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1 Introduction

Materials applicable in heterogeneous catalysis has been extensively studied
during last few decades because of high demands of industry and society on
improving efficiency and lowering the cost of the catalysts controlling environmental
pollution, such as automotive exhaust converters [1], biomass gasification systems
[2], or fuel cells [3]. In recent year, cerium oxide has been one of main subjects of
research in the material science because it can be used as a component in many
catalytic systems [4-8].

Cerium oxide is valued mostly for its high oxygen storage capacity (OSC)
[9]. As a reducible oxide, it can easily and reversibly transform between two stable
states, Ce3* and Ce**. This transition is accompanied by the release or uptake of
oxygen in dependence on the environment. Cerium oxide with a low degree of
reduction (stoichiometry close to CeO», further referred as ceria) can supply oxygen
to the surface reactions in the oxygen-lean environment, which would result in the
reduction of Ce** ions. On the other hand, cerium oxide with a high degree of
reduction (stoichiometry close to Ce>03) can absorb excess oxygen from the reaction
area leading to oxidation of Ce3* ions. A facile formation of oxygen vacancies and a
high mobility of oxygen atoms through the oxide are the main reasons for the wide
usage of ceria [1, 9-11].

Cerium oxide, further referred as CeOx (1.5 <x <2), is often used as a support
for nanoparticles of transition metals because it enhances their catalytic activity [12].
In such case, the reactions take place at the supported particles and cerium oxide acts
as a buffer layer of oxygen [13]. The transport of oxygen between the particles and
the substrate is therefore a very important property of the catalytic system.

The interaction between the metal particle and the oxide substrate is an
important factor which can significantly influence the catalytic activity of the system
[14]. Even small perturbations of the catalyst electron structure may have a great
impact on its properties. These perturbations can be caused for example by the
electron exchange between the particle and the oxide support, local electric fields
generated by exposed ions of the support, or morphological changes due to the
interaction of the particle with the oxide support. These phenomena are collectively

called the electronic metal-support interaction (EMSI). The EMSI may enhance, or



suppress the activity of the catalyst depending on the combination and amount of
materials [15].

In the case of reducible oxide, such as ceria, an ionic bond can be formed
between the oxide surface and metal due to the exchange of electrons [15]. The
charge transfer from the metal particles to the ceria support was reported for Pt/CeO>
[3], Pd/CeO2 [16], Au/CeO2 [17], Rh/CeO; [18] or Cu/CeO> [19] systems. However,
only few studies exist which deal with the effects of the metal deposition on reduced
CeOx surfaces [19].

In the presented work, we focus on the systems composed of rhodium and
cerium oxide. Rhodium was chosen because it is extensively used in many catalytic
systems, especially in automotive exhaust converters [1]. It is valued for its high
selectivity to convert toxic nitrogen oxides to N2 [12, 13]. It is also efficient in
oxidizing the unsaturated hydrocarbons [20, 21]. Moreover, the synergetic
enhancement of the catalytic activity was reported for the Rh/CeOy system which
makes it worth of interest [2, 22].

The catalytic activity of rhodium particles supported by cerium oxide was
extensively studied by many researchers [21, 23-25]. It was found that the degree of
cerium oxide reduction plays a key role in the reactivity of the system [26, 27].
While ceria can provide a high amount of oxygen to the reactions at the Rh particles,
it is not so for cerium oxide with the high degree of reduction. Moreover, the
interaction of molecules adsorbed on Rh/CeOy is different depending on the degree
of cerium oxide reduction. Stubenrauch et al. reported [23] that CO dissociates much
more readily at the Rh particles supported by CeOyx with the higher degree of
reduction compared to those supported by ceria. Mullins et al. hypothesized [27] that
this effect could arise from the electronic interaction between the Rh particles and the
CeOx support. However, the origin of this effect has not been understood yet.

The structure of cerium oxide is another factor determining the activity of the
Rh/CeOx catalyst. Migani et al. [28] reported that the formation of oxygen vacancies
in cerium oxide is much more facile at the systems composed of nanocrystals
compared to highly oriented extended areas of the defectless ceria structure.
Preparing and investigating cerium oxide thin films with various crystallinity and
structure has been a major topic of research at the group of Prof Matolin in recent
years [29-31]. These thin films are ideal for investigating the interaction between the

Rh particles and the CeOy substrate and its impact on the reactivity.
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Doping ceria by another compound can also markedly alter its properties,
namely the structure and catalytic activity. It was reported that mixing ceria with
another oxide, such as ZrO [32] or SiO2 [33], or doping it with a metal, such as
copper [34] or rhodium [35], can enhance the reducibility and OSC of ceria. The
main role of the dopant is to disrupt chemical bonds in the host oxide. The
disruptions at the surface area can create new adsorption positions. Also, the oxygen
atoms near these sites engage more readily in chemical reactions [22, 36-38]. At the
same time, the host oxide lattice can force the dopant into an atypical coordinative
bonding which can change its chemical properties [39]. Therefore, the interaction of
ceria and dopants is one of the main factors determining the reactivity of the system.

Only few studies exist which report on the systems composed of cerium oxide
doped by rhodium [35, 40-42]. These systems were prepared synthetically from
powders or by wet chemical deposition methods. However, it is very difficult to
achieve the high dispersion and homogeneous distribution of rhodium in ceria lattice
using these methods. Radio frequency magnetron sputtering offers a possibility to
easily prepare thin films of cerium oxide doped by a noble metal with the well-
controlled concentration and the high dispersion of the dopant [34, 43, 44].

In the presented thesis, we investigated and compared two types of systems
containing rhodium and cerium oxide. The first one was composed of rhodium
particles supported by a thin film of cerium oxide (Rh/CeOy). CeOx substrates with
different degrees of reduction (various values of x) were used for supporting the Rh
particles. The second system consisted of a thin film of cerium oxide doped by
rhodium (Rh-CeOy). The films with various concentration of the dopant were
investigated. A special attention was paid to the interaction between rhodium and
cerium oxide and its impact on the catalytic activity of the system.

The presented work is mostly experimental but some results are supported by
calculations based on the density functional theory. These were performed by
Dr Lucie Szabova. The experiments were carried out at various laboratories managed
by the Department of Surface and Plasma Science (KFPP) at Charles University in
Prague in the Czech Republic and the National Institute for Materials Science
(NIMS) in Japan. Furthermore, several experiments were performed at beamtimes at
the SPring-8 and Elettra synchrotrons. While the electron structure of the samples
was investigated by means of the photoelectron spectroscopy (PES), their reactivity

was studied by the temperature programmed reactions (TPR). The X-ray diffraction
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(XRD) and the scanning electron microscopy (SEM) were used to check the
morphology of the samples. The SEM imaging was performed by Dr Stanislav
Haviar.

The results are presented in two chapters dealing separately with the Rh/CeOx
and Rh-CeOy systems. Both chapters are divided to several sections according to
their topics. An individual chapter is dedicated to the preparation of the samples,

experimental methods, computation details, and processing and analysing of the data.



2 Materials and methods

2.1 Samples

In the whole document, we use the following notation for designating the
samples. The name of every sample consists of several parts. The individual parts
mark the compounds or elements forming the sample. The first part (read from the
left) corresponds to the surface, while the last one designates the substrate. A slash
refers to an interface between two different materials or phases. A dash is used for
marking a dopant in a host oxide. Therefore, we distinguish Rh/CeO,/SiO>/Si from
Rh-CeO,/SiO2/Si. While the latter refers to a cerium oxide thin film doped by
rhodium and supported by a silicon substrate with an enhanced layer of silicon oxide,
the former designates the rhodium particles supported by the cerium oxide thin film
on the same silicon-based substrate. We often omit the parts corresponding to the
support for better readability of the text. Therefore, the labels of the previously
mentioned samples, Rh/CeOy/SiO2/Si and Rh-CeOy/SiO/Si, will be reduced to
Rh/CeOx and Rh-CeOy. The list of all samples, their short names, corresponding

substrates and details of the preparation can be found in Appendix A.

2.1.1 Rh/CeOx/Cu(111) model thin films

Model cerium oxide thin films can be prepared by evaporating metallic
cerium in oxygen atmosphere. Following the procedure developed and published by
the group of Matolin [29], an epitaxial thin film of CeO, grows on the copper single
crystal with the surface orientation (111). The model CeOx thin films were prepared
and investigated at MSB at Elettra. These films were used to study the interaction
between rhodium and cerium oxide with various degrees of reduction. The list of all
samples can be found in Appendix A.

The Cu(111) crystal provided by MaTecK (99.999%, 8 mm diameter) was
cleaned in UHV by several cycles of Ar ion sputtering and annealing to 750 K. The
surface cleanliness was checked by monitoring the C 1s photoelectron signal. No
impurities were detected on the Cu(111) surface before the oxide deposition. The
orientation of the surface was checked by the low-energy electron diffraction
(LEED). The crystal gave a sharp (1 x 1) LEED pattern.



