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Abstract: The early stages of ceria growth on Rh(111) at high temperature have been
investigated by low-energy electron microscopy and photoemission electron microscopy. Ceria
was deposited by reactive Ce deposition at substrate temperatures between 700°C and 900°C in
an oxygen ambient of 5x107 Torr. At 700°C we observe a high nucleation density of 100 nm
sized islands. With elevated temperature, the average island size increases and the nucleation
density decreases. Triangularly shaped islands nucleate preferentially at step edges, with
seemingly abrupt interfaces between Ce and Rh. At 900°C the island edges are still straight but
during growth the islands lose their triangular form. Instead, growth along the substrate step
edges becomes favorable, leading to a maze-like morphology. Atomic force microscopy reveals
islands of 0.3 to 0.6 nm height, consistent with ceria islands formed by 1 or 2 trilayers (O-Ce-O)
of ceria. Moreover, the second layer of the islands is also triangularly shaped, with lateral
dimensions of 50 nm and similar step heights. IV-LEEM analysis leads to the conclusion that
the rhodium surface is covered by a layer of reduced cerium oxide, which is partially overgrown
by smaller islands of CeO,.

1. Introduction

Due to the evolving demands for energy, catalytically reactive materials as, e.g., cerium oxide (CeO,
and Ce,0;) have attracted enormous interest and are therefore of significant industrial and commercial value.
The reducible oxide ceria (CeO, — Ce,0;), typically used as a catalyst support, is often involved in
improved reactivity that lends itself to many redox relevant reactions including CO/NOy remediation in
automotive catalysts (Rh/Pd/Pt/Ce0,), the water-gas-shift (WGS) (Au/CeO,) reactions, and H, production
from ethanol reforming (Pt/Rh/Ce0O,) [1,2].

Another important technological development involves the conversion of biomass feedstock into an
effective energy carrier such as H,, and the direct use of renewable liquid biofuels in applications such as
fuel cells. Often the biomass derived fuels can be in the form of syn gas (CO + H,), alcohols (e.g.,
bio-ethanol), or long chain hydrocarbons (bio-hydrocarbons). Obtaining H, from alcohols can be done
effectively and selectively using catalytic processes such as the steam reforming reaction (Feed + H;O —
CO,+ H,). Group VIII noble metals provide the ideal active sites for breaking C-C and C-H bonds that are
critical steps in the alcohol steam reforming reaction, of which Rh is one of the best noble metals known for
this process. Catalysts composed of Rh nanoparticles (Rh/CeO,) and model systems Rh/CeO,(111) have
demonstrated special properties that can promote the production of H, from the ethanol steam reforming
reaction while selectively inhibiting undesired side products such as CO and CH,. Rates of catalytic reaction
are often enhanced through interactions at the metal-ceria interface, typically observed when the metal
loading is low, particle sizes are small, and ceria is reduced (Ce’"). The scission of C-C bonds in particular
has been implicated directly at interfacial sites between the metal and oxide [3]. Minimizing the use of Rh or
substituting it with alternatives is essential to sustainable use and can also be important in promoting
chemical potential of metal nanoparticles and enhancing interfacial metal-oxide chemistry. Reactivity of
well-defined Rh(111) surfaces have been ideal for understanding the mechanistic processes occurring on
surfaces in oxygenate chemistry [4].

Interfacial chemistry can be modelled by using inverse configurations of oxide-metal model systems.
However, only few studies [5-9] have looked at the structural and chemical properties of so-called inverse
model catalysts [10, 11] composed of nano CeOx/Rh(111), or combinations of nano-CeO,/nano-Rh catalysts
that would make ideal benchmarks to enhance the production of H, from alcohols. For a deeper
understanding of the CeO,/Rh(111) model catalyst and its interfacial sites we studied the reactive epitaxial



growth of this inverse model system by applying spectroscopic photoemission and low-energy electron
microscopy (SPE-LEEM) during and after deposition. This way, real- and reciprocal space methods
combined with spatially resolved X-ray spectroscopy have been employed to achieve an efficient
characterization of the structure and chemistry of the as-grown ultrathin oxide film on multiple lengthscales
[12].

2. Experimental

Initial experiments were performed using the low-energy electron microscope (LEEM) at the
LEEM/PEEM endstation of beamline USUA at the National Synchrotron Light Source at Brookhaven
National Laboratory in Upton, NY (USA) [13]. Further LEEM studies were conducted in our home institute
at the University of Bremen, Germany.

Clean and well-ordered Rh(111) single crystal surfaces were prepared using established recipes as
described elsewhere [14]. Cerium metal was deposited from a home-built electron beam evaporator with a
Mo crucible while the sample was exposed to an oxygen atmosphere of 5x10” Torr and, in consecutive
experiments, was kept at five different temperatures between 700°C and 900°C. At these conditions,
analogous experiments on the Ru(0001) surface have been shown to lead to the epitaxial growth of highly
ordered, almost fully oxidized cerium oxide [15].

Atomic force microscopy (AFM) data were obtained at the Center for Functional Nanomaterials (CFN)
at BNL using a commercial Veeco Multimode V scanning probe microscope under ambient conditions.

