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3Dipartimento di Fisica, Università degli Studi di Trieste and CENMAT, Via Valerio 2, 34127 Trieste, Italy

4Laboratorio TASC INFM-CNR, S.S. 14 Km 163.5, 34012 Trieste, Italy
(Received 7 March 2006; published 3 August 2006)

CO dissociation on rhomboidal faceted nanopyramids, produced on Rh(110) by fine-tuning of ion
irradiation conditions, has been studied by high resolution core-level spectroscopy. We find that this
morphology presents a large efficiency towards CO dissociation, a process which is inhibited on flat (110)
terraces. We also measured the reactivity of nanostructures bound by different artificial step distributions
identifying the sites responsible for the molecular bond disruption in the undercoordinated (n � 6) edges
running along the �1�12� equivalent directions, with CO sitting in on-top configuration.
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The control of the atomic step distribution of clusters
and nanostructures is of utmost importance in determining,
among others, their magnetic [1], electrical, and catalytic
properties. In this last context it was, for example, shown
that the chemical reactivity of MoS2 supported on gold
surfaces is determined by the local electronic properties of
the edge atoms, the basal plane of the molybdenum disul-
fide being inert for this reaction [2].

Recent experiments and theoretical models have tried
to elucidate the atomistic details underlying the en-
hanced surface chemical reactivity of transition metals
(TM). In particular, density functional theory (DFT) sug-
gested that the d-band center shift and the relative change
in the molecular-substrate interaction strength on low-
coordinated atoms is the main reason for the barrier reduc-
tion in molecular dissociation [3–5].

In this respect, CO dissociation on TM stepped surfaces
and supported clusters is particularly important in hetero-
geneous catalysis being one of the fundamental steps in the
Fisher-Tropsch catalytic reaction, where carbon monoxide
and hydrogen are converted into hydrocarbons [6,7]. For
example, it has been found that Ru atomic step sites exhibit
enhanced CO dissociation activity compared to smooth
(001) terrace sites [8,9]. A strong size-dependent CO dis-
sociation reactivity of nickel nanocluster deposited on
oxide surfaces has been also demonstrated [10]. On Rh,
previous results have shown that CO dissociation is negli-
gible on close packed (111), (110), and (100) surfaces [11],
and that it increases on stepped (211) [12] and (210) [13]
Rh substrates. Experiments on Rh clusters supported on
alumina surfaces have shown a strong size dependence of
the reactivity towards CO dissociation [14,15], but the
nature of the active sites was not explained.

Recently, it has been found that it is possible to tune the
morphology and step distribution of a crystalline Rh(110)
substrate by controlled exposure to a beam of noble gas
ions: Xe ion irradiation at few hundreds eV leads to the
formation of nonequilibrium periodic nanostructures such

as nanoscale ripples, oriented either along [001] or �1�10�
directions, mounds, and unexpected rhomboidal pyramids
(RP) [16]. The latter nanostructures are particularly inter-
esting as candidate model systems for testing catalytic
reactivity, since they are endowed with steep facets running
along nonequilibrium directions, exposing a high density
of undercoordinated atoms.

In order to probe the reactivity of artificially prepared Rh
nanostructures we used high-energy resolution x-ray pho-
toelectron spectroscopy (XPS) at the SuperESCA beam
line of ELETTRA [17] to monitor the CO adsorption sites,
the dissociation process, and the formation of C and O
atomic species. Our results show that on the Rh nano-
structures CO dissociation takes place at temperatures as
low as 350 K, and that about 10% of a CO saturated layer
formed on the RP dissociate upon annealing to 560 K. The
fraction of dissociated CO drastically increases with de-
creasing the initial CO coverage and reaches � 80% when
the initial coverage is only 0.03 ML. The reason of such
high efficiency is the high density of local atomic configu-
rations with very low-coordinated Rh surface atoms (n � 5
and 6), with CO sitting in on-top configuration.