An approximately 6 ML (=19 A, considering 3.12 A as the thickness of the
O—-Ce—0 trilayer [45]) thin layer of CeO. was deposited onto the Cu(111) single
crystal by evaporating cerium (Goodfellow, 99.99%) in 5-107 mbar of Oz. A cerium
evaporator consisted of a molybdenum crucible heated by an electron bombardment.
The body of the evaporator was cooled down by water and it was equipped with a
shutter to limit the degasing as much as possible. The temperature of the substrate
was kept at 520 K. After the deposition, the sample was annealed 10 more minutes at
520 K and cooled down in 5-107 mbar of O to obtain stoichiometric CeO.. LEED
measurements confirmed the (1.5 x 1.5) pattern.

The reduction of the CeO: films was achieved by the evaporation of cerium
in UHV. The temperature of the substrate was kept at 520 K in order to enhance the
migration of oxygen towards the surface and moderate the gradient of the degree of
reduction through the cerium oxide film. This method was developed by Duchon et
al. for preparing the ordered phases of reduced CeOx [31]. They further annealed the
samples in UHV up to 870 K enhancing the orderliness of the CeOy films. In our
case, we omitted the post-annealing to avoid the sintering of cerium oxide and
exposing the copper substrate. LEED measurements of our films did not show any of
the surface reconstructions reported in [31] but only the (1.5 x 1.5) pattern relative to
Cu(111). This pattern became more diffusive for the films with the higher degree of
reduction.

Rhodium (Goodfellow, 99.9%, wire of 0.5 mm diameter) was evaporated
onto the model CeOyx thin films from an evaporator based on the electron
bombardment. The evaporator was equipped with a shutter and a water cooling
system to limit degasing during the deposition as much as possible. The temperature
of the substrate was kept at 300 K and the pressure during the deposition did not
exceed 4-10° mbar. The Rh deposition was performed in several consecutive steps.
The time of deposition did not exceed 1 min during every step. After every step, the
photoelectron spectra were acquired to check the state of the sample. The amount of

rhodium was determined from the XPS spectra (comparing the Rh/Ce relative

intensity with the spectra of Rh/CeO'®® and Rh/CeOR*Y). The deposition rate was

estimated to 0.1 nm-minL.
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2.1.2 Rh/CeO®® and Rh/CeOR?

Cerium oxide thin films prepared by radio frequency magnetron sputtering
were used as substrates for rhodium particles. The reactivity of the Rh/CeOy systems
was studied on these samples because they exhibit a higher oxygen storage capacity
(OSC) than highly oriented cerium oxide thin films [46]. Thus, the reactions
involving oxygen originating from the CeOx substrate are enhanced and well
observable. Two types of films were used for temperature programmed reactions:
oxidized (Ox) and reduced (Red) cerium oxide.

Pieces of a p-doped Si wafer (10 x10 mm?) with the surface orientation of
(100) were used as supports. The substrates were cleaned ultrasonically in distilled
water followed by cleaning in ethanol. The surface contained a few monolayers thin
passivating SiO; layer.

The cerium oxide deposition was carried out ex situ in a vacuum chamber
with the base pressure of 5-10° mbar. The chamber was equipped with a balanced
radio frequency magnetron provided by Kurt J. Lesker. The sputtering was
performed in an Ar atmosphere (4-10° mbar) from a CeO; target (Kurt J. Lesker,
99.99%, 2 inch diameter) with the radio frequency power of 80 W. The temperature
of the substrate was kept at around 300 K. A growth rate was approximately
1 nm-min’t. It was estimated from the deposition onto the quartz crystal positioned
near the Si substrates. The thickness of the cerium oxide films was approximately
20 nm. SEM measurements confirmed that these films have polycrystalline character
with a grain size of about 15 nm.

The CeOy/Si samples were introduced to the UHV chamber with the base
pressure of 3-10"° mbar (XPS-TPR, KFPP). The photoelectron spectroscopy
measurements showed that cerium oxide contains mostly Ce** ions (fitting the Ce 3d
spectra showed the CeO1.9g stoichiometry). However, the surface contained a high
amount of carbonaceous contaminant judging from the intensity of the C 1s signal.
Therefore, it was necessary to clean the samples before depositing rhodium.

lon sputtering and annealing are very efficient methods for removing the
contaminants from the cerium oxide surface. However, both of these processes lead
to partial reduction of cerium oxide [47, 48]. We intended comparing the reactivity

of Rh/CeOy systems with highly oxidized and reduced cerium oxide. Therefore, we
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developed cleaning procedures which would result in a desired stoichiometry of

cerium oxide and a minimum amount of surface contaminants.

The CeO'®® substrate was cleaned by annealing up to 640 K for 10 minutes.
This caused partial reduction of ceria and desorption of most of contaminants. The

exposure by oxygen at 300 K (5-10® mbar) led to partial re-oxidation of the cerium

oxide film. The resulting stoichiometry of cerium oxide was CeO1.04. The CeOR*d
substrate was cleaned by a combination of Ar ion sputtering and heating. First, the
film was sputtered for 15 minutes. Then, it was annealed for 10 minutes at 800 K.
Thus, the sample was cleaned from all contaminants. However, annealing caused re-
oxidation of the cerium oxide surface. Another sputtering (10 min, 1 pA) led to its
reduction to the CeOy g5 stoichiometry.

The deposition of rhodium was carried out from an evaporator equipped with
a shutter based on the electron bombardment of Rh wire (Goodfellow, 99.9%,
0.5 mm diameter). 1 ML of rhodium was evaporated onto both CeO'®® and CeOR*¥
substrates. The deposition rate was estimated using the quartz crystal to
approximately 0.01 nm-mint. Due to the long time necessary for reaching 1 ML of
rhodium (~40 min, considering the lattice parameter of Rh equal to 3.8 A [49] and
assuming the epitaxial growth [45]), the deposition was divided to 1 min cycles of
evaporation onto the sample, and onto the closed shutter. Thus, we avoided
overheating the samples due to a long deposition time. The temperature of the

substrate was kept at approximately 300 K.

2.1.3 Rh-CeOx thin films

A large part of the thesis is focused on thin films of cerium oxide doped by
rhodium. This topic was studied over a long period of time at two scientific
departments (KFFP in the Czech Republic, and NIMS in Japan). Various
experimental methods (XPS, HXPS, RPES, XRD, and SEM) were combined to
characterize the Rh-CeOy thin films. All samples were prepared ex situ at
laboratories of KFPP. An exception is a set of samples prepared in situ during a
beamtime at MSB at Elettra. These samples will be described separately.

First, we will focus on the samples prepared at KFFP. The Rh-CeOx films
with different concentrations of rhodium were deposited onto the SiO./Si(100)
substrates. The small pieces of a p-doped silicon wafer (10 x 10 mm?, 5 x5 mm?)

were ultrasonically cleaned in distilled water and ethanol. It was reported [50] that a
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film of silicon oxide at the interface between the silicon support and the CeOx-based
overlayer partially prevents a migration of silicon into the cerium oxide. That is why
the supports were annealed in air at 1430 K for 5 minutes to enhance the SiO>
surface layer. Annealing of the supports was performed in a high-temperature
ceramic oven. The rate of a temperature increment was 60 K-min. The supports
cooled down quickly in an open oven. SEM side view imaging of the fractured
support showed that the SiO> layer was approximately 60 nm thick.

The thin films of cerium oxide doped by rhodium were prepared in the same
UHV chamber as the substrates for Rh/CeO'®® and Rh/CeO®*Y. The sputtering was
performed in an Ar atmosphere (6-10° mbar) from a composite target. It consisted of
the CeO> pellet (Kurt J. Lesker, 99.99%, 2 inch diameter) covered by Rh wires and
plates (Goodfellow, 99.9%). Several samples were prepared simultaneously. The
sputtering was performed with the radio frequency power of 50 W. A growth rate
was approximately 1 nm-min?. A temperature of the substrates was kept at around
300 K. The thickness of the Rh-CeOx films was approximately 20 nm. The
concentration of rhodium in the Rh-CeOy films was altered by placing different
amounts of rhodium pieces onto the CeO, target. The composition of the thin films
was estimated from XPS spectra measured after the deposition (more details can be
found in Section 2.3.4). The concentration of rhodium reached values of 1, 2, 3, 5, 6,
and 9%. If it was necessary to distinguish the samples with different concentrations
of rhodium, the concentration was put into the name of the sample, e.g. Rh(1%)-
CeOx.

Furthermore, the samples prepared in situ at MSB at Elettra will be discussed.
Two types of the support were used during these experiments. The first one was the
Si0O2/Si(100) substrate prepared in the same way as described above. The second
type of substrate was made of oxygen-free copper plates (Goodfellow, 99.9%,
10 x 10 mm?). It was polished by a diamante paste and ultrasonically cleaned in
distilled water and ethanol.