3. Results and Discussion

The influence of the growth temperature on the morphology of the cerium oxide film is shown in Figure 1. In
the whole temperature range between 700 and 900°C, reactive molecular beam epitaxy leads to the apparent
formation of oxide islands. As may be expected from the Arrhenius-like behavior for ceria growth on
Ru(0001) at similar temperatures [15, 16], we observe the highest nucleation density and the growth of
relatively small islands (up to 100 nm) at 700°C (data not shown). Between 750°C and 850°C the nucleation
density decreases and the average particle size increases. Triangularly shaped islands nucleate preferentially
at step edges however remain constrained to the step. These islands have clear edge and corner sites that
appear uniformly distributed. At 900°C (Fig. 1d) the island edges are still straight, but during prolonged
growth the islands lose their triangular form. Instead, the growth along the substrate step edges becomes
favorable, leading to a maze-like architecture. The fact that this process is accompanied by dissolution of Ce
metal in the Rh substrate becomes clear when exposing the subsequently cleaned Rh surface to O, which
leads to the formation of CeO, step edges, even though Ce had not been deposited again (data not shown
here).

Atomic force microscopy (Fig. 2) reveals island heights in the range of 0.3 nm to 0.6 nm, which equals
1-2 trilayers (O-Ce-O) of ceria. This delineates a 1-2 monolayer step rising from the Rh substrate, allowing
for a close interaction between Ce and Rh cations. On top of the first layer of islands, a second triangularly
shaped island formation can be observed, with lateral dimensions of 50 nm and heights of 0.6 nm, suggesting
a modified three dimensional Volmer-Weber growth mode for CeOx on Rh(111), i.e., the formation of
islands on a wetting layer of reduced oxygen content. From the AFM images, we estimate the total Ce
deposit to about 2 trilayers of ceria.

The atomic structure of the cerium oxide islands was investigated by low-energy electron diffraction
(LEED). Notably, the p(1.4x1.4) reconstruction of ceria is obtained at all temperatures investigated (Fig. 3),
in accordance with previous reports [6]. However, we also find evidence for a (5x5) reconstruction, in good
agreement with scanning tunneling microscopy data reported by Chan and Yuhara [9]. Interestingly, we also
recognize a broadening of the ceria reflections in the azimuthal direction at higher growth temperatures
pointing to the existence of rotated domains. Strikingly, this finding resembles previous observations for the
related CeO,/Ru(0001) system, where we found analogous LEED patterns for cerium oxide grown at
oxygen-deficient conditions. Again, these results complement observations by Chan and Yuhara, who
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identified related patterns for ultrathin Ce deposits and post-annealing in molecular oxygen, which were
concluded to originate from reduced cerium oxide at low Ce deposits [9].

Intensity-voltage (I(V)) LEEM analysis [17] was employed to characterize the oxidation state of the
cerium oxide deposit, which is able to provide local chemical insights into the island composition with a
lateral resolution in the 10 nm range [18, 19]. As expected, the analysis reveals near fully oxidized ceria
islands (Fig. 4). However, between the bright CeO,(111) islands shown in Figure 4a (e.g., at points A, C, and
D), I(V) curves were recorded that do not show the expected O/Rh signatures [11] (see Fig. 4, areas E and F),
but the distinct signature of reduced cerium oxide exhibiting a stoichiometry close to CeO;5(111) [15, 20].
This evidence clearly points to the presence of a reduced cerium oxide wetting layer on the rhodium(111)
surface, which may form for low cerium oxide deposits [8] and which may then act as a seed layer for the
growth of fully oxidized CeO,(111) on top. This finding implies the existence of an oxygen concentration
gradient within the islands, reminiscent of the ceria/Cu [21] and ceria/Pt interfaces [22]. Hence, the growth
mode identified at high temperature significantly differs from the results of Grinter et al. who prepared ceria
islands separated by O-covered Rh(111) areas employing Ce deposition at room temperature followed by
extended annealing in O, up to about 880°C [23, 24].

4. Conclusion

The growth of cerium oxide ultrathin films on a Rh(111) single crystal surface by reactive molecular
beam epitaxy was studied in the temperature range of 700 to 900°C by in situ low-energy electron
microscopy and diffraction as well as ex sifu atomic force microscopy. Between 700 and 850°C, combined
analysis reveals a mixed 2D/3D growth mode involving the formation of a wetting layer consisting of
reduced CeO,(111) and the growth of CeO,(111) on top. At 900°C, the ceria islands lose their preferentially
triangular shape, concomitant with partial dissolution of Ce metal into the Rh(111) substrate.
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Figure 1: LEEM bright-field images illustrating the effect of growth temperature on CeO,/Ru morphology.
(a) 750°C, (b) 800°C, (c) 850°C, and (d) 900°C. For 700°C (not shown), the morphology is very similar to
(a), but the average island size is again smaller and the density higher.
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Figure 2: Ex-situ AFM data for ceria/Rh(111) sample grown at 750°C. Steps in the red profile (b) match the
Rh-Rh step height. The step height measured in (c) matches a double ceria trilayer (O-Ce-O).
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Figure 3: LEED patterns recorded for cerium oxide growth on Rh(111) depending on growth temperature.
(a) 700°C, (b) 850°C, and (c) 900°C. In (a), the inner hexagon represents the first-order integer beams of the
oxide and the outer hexagon the first-order integer beams of the substrate.
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Figure 4: I(V)-LEEM analysis of CeO,/Rh(111) grown at 750°C. The profiles extracted at positions A, C,

and D represent fully oxidized CeO,(111) whereas at areas E and F a partially reduced ceria layer is
identified.