The growth of the RP nanostructures was characterized
in situ by low energy electron diffraction (LEED).
Figure 1(a) shows an out-of-phase electron diffraction
pattern. The appearance of a fourfold splitting of the (00)
diffraction peak along diagonal directions (inset) demon-
strates the formation of the RP facets. The diffraction
pattern is in agreement with the spot profile analysis
(SPA)-LEED results reported in Ref. [16]. From the ori-
entation of the splitted satellites, which form an angle of
about 35� with respect to the �1�10� direction, we deduce
that the surface is arranged in a close packing of faceted
nanoscale pyramids which expose steps running along the
four equivalent �1�12� directions.

The average facet slope, determined by the satellite
splitting as a function of the vertical scattering phase Sz
[Fig. 1(b)], turns out to be 12� corresponding to a step size
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of about 3 lattice spacings. This is a large step density,
which suggests that the reactivity should be correspond-
ingly scaled up. The SPA-LEED data [16] reveal that the
nanostructures are periodically ordered with a lateral cor-
relation length of approximately 15 nm along the h100i
azimuth, leaving in between no extended flat (110) regions
as confirmed by the disappearance of the (00) Bragg in-
tensity in the inset of Fig. 1(a). In Fig. 1(c) we show a
schematic pictorial view of the lateral arrangement of RP
according to the present data and those of Ref. [16].

A cartoon model of the RP nanocrystals showing the
geometry and the undercoordinated step sites is presented
in Fig. 2 (left), where the number of exposed layers (and
the lateral dimensions) have been scaled down by a factor
2.5. The morphology of the RP nanostructures is meta-
stable, and tends to relax towards the flat fcc(110) mor-
phology upon annealing. We verify that the morphology of
the RP surface is preserved in the temperature range below
560 K where CO dissociation and desorption take place.

Once prepared, the RP were exposed to CO at T �
200 K (1� 10�8 mbar for 10 min) which corresponds to
a saturated layer. C1s and O1s core-level spectra were

measured at a photon energy of 400 eV and 650 eV, re-
spectively, and at normal emission. The overall energy
resolution was 150 meV (h� � 400 eV) and 300 meV
(h� � 650 eV). Figure 3(a) (left) shows the evolution of
the C1s spectra measured at 250 K after annealing of the
saturated layer at different temperatures. The presence of
two components at 286 and 285.55 eV reflects the occu-
pation of two different adsorption sites. This result is
confirmed by the O1s spectra (not reported) which show
also two peaks at 531.7 and 530.9 eV. Thanks to the high
sensitivity of XPS to the molecular adsorption site we can
assign the higher C1s binding energy component to CO
adsorbed in on-top sites, while the lower binding energy
peak is related to CO chemisorbed in bridge sites, in
agreement with previous XPS studies on Rh(110)
[18,19]. Indeed, the increase of C1s binding energy while
decreasing the coordination to the substrate is a general
relationship, valid not only for Rh, but also for different
TM surfaces, ranging from Ni to Pt [20]. Upon a tempera-
ture increase, the C1s spectra drastically change: the two
components at 286 and 285.55 eV lose intensity due to CO
desorption and slightly shift towards lower binding ener-
gies at higher temperatures [21].

However, the most important feature is the growth of a
lower binding energy component at 283.55 eV, which is
assigned, by comparison with previous experiments [14],
to atomic carbon originating from dissociated CO. The
evolution of the O1s spectra follows the same behavior
indicating an increase of surface atomic oxygen (O1s peak
at 528 eV). By fitting the C1s spectra with Doniach-Sunjic
function [22] convoluted with Gaussians, we obtained the
plot for the three different species [Fig. 3(a), right]. Up to
about 350 K the CO coverage decrease is due only to
desorption while at higher temperature even CO dissocia-
tion takes place. In agreement with experiments performed
on flat Rh surfaces, on-top CO is the only species present
on the surface above 450 K. With increasing the surface
temperature the CO desorption or decomposition process is
completed: a fraction of 9:4� 0:5% of the initial CO has
converted into atomic carbon.