Rh-CeOxy films were deposited on Cu or SiO>/Si supports at the preparation
chamber of MSB at Elettra with a base pressure of 2:10° mbar. The chamber was
equipped by an unbalanced magnetron constructed at KFPP. The sputtering was
performed in an Ar atmosphere (6:10° mbar) from the same composite target as
described above with the radio frequency power of 45 W. It was possible to prepare

only one sample during one sputtering. A temperature of the substrate was kept at
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300 K. A growth rate was estimated to approximately 1 nm-min. The calibration of
the growth rate was performed by depositing the Rh-CeOx thin film on a reference
golden foil. The composition and thickness of the films were checked by XPS. The
films were 6 nm thick and the concentration of rhodium was 0% (reference rhodium-
free CeOy), and 1 and 5% (Rh-CeOy).

2.1.4 Thin films of cerium oxide doped by various elements

In this separate chapter, we briefly describe four samples containing cerium
oxide films doped by gold, copper, fluorine or silicon. These films were prepared for
various independent experiments. We demonstrate on them the effect of adding the
dopant on cerium oxide.

F-CeOx thin film was deposited in situ at SuperESCA by evaporating cerium
contaminated by fluorine in oxygen atmosphere onto the Cu(111) single crystal. The
parameters of the sample preparation are same as in Section 2.1.1.

Si-CeOx thin film was prepared unintentionally due to a migration of silicon
into the cerium oxide thin film deposited onto the Si(100) substrate [50]. The silicon
substrate was covered by a native oxide film few monolayers thin. The deposition of
cerium oxide was performed by magnetron sputtering at KFPP (same parameters as
in Section 2.1.2). The layer was approximately 3 nm thin. The concentration of
silicon dopant cannot be estimated because of mingling signals from the Si substrate
and the Si dopant.

Au-CeOy film was prepared ex situ by combining the radio frequency
magnetron sputtering of CeO- and the simultaneous evaporation of Au. The Au-CeOx
film was deposited onto a C/SiO./Si(111) substrate in the laboratories of NIMS. The
SiO2/Si(111) support was prepared in the same way as the SiO2/Si(100) support
described in Section 2.1.3. It was covered by an amorphous carbon layer
approximately 30 nm thick. The carbon films was deposited onto the SiO2/Si(111)
support by radio frequency magnetron sputtering in Ar atmosphere (6-10° mbar)
from a graphite target (Goodfellow, 99.997%, 2 inch diameter). The deposition of
cerium oxide was performed with the radio frequency power of 60 W in Ar
atmosphere (5-10° mbar) from a CeO, target (Kurt J. Lesker, 99.99%, 2 inch
diameter). Gold was evaporated simultaneously from the evaporator based on the
electron bombardment of an Au wire (Goodfellow, 99.999%, 0.5 mm diameter). The
Au-CeOy layer was about 4 nm thick. The concentration of gold was approximately
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5%. A temperature of the sample was kept at 300 K during entire deposition. The
Au-CeOx/C/Si02/Si(111) sample was originally prepared as a reference for the high-
surface Au/CeO,/C/SiO2/Si(111) systems discussed in [51].

Cu-CeOy thin film was prepared ex situ by radio frequency magnetron
sputtering onto the previously described SiO2/Si(100) support. The sputtering was
performed at the laboratories of KFPP simultaneously from two magnetrons in Ar
atmosphere (4-10° mbar) and at 300 K. Copper and cerium oxide targets were used
(Cu: Kurt J. Lesker, 99.9%, 2 inch; CeO2: Kurt J. Lesker, 99.99%, 2 inch). The radio
frequency power was 50 W (CeO, magnetron) and direct current power was 50 W
(Cu magnetron). The Cu-CeOxy layer was approximately 25 nm thick and contained

8% of copper.

2.2 Experimental methods

2.2.1 Photoelectron spectroscopy

The photoelectron spectroscopy is a technique based on an external
photoelectric effect giving the information about the chemical state of the material. It
analysis the kinetic energy of electrons liberated from the surface of a material which
iIs caused by the interaction with incident photons. The amount of detected
photoelectrons with the specific kinetic energy (E}) is proportional to the density of
states with the corresponding binding energy (Eg). The Kkinetic and binding energies

are bound by a simple relation
Ey = hv — Eg — eg, 1)

where hv stands for the energy of photons, e is the electron charge and ¢ is a
constant representing the work function of the analyser. This constant is unknown
but independent of the photoelectron energy and the spectra can be calibrated by
shifting the energy according to the position of the known spectral lines (usually
Au 4f7p0).

We can see from Equation (1) that the Kkinetic energy of emitted electrons
depends on the energy of exciting photons. The energy of the incident photons also
determines which core levels can be studied. If the energy of photons is not sufficient
for emitting an electron from a core level, we can observe no signal from that level.

Furthermore, the cross-section of photoemission from a specific level varies for
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different energies of incident photons. The signal from the levels close to the Fermi
energy is much lower when using the high-energy photons compared to low-energy
photons [52]. Therefore, studying core levels or valence band region in ideal
conditions requires an optimal photon source.

Within this work, we used various X-ray sources in order to study the
electron structure of the samples. Al Ka (1486.3 eV) and Cr Ka (5414.7 eV) anodes
were used alongside with tuneable synchrotron radiation sources (MSB and
SuperESCA at Elettra, BL15XU at SPring-8). While hard X-ray photoelectron
spectroscopy (HXPS, photon energies above 2 keV) was used for measuring deep
core levels (such as Ce 3p), the core levels close to the Fermi energy (such as Rh 3d)
were studied using soft X-rays (SXPS, photon energies between 125 and 650 eV).
Valence band structures were investigated by means of the ultra-violet photoelectron
spectroscopy (UPS, photon energies between 3 and 125 eV). Standard X-rays (XPS,
photon energies of 1486.3eV and 1256.0eV) were used for acquiring the
photoelectron spectra from core levels, such as Ce 3d.

One important difference between HXPS, XPS and SXPS is the information
depth of the methods. The inelastic mean free path (IMFP) of high-energy electrons
in a specific material is significantly longer compared to low-energy electrons. For
instance, the detection depth of XPS in cerium oxide doped by rhodium was
determined to 5 nm, considering the inelastic mean free path of O 1s photoelectrons
in Rh-CeOx [53]. The information depth of HXPS was estimated to be higher than
20 nm. Therefore, the majority of the HXPS signal comes from the deeper layers of
the sample. The contribution of surface adsorbates is negligible to the total HXPS
signal. On the contrary, the information from the near-surface area is quite prominent
in the case of XPS. Finally, the signal from SXPS (the method with the lowest
information depth) originates from the top surface.

The photoelectron spectroscopy measurements were carried out at various

experimental stations, which are listed below.

2.2.1.1 XPS-TPR

XPS-TPR is an experimental station at the KFPP laboratories in Prague (the
Czech Republic) for combined photoelectron spectroscopy and reaction experiments.
It consists of an ultra-high vacuum chamber with a base pressure of around 5-107%°

mbar. Fast entry of the samples is possible. The chamber was equipped with a dual-
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anode Mg/Al Ka X-ray source, an Omicron EA 125 hemispherical electron energy
analyser, an ion gun, a gas inlet system with simple molecular beams [54], a
differentially pumped quadrupole mass spectrometer (QMS) Leybold Inficon 2000,
and a sample holder enabling heating and cooling the sample in a temperature range
150-800 K. The temperature of the sample was checked by a K-type thermocouple
attached to the side of the sample holder. During heating, the temperature increased
linearly with a rate of 1 K-s™.

The photoelectron spectra were acquired using the Al Ko X-ray source with
the excitation energy of 1486.6 eV. The measurements were performed at normal
emission of the photoelectrons with respect to the sample surface. The total

resolution was approximately 1 eV.

2.2.1.2 MSB

Materials Science Beamline (MSB) is an experimental station managed by
KFPP using the synchrotron radiation source Elettra in Trieste (Italy). The beamline
Is based on a plane grating monochromator providing narrow band synchrotron light
in the energy range 21-1000 eV. The station consists of two ultra-high vacuum
chambers, main and preparation, with base pressures of ~ 10" mbar and ~ 10°
° mbar, respectively. A fast entry of the samples is possible.

The main chamber is equipped with a Specs Phoibos 150 hemispherical
electron analyser, a dual-anode Mg/Al Ka X-ray source, an ion gun, LEED optics,
evaporators (Rh and Ce), a gas inlet, and a sample manipulator enabling precise
positioning of the sample and heating and cooling in the temperature range 150-
1300 K. The temperature is measured by a K-type thermocouple attached to the rear
side of the sample. A preparation chamber can be equipped with various instruments,
according to the nature of experiments. In our case, we installed a magnetron for Rh-
CeOx sputtering.

