabatic C1s peak at 283.0 eV binding energy
and a vibrational satellite at 283.4 eV with intensity around 0.16
times that of the adiabatic peak.

The presence of methylidyne on the surface is further supported
by our theoretical calculations which, as described below, show
that the dehydrogenation of CH to C is not thermodynamically pre-
ferred on Rh(111), and that the activation barrier for this endo-
thermic reaction is about 1 eV. These conclusions are further
supported by other recent calculations which show methylidyne
to be the most stable CHx (1 6 x 6 4) molecule on Rh(111), with
a high activation barrier for further dehydrogenation [21,29].

We now turn to the 30 L exposure spectrum in Fig. 1a as an
example of the behaviour at higher ethanol doses. In this spectrum
we, in addition to what can be ascribed to emission from methyli-
dyne, find strong components at about 283.4, 283.74 and
284.14 eV. We believe these components are due to the formation
of ethylidyne on the surface. On Rh(111), the ethylidyne molecule
adsorbs with the molecular axis normal to the surface plane in a
three-fold-hollow site with the CH3 group furthest from the sur-
face. The two C-atoms of the molecule have different C1s binding
energies. The inner C-atom gives rise to C1s peaks at 283.45 and
283.46 eV [6,7] for the (2 � 2)-Rh(111)–1CCH3 and the c(4 � 2)-
Rh(111)–1CO + 1CCH3 structures, respectively. The adiabatic C1s
binding energy of the outer C-atom is found [6,7] at 284.07 and
283.64 eV, respectively. The fact that the outer C-atom is part of
a methyl group gives rise to additional C–H vibrational fine-struc-
ture components with splittings of �400 meV and an S-factor of
�0.4 [6,7]. Finally, the strong variation with photon energy of the
outer to inner C-atom intensity ratio provides a reliable fingerprint
for the existence of ethylidyne molecules on the surface also when
e.g. co-adsorbed with CO [7]. For the present spectra we interpret
the �283.4 eV component as due to the inner C-atom, the
283.74 eV component as the adiabatic peak of the outer C-atom,
and the 284.14 eV component as the first C–H vibration of the out-
er C-atom of ethylidyne formed on the surface. Using this assign-
ment we obtain an outer to inner C-atom intensity ratio
variation versus photon energy as shown in Fig. 3 (for the
283.4 eV intensity we have subtracted the part accounted for by
the vibrational component of methylidyne also found at this en-
ergy). Clearly the present intensity variation is very similar to the
one found for the c(4 � 2)-Rh(111)–1CO + 1CCH3 overlayer, also
shown in Fig. 3. In particular we also in the present system find
the almost complete suppression of emission from the outer C-
atom at 350 eV photon energy, a suppression very characteristic
of ethylidyne on Rh(111). Furthermore, use of an S-factor of 0.4
characteristic of a methyl group (and inclusion of the next C–H
vibrational feature at 284.53 eV) provides good fits of the spectra.
We therefore, based upon the C1s binding energies, the S-factor,
and the intensity variation with photon energy assign the
283.4 eV emission as well as the shoulders at 283.74 and
284.14 eV to ethylidyne.

These C1s components from ethylidyne have also been included
in the decompositions of the low coverage spectra. In addition to
providing a good description of the measured spectra this is justi-
fied by the fact that spectra measured at a photon energy of 350 eV
(not shown) show reduced emission on the high energy side of the
283.4 eV component in agreement with the behaviour of ethyli-
dyne. It should be noticed that the outer to inner C intensity ratio
of the ethylidyne components is slightly larger for the lower expo-
sures. In addition to the difficulties in determining exactly the
intensity for the inner C-atom due to the overlap with the first
vibrational component of the methylidyne, this behaviour could
also be caused by the existence of additional low intensity C1s
components, e.g. due to molecular fragments formed at steps and
other surface defects, not taken into account in the fitting
procedure.

Summing up the Rh(111) results, the decomposition of ethanol
at temperatures around 300 K results in the formation of CO, meth-
ylidyne, and ethylidyne. This, and the fact that no signal attribut-
able to atomic O is observed [11], leads us to conclude that
predominantly the C–C bond of the ethanol molecule is broken
by the interaction with the Rh-surface. Importantly the spectra
can be accounted for without involving any significant emission
from atomic carbon species, indicating that dehydrogenation does
not proceed beyond the formation of methylidyne.