When a lower initial coverage is used the surface is
mostly occupied by CO in on-top configuration. As shown
in Fig. 3(b), we observe a similar temperature behavior of
the surface population, with the population of bridge-
bonded CO disappearing before the on-top species and
the atomic carbon coverage increasing at temperatures
above 370 K. Our data thus unambiguously show that
when bridge-bonded CO is absent, atomic C still grows,
as a product of dissociation of on-top CO. Now the fraction
of dissociated CO at 560 K is much larger (22� 3%). The
tendency to a higher dissociation probability for a lower
initial coverage has been confirmed by the results obtained
when a very low initial on-top coverage [� � 0:03 ML,
Fig. 3(c)] is present on the surface. In this case 80� 14%
of the CO molecules undergoes dissociation.

FIG. 2 (color online). Model for the RP determined in accor-
dance with the LEED data and for the high temperature ripples
and low temperature ripples phases.
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FIG. 1. (a) LEED pattern of the nanostructured Rh(110) sub-
strate recorded at E � 64 eV showing diffraction satellites aris-
ing from the faceted rhomboidal pyramids (inset zoom of the
	0; 0
 diffraction peak enlarged 2.5 times). (b) Plot of the satellite
splitting along h1�12i vs the vertical scattering phase Sz. (c) Real
space model of RP nanostructures.
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The broad choice of artificial configurations of atomic
steps that can be obtained by varying preparation condi-
tions allowed us to probe the CO reactivity for different
nanostructures. In particular, we prepared ripples running
along �1�10� (high temperature ripples, HTR) and along
[001] (low temperature ripples, LTR), both structures en-
dowed with a high density of steps. The local structure of

these two phases is reported in Fig. 2. Photoemission
results indicate that for HTR and LTR �4% of the satu-
rated CO layer undergoes dissociation, while for the flat
Rh(110) the reactivity for CO dissociation is just 2.4%. The
residual carbon revealed upon annealing of the flat Rh(110)
is likely originated on steps, which represents, even for a
very well prepared surface with a miscut of 0.2�, �1% of
the population.

At variance with the (111), (100), and (110) flat Rh
surfaces which present first layer atoms with 9, 8, and 7
coordination, respectively, the RP, see Fig. 2, are composed
by a large number of five and sixfold coordinated atoms.
We associate the high reactivity of Rh nanopyramids to-
wards CO dissociation with the presence of these under-
coordinated Rh atoms, with CO molecules occupying
preferentially on-top configurations. The lower is the metal
coordination number n of the surface atoms, the smaller
the Rh d bandwidth that results in a shift of the d-band
center towards lower binding energy. The higher reactivity
of these low-coordinated TM atoms towards molecular
dissociation has been proven for a large number of systems
[8,9,23,24].

In Table I we have estimated the density of local atomic
configurations for the different morphologies that we have
produced. The typical average dimension of the RP clus-
ters are 15 nm along the �1�10� direction, i.e., 2.5 times
larger than shown in the model of Fig. 2, corresponding to
an average number of 12 exposed layers. The data have
been reported according to the number nl of nearest (n) and
next-nearest (l) neighbors. What appears peculiar to the
RP, with respect to the LTR and HTR morphology, is the
very high density of kinked microfacets, produced by the
steps running along �1�12�, which provide a high density of
low-coordinated atoms labeled K in Fig. 2. The local
atomic configuration of the RP microfacets represents an
open morphology [the nearest neighbor (n.n.) number is 6
with only 1 next n.n.], with an increase of �73% of the
distance between Rh atoms along the steps compared to the
nearest neighbor distance of bulk Rh. Indeed, with decreas-
ing the initial CO coverage the availability of 61 Rh atoms,
with CO sitting in on-top sites (estimated surface densities
between 3% and 34%, respectively), increases, thus result-

TABLE I. Relative percent occupancy of the various surface sites enumerated nl according to
the number of nearest n and next-nearest l neighbors for the different nanostructures (RP, HTR,
and LTR) and for the singular (110) terrace. The sites enumerated according to their coordination
number can be identified in the following way: 51 � upper step corner atom, 61 � upper step
(100) facet, 71 � upper step (111) facet, 72 � 	110
 terrace atoms, 81 � lower step RP facets,
92 � lower step (111) facets, 92 � lower step (100) facets.