Due to the available photon energies and sufficient intensities, the MSB
beamline is suitable for studying valence band and core levels close to the Fermi
energy. Furthermore, it provides ideal conditions for the resonance photoelectron
spectroscopy (RPES). The measurements using the synchrotron radiation are taken in
a glancing incident and normal emission geometry. The total resolution depends on
the energy of incident photons. It was estimated from a broadening of the Fermi edge
on the cleaned Cu(111) single crystal to 160, 170, 400 and 690 meV for 45, 120, 420
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and 630 eV, respectively. Deeper core levels (such as Ce 3d) were studied using the
Al Ka X-ray source. In this case, the angle between the surface normal and an

analyser axis was 20°. The total resolution was about 1 eV.

2.2.1.3 SuperESCA

SuperESCA is an experimental station at the Elettra synchrotron in Trieste
(Italy) using an undulator light source providing photons of the energy range 90—
1800 eV. The light is monochromatized by a planar grating monochromator and
focused by an ellipsoidal mirror. The station consists of a main and a preparation
chamber with base pressures of 1-101° mbar and 1-10°° mbar, respectively. The main
chamber contained LEED optics and an electron energy analyser PHOIBOS 150 —
SPECS with a variable entrance slit. The total resolution was 150, 210, 335,
880 meV at photon energies of 115, 420, 650, 1256 eV, respectively. The preparation
chamber was equipped with evaporators (Ce and Rh), a gas inlet system and an ion
gun. The sample holder enabled heating the sample up to 1500 K. Temperature was
controlled by a programmable PID controller. The fast entry of the samples was
possible.

SuperESCA offers ideal conditions for studying the catalysts at elevated
temperatures and in a reactive environment. The photoelectron spectroscopy
measurements at higher pressures are possible due to a high intensity of the
photoelectron signal and a small entrance slit of the analyser. Moreover, a high
energy resolution enables studying small changes in chemical state of the system

caused by the surface reactions or other treatment.

2.2.1.4 BL15XU

BL15XU is an experimental station at the Spring-8 synchrotron facility in
Hyogo (Japan) managed by NIMS. It is an undulator beamline producing light in the
energy range of 2-10keV. During our experiments, the X-rays were
monochromatized to 5950.2 eV using an Si 111 double monochromator and an
Si 333 channel-cut post-monochromator. The experimental ultra-high vacuum
chamber with a base pressure around 2:10° mbar was equipped with a VG
SCIENTA R4000 10 kV hemispherical analyser and a sample holder for several
samples. Fast entry of the samples was possible. The measurements were performed
in a glancing incident and normal emission geometry. The total resolution was

approximately 250 meV.
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2.2.1.5 HEAP Lab

The laboratory system HEAP Lab (Hard X-ray Photoelectron Spectrometer
for laboratory use) is an off-line HXPS experimental station of the NIMS branch
located at the SPring-8 synchrotron facility in Japan. The laboratory system consists
of the ultra-high vacuum chamber with a base pressure of 2-:10° mbar equipped with
a Cr Ko monochromatized X-ray source (5414.7 eV) and a VG SCIENTA R4000
10 kV hemispherical analyser with mesh-lens for a large acceptance-angle [55]. The
measurements were taken at a glancing incident and normal emission geometry. The
total resolution was approximately 530 meV. The station contains also a preparation
chamber with a base pressure ~ 10 mbar. This chamber was equipped with a sample
holder enabling heating samples in UHV conditions. The maximum achievable
temperature was 600 K. Fast entry of the samples was possible.

The HEAP Lab system was used for investigating the thermal stability of the
Rh-CeOx films. Because of the high information depth of HXPS method, the
experiments were focused on studying the interaction between the Rh-CeOy films
and the SiO./Si(100) substrate under thermal treatment. Two Rh(5%)-CeOx samples
were annealed in different conditions. The first one was annealed step by step in
UHV conditions (in the preparation chamber). The second sample was annealed in
air (in the ceramic high temperature oven). After every step of annealing, the state of

the samples was checked by photoelectron spectroscopy.

2.2.2 Temperature programmed reactions

The catalytic activity towards CO oxidation was studied by temperature
programmed reaction (TPR) at the XPS-TPR experimental station at KFPP
laboratories. Steady-state TPR experiments consisted of several reaction cycles.
Within one cycle, the sample was exposed to two molecular beams (CO, O2) with
constant intensities (about 5-10'% molecules-cm™-s™). Simultaneously, it was heated
from 300 K to 800 K with a rate of 1 K-s*, and then cooled down to 300 K at
approximately the same rate. The partial pressures of CO, O, and CO_ were detected
by the QMS during the entire cycle. The temperature was measured using a K-type
thermocouple and registered simultaneously by an analogue port of the QMS.

In order to express the relative production of CO, to CO over the sample, a
CO2/CO parameter was calculated as a ratio of the total production of CO; to the

total production of CO during one reaction cycle. The total productions of CO and
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CO2 during the reaction cycle were calculated as an integrated area under the
reaction curve over time. It consists of molecules produced during the reactions,
molecules desorbed from the surface or molecules from the molecular beam reflected
at the surface. The signal from the residual atmosphere in the UHV chamber was
subtracted from the reaction curves as a constant background.

The best way to evaluate the oxidizing ability of the sample would be the
ratio of the CO; production to the amount of adsorbed CO molecules. However, the
QMS signal originates from the reflected molecular beams, products of surface
reactions as well as the molecules desorbing from the sample surface. We are not
able to distinguish between these contributions and evaluate the number of adsorbed
molecules on the surface of our samples. Therefore, we discuss the oxidizing ability

of the samples in terms of the CO2/CO parameter.

2.2.3 X-ray diffraction

The structure of thin films was checked by X-ray diffraction (XRD). This
method is used to identify the crystal structure of the material. The incident X-ray
photons diffract on the crystal planes into specific directions, forming a diffraction
pattern. We can obtain the information about the symmetry of the crystal structure of
the studied material from analysing the angles and intensities in the diffraction
patterns.

XRD measurements were performed at the NIMS laboratories in Tsukuba
(Japan), using the D8 DISCOVER Super Speed measurement system equipped with
a 5kW rotating anode Cu X-ray source (1.5406 A). The measurements were
conducted subsequently by a two-dimensional detector Bruker AXS and a
scintillating detector working in a standard #-26 coupled mode. The size of CeO>
crystallites in Rh-CeOy and CeOx thin films was estimated from the Sherrer formula
[56]:

T = ﬂ’(—le )
where £ represents the peak broadening at half the maximum intensity (FWHM), A is
the wavelength of X-rays, and 6 the Bragg diffraction angle. K refers to the shape
factor which was put equal to 0.9. Because of a low intensity of the diffraction
pattern, only the most intense CeO> 111 diffraction peak was used for estimating the

size of cerium oxide crystallites.
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2.2.4 Scanning electron microscopy

Scanning electron microscopy (SEM) is a powerful tool to determine a
surface morphology of the solid state materials. The samples are irradiated by a
focused beam of electrons which interact with the material. There are several ways
how to characterize the material using different modes and detectors of the
microscope. In the presented work, we used the secondary emitted electrons to obtain
information about the morphology of the surface.

The cerium oxide thin films doped by rhodium were examined by Dr
Stanislav Haviar using the HITACHI SU-70 field emission gun scanning electron
microscope (FEG-SEM) at European Centre of Excellence (NTIS) in Pilsen (the
Czech Republic). The SEM micrographs were acquired at the 30 keV acceleration
voltage in the secondary electron mode and a working distance of 5.4 mm. The

measurements were performed in a working pressure of 8-10° mbar.

2.2.5 Density functional theory

Density functional theory (DFT) is a computational method developed for
determining the electronic structure of many-body systems. The interaction between
the rhodium adatom and the cerium oxide substrate was investigated by calculations
based on the density functional theory. These were performed by Dr Lucie Szabova
at NIMS in Tsukuba (Japan), similarly to the previously researched system of
Cu/CeOx [19, 38]. According to recent theoretical works [37, 39, 57, 58], a reliable
description of both stoichiometric and reduced cerium oxide based materials can be
achieved by employing the generalized gradient approximation (GGA) and adding a
Hubbard U term to the GGA exchange functional to compensate the strong Coulomb
repulsion among the localized Ce 4f electrons. The value of the parameter U used for
the Rh/CeOx systems was 4.5 eV. More details can be found in [38].

The (111) ceria surface (with or without the oxygen vacancy) was modelled
by supercells consisting of three CeO: trilayers with the following sequence: O—Ce—
0O-0-Ce—0O-0-Ce-0. Several adsorption configurations of rhodium adatoms were
considered for stoichiometric and reduced cerium oxide surfaces. The bonding
charge density analysis was performed for the most stable configuration at the
Ce02(111) surface and the surface containing the oxygen vacancy.
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The bonding charge density analysis was performed by calculating the charge

difference between the densities of the complete system, prp/ceo,, and the isolated

noninteracting systems of a rhodium atom, pgj,, and cerium oxide surface, p¢.o, -

Ap = Prujceo, — (pCer + PRh), (3)

The adsorption energy of an Rh adatom on the CeOx surface was calculated

in terms of total energies of individual systems according to

Eqas = ERh/Cer - (ECeox + ERh)v (4)

where Egp/ceo, IS the total energy of the complete system (rhodium adatom
interacting with the cerium oxide surface), Ec.o  is the total energy of the

corresponding cerium oxide surface and Ey,, is the total energy of a rhodium atom

isolated in vacuum.