3.3. Rh(553), the hydrocarbon region

We now turn to Rh(553) and the �283 to �284.5 eV region, see
Fig. 1b, in order to investigate the influence of the under-coordi-
nated Rh step atoms on the formation of hydrocarbon and/or
atomic C-species.

A dramatic difference is seen when comparing the low ethanol
exposure spectra of Fig. 1b for Rh(553) to those for Rh(111) shown
in Figs. 1a and 2. Instead of the dominating component at 283 eV
and a weak emission at �283.4 eV found for Rh(111), the
Rh(553) C1s spectra are dominated by a component at
�283.55 eV and a weak component at �283 eV. The dominating
component at 283.55 eV is very narrow in energy, has a very small
asymmetry, and does not exhibit any satellites that can be attrib-
uted to C–H vibrations. This immediately suggests that it is due
to some form of atomic C on the surface, although the �0.55 eV
higher binding energy than that of CH on Rh(111) is surprisingly
high. However, as discussed below, theoretical calculations of the
C1s binding energy supports that this component is indeed due
to atomic carbon on the surface. The weak component at
�283 eV is in analogy with the Rh(111) results interpreted as



Table 1
The adsorption energy (Eads) with respect to a CH radical in gas phase and the C1s core
level shifts (CLS) relative to CH in the hcp site on Rh(1 11) for Rh(11 1)–(5 � 2)-1CH
and Rh(553)–(1 � 2)-1CH structures, respectively

Surface Site Eads (eV) CLS (eV)

Rh(111) Hcp �6.54 0.00
Fcc �6.34 �0.16

Rh(553) Fcc(up) �6.58 �0.13
Hcp(terrace) �6.55 0.00
Hcp(up) �6.53 �0.03
Hcp(low) �6.44 0.55
Fcc(low) �6.39 0.04
Fcc(terrace) �6.28 �0.14
Step(bridge) �6.16 �0.12

FCC (UP)HCP (UP) HCP (LOW) FCC (LOW)

HCP (TERRACE) FCC (TERRACE) STEP (BRIDGE)

Fig. 4. Top-view of the Rh(553) surface. The designations for the various
adsorption sites considered are shown.
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due to a small amount of methylidyne on the surface presumably
on the (111) terraces of the surface. Thus, in contrast to the situa-
tion on Rh(111), the decomposition of ethanol on the stepped
Rh(553) surface does not stop at the formation of CH but instead
continues to almost complete dehydrogenation of the fragments.
This conclusion is supported by our theoretical calculations as dis-
cussed below.

The 283.56 eV component remains dominant also at higher eth-
anol exposures. At the highest exposures, see the 30 L spectrum of
Fig. 2, this component broadens and a shoulder develops towards
lower binding energy. This can be reproduced if the aforemen-
tioned C1s components characteristic for ethylidyne are included.
Thus at higher coverages, ethylidyne also forms on Rh(553), most
likely on the 111-type terraces of the surface albeit in much smal-
ler quantities than on Rh(111). The �283 eV component ascribed
to methylidyne increases between the 1 and 5 L exposures and
thereafter decreases. From measurements at intermediate expo-
sures we found that the 283 eV intensity reaches within 90% of
its maximum intensity after �2 L exposure, goes through a maxi-
mum at �5 L, and drops below the 90% limit at �10 L. As evidenced
by the spectra in Fig. 1b, the intensity decrease with ethanol expo-
sure is slower than the initial increase. The initial increase of the
283 eV component may be rationalized as caused by an increasing
deactivation of the steps by the 283.55 eV C-species causing the
methylidyne dissociation to become less efficient. The decrease
of the metylidyne intensity at higher ethanol exposures is accom-
panied by the appearance of the ethylidyne components. The pres-
ent data, however, are not sufficient to determine if this is due to
conversion of methylidyne to ethylidyne at higher coverages or
simply to a new reaction pathway for the ethanol decomposition
which also includes a step that converts methylidyne to a different
species.