Site 51 61 62 71 72 81 92�	111
 92�	100


RP 2.8 33.9 35.8 23.9 1.8 1.8
HTR 33 33 33
LTR 33 33 33
Terrace 100

FIG. 3 (color online). (a) Left: sequence of C1s spectra for a
saturated CO layer after annealing at increasing temperature and
quenching to 250 K. Right: fitted area of the C1s peaks due to
CO in on-top (red dots) and bridge (green squares) sites, due to
total CO signal (full line) and to dissociated atomic carbon (blue
dots). (b) Same as above for a lower initial CO dose (� �
0:21 ML). (c) C1s core-level spectra for a very low CO initial
dose � � 0:03 ML (black trace) and after annealing to 570 K
(gray trace).
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ing in a higher fraction of dissociated CO. We expect that
the activation energy for CO dissociation on these sites can
be even lower than on the Rh(211) steps (n � 7) or kinks
(n � 6) for which calculations [25] have found activation
energies of 0.30 and 0.21 eV, respectively.

As for Ru(109) [8,9], CO preferentially dissociates on
RP when placed in on-top configuration. This is at variance
with the case of Rh clusters supported on alumina [14],
where the bridge site was suggested to be the favorite
initial state. This difference can be explained with the
higher energetic stability of on-top CO on sixfold coordi-
nated Rh atoms on the RP. Indeed, the on-top site has been
proven to be the favorite adsorption configuration at low
coverage on a large number of flat [26] and stepped Rh
surfaces [24]. However, as pointed out by Liu et al. [25],
not only adsorption sites and atomic coordination, but even
geometrical effects involved in the transition state com-
plex, can contribute to the magnitude of the dissociation
barrier. Detailed modeling of the electronic configuration
in those sites is needed to determine the modification of the
projected density of states onto the 4d orbitals for the low-
coordinated atoms.

If we consider the experiments about CO dissociation on
alumina supported Rh clusters [14], we observe that a
maximum in the dissociation fraction of 50% was found
for clusters of around 1100 atoms, while the reactivity
suddenly decreased to 30% for bigger clusters. Though in
that work no structural information relative to the shape of
the clusters was provided, we can very reasonably expect
that for relatively small clusters, the relative density of
low-coordinated atoms, similar to the RP kinked edges
along the ridges of the clusters, becomes important. The
RP clusters produced in the present experiment turn out to
be formed on average by about 3200 Rh atoms, and have a
reactivity comprised between 80% and 10% depending on
the initial CO coverage, which compares well with the 30%
reactivity of the clusters of corresponding size, suggesting
that the role of the alumina support is marginal and that
edge effects should be dominant.

In conclusion, we have shown that artificially prepared
Rh nanopyramids can induce the dissociation of CO, which
would otherwise desorb intact on the (110) terraces. A
comparison of different nanostructures allows to indicate
that the most probable reaction site for CO dissociation is
an on-top configuration at the kinked step edges where Rh
atoms have the lowest coordination. Core-level photoelec-
tron spectroscopy data indicate that at high CO coverage
the dissociation is almost 10% and increases with decreas-
ing the initial CO coverage up to 80%, which compares
well with the data for alumina supported clusters of com-
parable size. The possibility to form nanostructured sur-
faces with high density of low-coordinated atoms opens up

the possibility to artificially increase the surface reactivity
in a controlled way.
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