2.3 Analysis of CeOx photoelectron spectra

2.3.1 Core levels

Characterization of cerium oxide by means of photoelectron spectroscopy is a
rather difficult task. Each Ce®" and Ce*" ions contribute to the spectra by separate
structures. These are often quite complicated because of a multiple final state effect.
In photoelectron spectroscopy, both initial and final states must be taken into
consideration. Cerium oxide is usually described by a metal-ligand configuration
even though the Ce—O bond has a high degree of covalency [59-61]. Following this
notation, Ce* ions have the 4f! configuration in a ground state. However, a ground
state of Ce** in CeO; has been subject to a vigorous discussion. While some authors
hold an opinion that Ce** has a mixed valency of 4f%nd 4f* in the ground state [62—
65], the other authors reported that only the 4f° configuration occurs [58, 66-68]. In
the presented work, we follow a notation introduced by Pfau et al. [67], who based
their conclusions on their high-resolution electron energy loss spectroscopy
(HREELS) and photoelectron spectroscopy experiments.

According to this notation, Ce** has the 4f° configuration in the ground state
and three configurations of final states, 4f°, 4f, and 4f2, while Ce®*" ions have two
distinct final states, 4f%, and 4f2 [67]. These are summarized in Table 1 for a Ce 3d

core hole. Ce 3d core level photoelectron spectra of cerium oxide with mixed valence
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lon Initial state Final state

Ce** Ce 3d 194f 0 f0: Ce 3d °4f 0"
Ce 3d 194f 0 fl: Ce 3d %4f L v?
Ce 3d 194f 0 f2: Ce 3d °4f 2 V2

Ce®t Ce 3d 104f 1 fl: Ce 3d %Uflyn
Ce 3d 194f 1 f2: Ce 3d %4f 2 v"!

Table 1: Initial and final states of Ce*" and Ce®*" ions in Ce3d core level
photoelectron spectra. V denotes the O 2p Ce 6s5d4f valence band, while n
corresponds to the occupancy of the valence band.

(Ce* and Ce*") therefore consist of five singlets (s levels) or spin-orbit doublets (p,
d, f levels). This is demonstrated in Figure 1 which shows Ce 3d photoelectron
spectrum for CeO1.87. The doublets corresponding to every final state are indicated
by arrows.

A generally accepted though rather simplified idea of the multiple final state
effect is that a creation of a core hole at a cerium core level through a photoemission
results in a transfer of electrons from O 2p Ce 6s5d4f valence band to Ce 4f level,
which drops below the Fermi energy due to the attractive force of the core hole [60,
67, 69]. Different final states have different screening ability of the positive core hole
which influences the kinetic energy of the photoelectron resulting in energy shifts in
the photoelectron spectra [60]. When the screening of the specific final state is more
effective compared to others, the photoelectron core level peak can be shifted to
lower binding energy.

Another effect complicating the analysis of the cerium oxide photoelectron
spectra is multiplet-splitting. This type of splitting results from a coupling of the
unpaired electron in a cerium core level created through the photoemission with an
unpaired electron in the valence band, Ce 4f* or 4f2 [66, 70]. The multiplet splitting
Is strongest when both involved levels are in the same shell (e.g. 4f-4d) [62]. The
difference in the principal quantum numbers between the Ce 3d and Ce 4f levels
reduces the effect of coupling on Ce 3d so that it causes only a broadening of the
peaks in Ce 3d spectra [66]. On the other hand, the coupling is quite strong between
Ce 4d and Ce 4f levels and additional peaks emerge in Ce 4d spectra. Moreover, a
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Figure 1: Ce 3d spectrum of a model cerium oxide thin film with the stoichiometry
of CeO1.87 (measured at MSB, Elettra, hv ~ 1486.3 eV)

magnitude of the multiplet splitting is similar to that of the spin-orbit splitting which
makes it even more difficult to differentiate between the two effects [66].

The examples of Ce 4d spectra for cerium oxide with different content of
Ce*" and Ce™ ions are plotted in Figure 2 (a). A red line corresponds to CeO1.93 and a
blue line to CeO1.97. According to the literature, peaks W’’’ and X’*” marked in
Figure 2 (a) correspond to a spin-orbit doublet of Ce** with a Ce 4d °4f ? final state
[66, 71]. The remaining structure at a lower binding energy is a mixture of
contributions from Ce** and Ce®" ions with Ce 4d °4f 1 V™1 and Ce 4d °4f 2 V"2 final
states, where V denotes the O 2p Ce 6s5d4f valence band and n the occupancy of the
valence band. In order to distinguish between contributions from Ce** and Ce®**, we

subtracted the spectrum of CeO197 from that of CeO193. Beforehand, the spectra
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Figure 2: (a) Ce 4d photoelectron spectra measured at MSB, Elettra, using the
photon energy of 300 eV; (b) Ce 3d core levels meaured at MSB, Elettra, using the
photon energy of 1486.3 eV (Al Ka); (c) Ce 3psr2, and (d) Ce 3d core levels meaured
at BL15XU, Spring-8, using the photon energy of 5950.2 eV. Red and blue lines
correspond to reduced and nearly stoichiometric cerium oxide, respectively. Black
lines with filled area uner the curve are differences between the red and the blue
lines.

were normalized to the intensity at 125.4 eV (only Ce*" contribute to W’*’). The
difference spectrum is plotted at the bottom of Figure 2 (a) by a black line. It consists
of contributions from Ce3* only. According to the literature, there are at least five
peaks, labelled as D—H [66], arising from spin-orbit and multiplet splitting of Ce 4d
level. We can see that the peaks are not clearly distinguishable and the relative
change between the spectra (red and blue) is very small even for a quite large change
in the stoichiometry of CeOx (1.93 and 1.97).

Figure 2 (b) shows Ce 3d spectra corresponding to that of Figure 2 (a) and
their difference. Ce 3d spectra were normalized to the intensity at 916.7 eV

corresponding to the Ce 3d °4f° final state of Ce**. We can see that the change in the
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spectra of CeO197 and CeO193 is much more prominent compared to the Ce 4d
region. Also, there are only five doublets (due to the spin-orbit splitting) and their
separation is considerably higher than in the case of Ce 4d, making peaks better
resolved [62]. Generally, the separation of peaks in a spin-orbit doublet is higher in
deeper core levels. It is 3.3 eV for Ce 4d, 18.5 eV for Ce 3d, and 87 eV for Ce 3p.
From this point of view, we should be able to obtain better resolved spectra from the
deeper core levels. Furthermore, there should be only very small influence of the
multiplet-splitting effect on deeper core levels.

However, the situation is not that simple. According to Briggs et al. [70], the
width of photoelectron peaks is determined by (i) the width of the excitation photon
source, (ii) the analyser resolution and (iii) the natural linewidth of the core level
which is a direct reflection of the lifetime of the core hole state resulting from the
emission of the photoelectron under consideration. A core hole lifetime is governed
by the processes that follow photoemission, through which the excess energy of the
ion state decays. The core holes are filled by higher lying electrons, releasing their
energy. Generally, deeper core holes have much shorter lifetime than core holes
closer to the Fermi energy because there are more possible channels for de-
excitation. Therefore, the core level photoelectron peaks at higher binding energies
are broader and so, the analysis of the spectra is much less straightforward.

This is demonstrated in Figures 2 (c) and (d) which show the Ce 3ps2 and
Ce 3d regions, respectively. Ce 3p spectra were normalized to the intensity at
1199 eV corresponding to the Ce 3p°4f° final state of Ce*". We can see that the
peaks in the Ce 3ps/2 spectra are much broader than in the case of Ce 3d. The Ce 3ps2
difference spectrum consisting of two peaks originating from Ce3* is also unresolved,
contrary to that of Ce 3d. Note that the spectra were obtained from measurements of
CeO1.90 and CeO19s at BL15XU, Spring-8, which were performed under the same
experimental conditions (incident photon energy: 5950.2 eV, constant passing
energy: 200 eV, sample temperature: 300 K). The total resolution given by the
experimental set-up (i—ii) was derived from a broadening of the Fermi edge on Au
foil as 250 meV. Therefore, the difference between the Ce 3p and Ce 3d widths is
given by the natural linewidths of the core levels only. We can see that this
difference may be quite prominent. It is therefore necessary to choose carefully the

best compromise between the peak widths and the magnitude of splitting.
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Regarding all the effects described above, the Ce 3d spectra are most suitable
for the analysis. In the present work, several different X-ray sources were used for
the photoelectron spectroscopy measurement. In every case, we measured the Ce 3d

region in order we could compare the results from all experiments.