In summary, the decomposition of ethanol on Rh(553) at tem-
peratures around 300 K results in the formation of CO, a dominat-
ing atomic C-species, a minor amount of methylidyne, and after
high ethanol exposures the formation of ethylidyne. As also found
for Rh(111), the lack of an O1s component from atomic O-species
indicate predominant C–C bond breaking of the ethanol molecules.
Finally, the finding of a significant amount of atomic carbon dem-
onstrates that on Rh(553) dehydrogenation does not stop at the
formation of methylidyne.

3.4. Comparison to theoretical results

Comparing the experimental results from Rh(111) and
Rh(553), we find that the presence of the under-coordinated step
atoms on Rh(553) significantly influences the molecular fragments
present after ethanol decomposition at room temperature. With
the interpretations of the experimental data given in Sections 3.2
and 3.3, a major reason for the differences is that Rh(553), in par-
ticular at low ethanol exposures, very efficiently dissociates CH
whereas on Rh(111) the majority of the CH molecules remain in-
tact. Such step-mediated enhanced CH dissociation has also re-
cently been reported for Pt(553) [30]. We have investigated this
issue of CH stability further by DFT based simulations. In addition
to supporting the above interpretation of a high CH dissociation
efficiency at the steps, these calculations also provide an explana-
tion to the high C1s binding energy found for the atomic C-species
on Rh(553).

In Table 1, we give the adsorption energies (relative to CH in
gas-phase) for fcc and hcp adsorption of CH in a (5 � 2)-1CH struc-
ture on Rh(111) and for CH in various adsorption sites in a (1 � 2)-
1CH structure on Rh(553). Our designations for the various
adsorption sites on the Rh(553) surface are shown in Fig. 4. Table
1 also gives the calculated C1s chemical shifts using as reference
the C1s binding energy of CH adsorbed in an hcp site in the
Rh(111)–(5 � 2)-1CH structure. On Rh(111), the hcp site is pre-
ferred by the CH molecules, whereas on Rh(553) the two three-
fold sites on the upper side of the step and the terrace hcp site
all are within 50 meV in adsorption energy. It is therefore not pos-
sible to unambiguously choose between these three adsorption
sites on the Rh(553). The C1s binding energy is for all of these
three sites on Rh(553) within 0.13 eV of the value for CH on
Rh(111) which on one hand supports the interpretation that the
minority 283.0 eV component on Rh(553) is due to CH but on
the other hand also precludes use of the C1s binding energy for dis-
tinguishing between the three adsorption sites. Table 1 also shows
that a CH molecule adsorbed in the hcp site below the step would
actually exhibit a C1s shift of 0.55 eV relative to the (111) hcp site
and would therefore be a candidate for the 283.55 eV component.
However, in addition to the fact that the calculated adsorption en-
ergy for such an adsorption site is 0.14 eV less favourable than the
highest adsorption energy, such a suggestion is inconsistent with
the experimental observation that the 283.55 eV component is
not accompanied by a C–H vibrational satellite.

In Table 2 we give the adsorption energies of a C atom (relative
to a C atom in gas-phase) for a (5 � 2)-1C structure with the C-
atom in the (stable) hcp site on Rh(111) and for various adsorption
sites in a (1 � 2)-C structure on Rh(553). For Rh(553), the
hcp(low) site is seen to be preferred by at least 0.28 eV per C-atom
over other sites and furthermore to give a C1s binding energy shift
of 0.46 eV relative to CH in hcp on Rh(111). Thus this adsorption
site provides a straightforward explanation for the dominating
283.55 eV peak in the experimental C1s spectra for Rh(553). Cal-
culations for a number of systems with co-adsorbed C and CH
show that the hcp(low) site is preferred by C also in such systems
and most importantly that the C1s binding energy of the C atom is



Table 2
The adsorption energy (Eads) with respect to a C atom in gas phase and the C1s core
level shifts (CLS) relative to CH in the hcp site on Rh(1 11)–(5 � 2)-1CH for Rh(1 11)–
(5 � 2)-1C and Rh(5 53)–(1 � 2)-1C structures, respectively

Surface Site Eads (eV) CLS (eV)