2.3.2 Ce 3d core level

The analysis of the Ce 3d spectra is mainly focused on obtaining the
concentrations of Ce®** and Ce** ions in CeOx. The concentration of the Ce"™ on can
be derived from the Ce 3d spectra [67, 69], according to the equation:

A(Ce™)

A(ce) ' (5)

Cen+ —

where A(Ce™) denotes the sum of areas of the peaks originating from Ce™
(obtained from the deconvolution of the spectra), and A(Ce) is the total area of the
Ce 3d spectrum after subtracting a background.

However, it is very difficult to obtain exact values of the cerium ions
concentrations because a deconvolution of the Ce 3d spectra is a very demanding
task. Small variations in fit parameters or a background have a great impact on a
resulting fit. In the presented work, all spectra were fitted by identical procedures
keeping a background and fitting parameters fixed as much as possible. By this way,
even small changes in fitting results can give us meaningful information about
changes in a sample composition. Because this work is focused on a comparison of
various samples rather than a precise characterization of them, this approach seems
to be sufficient.

Fitting was performed using the KolXPD software. Since the Ce 3d region is
very wide, a composite background was used in our fitting procedure. Shirley
background was combined with three ranged linear backgrounds (884-894 eV, 894—
911 eV, and 911-925eV) determining a slope of the background in particular
regions. If a non-monochromatized X-ray source (Al Ka) was used for measuring
cerium oxide thin films supported by copper substrate the satellites originating from
Cu 2p were subtracted from Ce 3d region before the fitting. The spectra themselves
were fitted by five doublets corresponding to five final states of Ce®** and Ce** ions
(see Table 1) according to the procedure described in [72]. All peaks were fitted
using a Voight profile. The peaks of the Ce** f2 doublet were fitted as a sum of two
symmetric peaks [72, 73]. Relative positions of the peaks were kept fixed as well as

27



the ratio between peaks corresponding to particular doublets. The peak widths were
allowed to vary moderately because the spectra obtained from measurement systems
with different instrumental resolutions were analysed. The sample structure (e.g.
polycrystalline, or amorphous) may also influence the peak widths.

An example of the fit of the Ce 3d spectrum is plotted in Figure 1. Three blue
doublets correspond to Ce** and two orange doublets to Ce3* ions. The concentration
of Ce*" ions in this sample was calculated from the equation (5) as ~0.25. The

stoichiometry of cerium oxide is therefore CeO1.g7 following the equation:

x=2-%- ©)

where Ce3* denotes the concentration of Ce3* ions in CeOx and x refers to a degree

of reduction of cerium oxide (1.5 <x <2).

2.3.3 Valence band

The information about the degree of reduction of cerium oxide can be
obtained also from the valence band. The principal feature of the valence band
photoelectron spectrum is a band that stretches from approximately 2 to 8 eV. It is
demonstrated by black curves in Figure 3. This band corresponds to the emission
from O 2p valence orbitals hybridized by Ce 5d4f due to an interaction between
cerium and oxygen ions [59-61, 66-68]. Another significant feature of the spectra

appears at the binding energy of approximately 1.5 eV (Figure 3, red curve). It was
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Figure 3: The on-resonance (121.4 eV — Ce®*, 124.8 eV — Ce*") and off-resonance
spectra (115.0 eV) for (a) CeO1.93 and (b) CeO1.97 measured at MSB, Elettra.
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assigned to the emission from the localized Ce 4f orbitals. Because Ce®*" and Ce**
ions have different occupancy of Ce 4f level, the intensity of the Ce 4f peak should
give us information about the degree of cerium oxide reduction.

However, the intensity of the signal from the Ce 4f state is very weak when
using standard X-ray sources because the photoemission cross-section from the Ce 4f
level is considerably lower compared for example to that of O 2p [52]. One method
how to probe the Ce 4f state is a resonant photoelectron spectroscopy (RPES). The
resonance photoemission has been recently extensively utilized for extracting the
partial density of 4f states in cerium oxide based materials [4, 74-79]. The 4f
photoemission is resonantly enhanced when the incident photons have the exact
energy to excite an electron from some core level to the 4f level. Most often, the
4d—4f photoexcitation is used. In that case, when the intermediate state reached by
the excitation of 4d electron to the 4f level decays, the 4f electron filling back the 4d
core hole may transfer the energy to other 4f electron and cause its emission [65, 74].

For Ce*", it can be described as
4d™4f1 + hv - 4d°4f?% - 4d1°4f° + e, (7

where hv and e stand for an incident photon and an ejected electron, respectively.
The notation for the resonant photoemission from Ce** can be described due to the

covalent character of the Ce—O bond as
4d104f0 + hv - 4d°4f1 > 4d*04f0V""1 + ¢, (8)

where V ™! denotes the valence band deprived of one electron.

Figure 3 shows the resonant enhancement of the 4f photoemission at three
different photon energies, 115.0, 121.4 and 124.8 eV, and for two samples, partially
reduced CeOx (a) and mostly stoichiometric CeO: (b). The energies of the maximal
resonant enhancement were found experimentally, measuring the intensity of the 4f
photoemission in dependence on the energy of exciting photons using a synchrotron
light source [74, 75]. We can see from Figure 3 (a) that there are two resonant
maxima. The maximum at approximately 1.5 eV correspond to the photoemission
from Ce®" ion and is more pronounced for more reduced CeOx (a). The energy for
this resonance is 121.4 eV. The other maximum appears at around 4 eV and it is a
dominant feature in spectra of cerium oxide with a lower degree of reduction (b). It

was measured using the energy of 124.8 eV and it was assigned to the photoemission
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from the 4f state of Ce** [74]. The valence band spectra obtained at energies 121.4
and 124.8 eV are referred as the on-resonance spectra. In Figure 3, they are plotted
by colourful lines. The 4f partial density of states can be obtained by subtracting an
off-resonance spectrum from an on-resonance spectrum [65]. The off-resonance
spectra are plotted by black lines in Figure 3. They were measured at 115.0 eV when
no resonant enhancement of the 4f photoemission was detected. The differences
between the on-resonance and off-resonance spectra, D(Ce*") and D(Ce3*) are
indicated by arrows.

Although the RPES is very sensitive to subtle changes in the 4f occupation,
the stoichiometry of cerium oxide cannot be derived directly using this method [62].
In order to qualify a degree of reduction of cerium oxide and compare various

samples, the resonance enhancement ratio (RER) is derived from the spectra as

RER = D(Ce3*)/D(Ce*"). (9)

2.3.4 Quantitative analysis

The photoelectron spectroscopy can be used for determining atomic
concentrations of the components contained in the studied systems. A precise
quantification of the photoelectron spectra is a very complex problem but for the
purpose of the presented work, it is sufficient to use a simplified analysis. It is based
on the assumption that the intensity of the signal from the element is proportional to
its molar fractional content in the system. Because the yield of the photoemission
varies significantly for different elements, core levels and energies of exciting
photons, it is necessary to scale the intensities of the photoelectron spectra in order
the variations in the peak areas would represent the amount of material in the system.
Atomic factors of sensitivity, s, are used to scale the measured peak areas, A. Thus,
the concentration ¢ of the element i in the system containing N elements can be

estimated as:

The atomic factors were derived empirically relative to F 1s (s = 1) for the
most common energies of exciting photons (hv = 1486.6 eV for Al Ko, and hy =
1253.6 eV for Mg Ka) [80]. We used the following factors of sensitivity for
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analysing the XPS spectra: 0.66 (O 1s), 4.10 (Rh 3d), 10.00 (Ce 3d), 4.95 (Au 4f),
and 4.20 (Cu 2ps;2). Carbon was not included in the quantitative analysis. For
different energies of exciting photons, the photoemission cross-sections were used
for scaling the peak areas instead of the atomic factors of sensitivity [52].

This method gives relatively accurate results for homogeneous systems. The
concentration of elements was estimated mostly for the thin films of doped cerium
oxide prepared by radiofrequency magnetron sputtering which fulfil the condition of
homogeneity very well. However, it is inapplicable for the systems with supported
particles. In that case, we do not quantify the concentration of elements but we
express the amount of deposited material through monolayers (ML). One monolayer
represents the amount of the deposit equivalent to a monoatomic flat film of the
deposit adsorbed on the substrate. It should be noted that the term of the monolayer
refers only to the amount of the deposit but it does not imply anything about its
morphology. The deposit can be either in a form of a monoatomic thin film, or three-
dimensional particles.

If the deposit forms a flat continuous film, the thickness of the film can be
estimated from an attenuation of the photoelectron signal from the support according
to the equation

t = Acos(¥)In (170) (11)

I, and I refer to the intensities of the photoelectron peaks originating from the
substrate before and after the deposition, respectively. A corresponds to the inelastic
mean free path of an electron emitted from the substrate in the material of the
deposit. 9 marks the detection angle (the angle between the surface normal and the
axis of the electron analyser). This method is very well applicable for estimating the
thickness of the model cerium oxide thin films deposited in situ by evaporation in
UHV conditions onto the Cu substrate. In that case, we use the attenuation of the
Cu 2ps/2 peak and 4 is put equal to 11.19 A according to the QUASES-IMFP-TPP2M
software based on the calculations of Tanuma et al. [53].

The formula (6) cannot be used when the deposit creates three-dimensional
particles. In that case, we estimate the amount of the deposit experimentally using the

quartz crystal.
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3 Rh/CeOx

In this chapter, we present the results of studying the system consisting of
rhodium particles supported by thin films of cerium oxide. A special attention was
paid to the interaction between the Rh particles and the substrate which depends
strongly on the degree of CeOx reduction. This interaction was investigated by means
of the photoelectron spectroscopy. The measurements were carried out at the
Materials Science Beamline at the synchrotron Elettra. We support our experimental
results by calculations based on the density functional theory which were performed
by Dr Lucie Szabova. A separate section is dedicated to the reactivity of the Rh/CeOx
system. We show that the interaction between cerium oxide and rhodium particles
has a tremendous impact on the catalytic activity which was studied by the
temperature programmed reactions focused on the CO oxidation. These experiments
were carried out in the XPS-TPR laboratory at the Charles University in Prague.

3.1 Characterization of the interaction between Rh
adatoms and CeOx substrates

In order to thoroughly characterize the interaction between the rhodium
deposit and the cerium oxide substrate, we prepared several model thin films of
cerium oxide with different degrees of reduction. The preparation of the thin films is
described in Section 2. The values of x in CeOx varied from 1.98 to 1.67 with a
higher degree of reduction. Figure 4 (a) shows the Ce 3d spectra for the films with
the various degrees of reduction. The corresponding O 1s spectra are presented in
Figure 4 (b).

We can see that the O 1s spectra consist of two peaks. The peak at the lower
binding energy, Ovat, can be assigned to oxygen from the ceria lattice [31, 47, 66, 75,
81, 82]. The peak at the higher binding energy is usually associated with OH groups
adsorbed on the surface oxygen vacancies close to Ce®* sites [66, 82—84]. The signs
of hydroxyl groups are also apparent in the valence band spectra (data not shown).
Water is a common component of the residual atmosphere in the UHV system. It
does not adsorb on the stoichiometric CeO> but it readily fills the oxygen vacancies
on the reduced cerium oxide surface. It agrees well with the increment of the OH

peak intensity in the O 1s spectrum for the CeOx films with lower x.
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Figure 4: (a) the Ce 3d and (b) O 1s spectra of cerium oxide films with various
degrees of reduction.

Furthermore, we can notice that the O 1s peaks shift to higher binding
energies for lower x. The Ce 3d spectra in Figure 4 (a) and the valence band spectra
(data not shown) exhibit the same shift. It is more apparent from Figure 5 which
shows the binding energies of the Ce 3da; (Ce** f°), OLa and OH peaks designated in
Figure 4. The maximum difference between the binding energies of oxidized CeO1.9s
and reduced CeO1¢7 is about 0.5 eV. The shift might be caused by different pinning
of the Fermi energy due to changing the occupancy of Ce 4f states [39].

It is interesting that the distance between the Ce 3d and O 1s peaks remains
same for all the CeOx films. This result differs from the work of Duchon et al. [31]
who observed shortening of the distance between the Ce 3d and O 1s peaks for
cerium oxide with the higher degrees of reduction. While Duchon et al. worked with
highly ordered CeOx thin films with four different surface reconstructions [31], all

our systems retained the surface reconstruction of (1.5 x 1.5) relative to the Cu(111)
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substrate. Therefore, the discrepancy between our studied films and the published
results might be caused by different morphologies of the films.

The interaction of rhodium and cerium oxide was studied by several
consecutive depositions of rhodium onto the model CeOx thin films. These films are
described in more detail in Section 3.1. All depositions were performed in situ in the
UHV conditions. The temperature of the substrates was approximately 300 K. After
every deposition step, XPS and RPES measurements were performed to monitor the
changes occurring in the samples.

Figure 6 shows the evolution of the degree of reduction during the deposition
of rhodium onto various CeOy substrates. The parameter x estimated from the XPS
Ce 3d spectra according to the equation (6) is plotted in the graph (a). The resonance
enhancement ratio derived from RPES measurements of the valence band at different
energies of exciting photons is shown in the graph (b). Both of these parameters can
be used independently for expressing the degree of reduction of cerium oxide.

We can see that the degree of reduction develops in two different ways. The
films of nearly stoichiometric CeO, are reduced by deposited rhodium. On the
contrary, CeOx with lower x become more oxidized after adding rhodium. The
boundary between these two trends is set by CeO1.93 marked by turquoise stars. Both
of these effects can be ascribed to the electronic metal-support interaction as is

discussed in [46]. Because of the apparently different interactions between rhodium
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Figure 6: Evolution of the degree of reduction of cerium oxide with different

stoichiometries (CeOy) during the consequent deposition of rhodium obtained from
(@) XPS and (b) RPES (measured at MSB, Elettra).

and oxidized or reduced cerium oxide, these two systems will be examined
separately.
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3.2 1.93<x<2.00

First, we will examine the interaction between rhodium and nearly
stoichiometric CeO,. The reduction of ceria by a deposited metal is a well-known
effect which has been reported earlier for e.g. Pt/CeQ; [4], Pd/CeQO; [72], Au/CeO>
[85], and Cu/CeO2 [19] systems. In all cases, the reduction of cerium oxide was
caused by an electron transfer from the deposited metal to the support, leading to the
oxidation of the metal adatoms and the reduction of Ce*" ions. According to
Vayssilov et al. [4], the electron transfer from the metal cluster and the formation of
Ce** is facilitated by a small energy difference between the highest occupied levels
in the metal and the empty Ce 4f states of ceria. This view is corroborated for the
Rh/Ce0(111) system by the work of Pfau et al. [86], who experimentally derived a
nonzero overlap between the Rh 4d and Ce 4f orbitals. The charge transfer from Rh
to CeO- has been also predicted by the density functional calculations of Lu et al.
[18].

The changes in the electron structure of the Rh/CeOyx system due to the
interaction between rhodium and nearly stoichiometric ceria are demonstrated on the
CeO19s8 sample. The total amount of rhodium deposited onto CeOig9s was
approximately 2.8 ML. The valence band spectra for every step of the deposition and
two photon energies are plotted in Figure 7. The photons with the energy of 45.0 eV
have a high cross-section for exciting photoelectrons from Rh 4d states. Using this

energy, the signal from rhodium is enhanced and the signal from cerium is
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Figure 7: Evolution of the valence band spectra of Rh/CeOz1.9s during consecutive
deposition of rhodium (from black to red) measured with energies (a) 45.0 eV, and
(b) 121.4 eV. Grey lines mark CeOqg9g before the deposition. Graph (c) shows the
binding energy of the Rh 4d and Ce 4f maxima for every step of the deposition.
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suppressed. On the other hand, the photon energy of 121.4 eV corresponds to the
resonant electron emission from the 4f states of Ce®* thus, highlighting the signal
from Ce 4f. Figure 7 (c) shows the maxima of the Rh 4d and Ce 4f structures for
every step of the deposition.

The main feature of the valence band spectra stretching from 2.5 to 7.5 eV
corresponds to the O 2p valence orbitals. The Rh 4d and Ce 4f states are located
around 1.5 eV. The maximum of the Rh 4d structure is at slightly higher binding
energy than that of Ce 4f, as can be seen from Figure 7 (c), but both states clearly
overlap. If we look at the spectra plotted in the graph (a) and (b), we can see that the
most apparent change is the attenuation of the signal from O 2p caused by an
increasing coverage of the surface by deposited rhodium. Besides, the maximum of
the Rh 4d structure moves to lower binding energies with an increasing amount of
deposited rhodium. The same shift was observed in the Rh 3d spectra (data not
shown) and can be attributed to the particle-size effect. The particles exhibit a
metallic character from approximately 1.7 ML judging from the formation of the
Fermi edge in the valence band spectra.

Furthermore, we can see from the comparison of the grey and black lines in
Figure 7 (b) that the Ce 4f intensity increases significantly after the first deposition of
rhodium. It means that Ce** ions undergo the reduction by accepting electrons from
the Rh adatoms. Figure 6 shows that the reduction of cerium ions proceeds with
further deposition of rhodium. The reduction caused by a higher amount of deposited
rhodium is less pronounced compared to the reduction induced by the first few steps
of the deposition.