Rh(111) Hcp �7.18 0.03

Rh(553) Hcp(low) �7.54 0.46
Fcc(up) �7.00 0.33
Hcp(up) �7.26 0.23
Hcp(terrace) �7.15 0.05
Fcc(terrace) �6.75 0.01
Fcc(low) �6.79 0.06
Bridge(step) �6.80 0.08
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only weakly influenced by co-adsorbed CH. For most co-adsorption
geometries, keeping the atomic C in the stable hcp(low) site, we
find a small attractive interaction, however, if the CH is placed in
a hcp(low) site a strong repulsive interaction of 0.72 eV results.
Thus C and CH co-adsorption in neighbouring hcp(low) sites is ex-
cluded. Based on the above we therefore assign the 283.55 eV C1s
peak on Rh(553) to C-atoms situated in the hcp site at the bottom
of the steps.

We now turn to the issue of dissociation of CH on the two sur-
faces and show in Fig. 5 the result of an extensive search for low
energy paths for the dissociation of CH on Rh(111) and Rh(553).
As seen, clear differences exist between the two surfaces. On
Rh(111), CH starts at hcp hollow site, and dissociates via a transi-
tion state with barrier of 0.96 eV, where CH becomes parallel to
surface and H sits on top of the nearby Rh atom. The results agree
well with Ref. [29]. On Rh(553), CH starts out at the fcc(up) site
and ends with the C atom at the hcp(low) site and the H on top
of the nearby Rh atom with a barrier of 0.59 eV. These energy bar-
riers on their own would be sufficient for explaining why dissoci-
ation at room temperature occurs on Rh(553) and not on Rh(111).
In addition to this, Fig. 5 also shows that CH dissociation on
Rh(111) is endothermic whereas it becomes slightly exothermic
on Rh(553). Thus not only kinetics but also energetics favour the
observed behaviour of CH dissociation at the steps of the
Rh(553) surface and stability of CH on the flat Rh(111) surface.
The driving force originates from the significant stabilization of
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Fig. 5. Potential energy surfaces (referenced to a CH radical in gas phase) for the
initial state (left), the transition state (middle), and the final state (right) for the
lowest energy dissociation paths on Rh(111) (solid lines) and Rh(553) (dashed
lines). The activation energies (DE) for the two surfaces are indicated. All energies
are in eV.
atomic C at stepped Rh(553), seen in Table 2. We note that a recent
calculation [31] for Ni found a similar behaviour with the slightly
endothermic dissociation of CH on Ni(111) becoming exothermic
on the stepped Ni(211) surface.

4. Summary and conclusions

The adsorption of ethanol at room temperature on the Rh(111)
and its vicinal surface Rh(553) has been investigated by a detailed
analysis of high resolution core level spectroscopy data including
comparison to calculated C1s binding energy shifts. Extensive
DFT-based simulations of adsorption structures and transition
states were used to address issues related to the different stability
of CH fragments on the two surfaces.

Both surfaces were found to predominantly dissociate the car-
bon–carbon bond and preserve the carbon–oxygen bond leading
to adsorbed CO but no adsorbed atomic O. In addition to CO, also
significant amounts of methylidyne and ethylidyne are formed
on Rh(111), the latter presumably via a reforming reaction. No sig-
nificant amounts of atomic C is formed on Rh(111) indicating
incomplete dehydrogenation. On Rh(553), the dominant surface
species in addition to CO was shown to be atomic C adsorbed in
the hcp sites on the lower side of the steps. The surprisingly high
C1s binding energy of such C-atoms was reproduced by calcula-
tions. The finding of significant amounts of atomic carbon on
Rh(553) demonstrates that for this surface, dehydrogenation can
proceed beyond the formation of methylidyne. In agreement with
the experimental results, DFT-based simulations demonstrated
that the activation barrier for CH dissociation was lowered from
0.96 eV on Rh(111) to only 0.59 eV at the Rh(553) steps and fur-
thermore that the CH dissociation changes from endothermic on
Rh(111) to exothermic on Rh(553). The large differences in kinetic
barriers as well as the energetics show that ethanol adsorption and
decomposition on small Rh particles with their large concentration
of low-coordinated edge and corner atoms are not well described
by the flat Rh(111) surface. The under-coordinated atoms at steps
are necessary in order to obtain complete dehydrogenation of the
ethanol.
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