This is probably caused by a combination of two effects. Firstly, the less
effective reduction of cerium can result from a relatively decreasing amount of
rhodium atoms adsorbing directly onto the CeOy substrate. According to Zhou et al.
[87], rhodium grows three dimensionally on the cerium oxide support. It means that
the relative amount of rhodium adatoms interacting directly with the substrate is
decreasing with further addition of rhodium. Secondly, some of the Ce** ions accept
electrons from rhodium during the first few steps of the deposition. Therefore, the
area of stoichiometric CeO> diminishes not only because of the deposited rhodium
but also because of the reduction of the substrate.

Our experimental results are supported by the calculations based on the

density functional theory performed by Dr Lucie Szabova. The results derived from
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Figure 8: Results from the DFT calculations for an Rh adatom on the stoichiometric
Ce02(111) surface. (a) Change of bonding charge integrated in planes perpendicular
to the surface plotted as a function of the height from the surface, (b) atom-resolved
projected density of states, (c) an arrangement of the bonding charge' Electron
accumulation and depletion are represented by red and blue areas, respectively. (d)
Top view and (e) a side view of the most stable adsorption configuration of the Rh
adatom on the CeO2(111) surface (Rh — grey, Ce — green, O — orange, O in the first
surface layer — red).

the calculations for the rhodium adatom adsorbed on the stoichiometric CeO2(111)
surface are demonstrated in Figure 8. The most stable adsorption configuration is
displayed from a top view and a side view in parts (d) and (e), respectively. The
rhodium adatom adsorbs into the hollow between three surface oxygen ions which
agrees well with the results of Lu et al. [18]. The projected density of states for
different atoms is plotted in Figure 8 (b). The energies are referred to the Fermi level.
We can see that rhodium interacts with the surface oxygen and that the Ce 4f state
accepts some electrons (judging from a peak in the occupied states). The bonding
charge analysis displayed in Figure 8 shows the spatial distribution of the charge
density difference (c) and the corresponding integrated values on planes parallel to
the surface (a). The charge transfer from rhodium to cerium oxide is evident from the
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graph (a) showing the depletion of the charge density on rhodium and the
accumulation of the charge density on cerium and oxygen ions. The surface oxygen

and cerium ions close to the Rh adatom are involved in the charge transfer (see the

panel (c)).

33 167<x<193

The situation is different for rhodium adsorbed on reduced cerium oxide.
Figure 6 shows that the deposition of rhodium induces the oxidation of cerium for
oxides with the high degree of reduction. The oxidation of an oxide support upon the
deposition of a metal is rather unusual. Therefore, we first considered the interaction
of the reduced oxide with the residual atmosphere in the UHV system.

Molecular oxygen is not present in the residual atmosphere of the UHV
system because of its high reactivity. The atmosphere in the MSB chamber was
composed mainly from argon (originated from ion sputtering), hydrogen and carbon
dioxide. While argon is completely inert and hydrogen causes the reduction of ceria
[88], it was reported that the exposure of the reduced cerium oxide to CO; leads to its
oxidation [89]. However, the decomposition of CO2 molecules accompanied by the
oxidation of cerium ions also leads to the formation of the surface carbonates and
carboxylates. There were no traces of these species in the C 1s spectra at our
samples. Furthermore, a small amount of water is usually present in the UHV

chamber. This either would not cause any detectable oxidation of reduced cerium
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Figure 9: Evolution of the valence band spectra of Rh/CeQO167 during consecutive
deposition of rhodium (from black to red) measured with energies (a) 45.0 eV, and
(b) 121.4 eV. Grey lines mark CeO167 before the deposition. Graph (c) shows the
binding energy of the Rh 4d and Ce 4f maxima for every step of the deposition.
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oxide at the temperature of 300 K [84, 90]. Therefore, the oxidation induced by
adsorbates from the residual atmosphere can be ruled out.

Another way how the surface of reduced cerium oxide can be oxidized is a
transport of oxygen from deeper layers towards the surface. The degree of reduction
of our model thin films is not uniform. The surface contains more Ce®" ions
compared to the deeper layer [31]. The migration of oxygen through cerium oxide is
a well-known effect [13]. However, it does not play an important role during Rh
deposition at the room temperature because the extent of oxygen migration at 300 K
is very low. Besides, we did not observe any significant changes in the O 1s spectra
(data not shown). Moreover, we observed the oxidation at both, the near surface area
(RPES) and the deeper layers (XPS) which goes against the transport of oxygen ions
from deeper layers to the surface.

Therefore, the oxidation of reduced cerium oxide has to be induced by the
interaction with rhodium, similarly to Cu/CeO. [19] and Au/TiO> [91, 92] systems.
The nature of this interaction is also the electronic metal-support interaction but it is
different from that for the Rh/CeOx samples with the lower degree of reduction. The
nearly stoichiometric cerium oxide thin films are terminated with O% layer (see
Figure 8 (a)) while the partially reduced cerium oxide surface contains exposed Ce®*
ions. Rhodium can thus interact directly with cerium ions (Rh-Ce), unlike in the case
of stoichiometric cerium oxide where Rh and Ce are separated by an oxygen layer
(Rh-O-Ce).

The Rh-Ce interaction is evident from our measurement of the valence band
region for the Rh/CeOyx samples with the high degree of reduction. The surfaces of
such samples contain a high amount of oxygen vacancies and the electron rich Ce%*
sites in their vicinity. The valence band spectra for every deposition step onto the
sample CeOq67 are plotted in Figure 9. The total amount of deposited rhodium
reached approximately 1.2 ML. The interaction between the Ce and Rh atoms
induces partial transfer of the electron density from Ce 4f to the Rh 4d state. The
decreasing occupancy of Ce 4f state can be clearly seen from Figure 9 (b). The
charge transfer from Ce®*" to Rh results in a build-up of a negative charge on
rhodium. Mullins and Overbury hypothesized that Rh particles could withdraw a
charge from relatively electron rich Ce3* sites [27], making Rh slightly anionic on
the reduced substrate. This assumption complies with the DFT calculations

performed by Dr Lucie Szabova.
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Figure 10 shows the results from the DFT calculations for an Rh adatom
adsorbed in an oxygen vacancy on the reduced CeOx(111) surface. The panels (d)
and (e) demonstrate the most stable adsorption configuration. We can see that the
rhodium atom sits in the oxygen vacancy site, slightly above the position of the
original oxygen ion. It is bonded to the nearest oxygen and two closest cerium ions.
The projected density of states plotted in the graph (b) clearly shows that the
electronic structure of the Rh/CeOy system is different compared to the Rh/CeO; (see
Figure 8 (b)). Furthermore, we can see from the bonding charge density analysis
displayed in panels (a) and (b) that the charge transfers from cerium ions to rhodium,
oppositely to Rh/CeO>. These calculations brought the evidence about the electronic
metal-support interaction on the Rh/CeOy system which was suggested in [46].

An interesting effect which can be noticed in Figure 6 (b) for reduced CeOx is
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Figure 10: Results from the DFT calculations for an Rh adatom adsorbed on an
oxygen vacancy in the reduced CeOx(111) surface. (a) Change of bonding charge
integrated in planes perpendicular to the surface plotted as a function of the height
from the surface, (b) atom-resolved projected density of states (DOS), (c) a three-
dimensional arrangement of the bonding charge: Electron accumulation and
depletion are represented by red and blue areas, respectively. (d) Top view and (e) a
side view of the most stable adsorption configuration of the Rh adatom on the CeOx
surface (Rh — grey, Ce — green, O — orange, O in the first surface layer — red).
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an increase of the degree of reduction after the first deposition of rhodium. Further
deposition results in the oxidation of cerium oxide described above. The initial
reduction may be caused by a preferential adsorption of rhodium adatoms on the
stoichiometric CeO. surface instead of the oxygen vacancy sites. The adsorption
energy of rhodium on the stoichiometric CeO, surface is about twice higher
compared to that of reduced cerium oxide. Rhodium atoms migrate readily over the
cerium oxide surface even at the room temperature [87]. Therefore, the oxygen
vacancies are occupied by rhodium only if there is no available area of stoichiometric
CeO: in the vicinity of the adatom. When these positions are saturated, rhodium

adsorbs on the oxygen vacancy sites which results in the oxidation of cerium oxide.

3.4 Reactivity of Rh/CeOx

The reaction experiments were focused on the CO oxidation reaction because
it is a very simple reaction suitable for probing the catalytic activity of the studied
systems. We compare the reactivity of two samples marked as Rh/CeO'®® and

Rh/CeOR* which differ from each other by the degree of reduction of the CeOx
substrate before the deposition of rhodium. The stoichiometry of cerium oxide before
the deposition was CeO1.094 and CeOygs5 for (Ox) and (Red), respectively. Therefore,
both samples exhibit different metal-substrate interactions (see Sections 3.2 and 3.3).
The amount of deposited rhodium was approximately 1 ML on both samples.

It should be noted that the thin films of cerium oxide used in the TPR study
were deposited by magnetron sputtering onto the SiO> substrate because these films
are less vulnerable to sintering at higher temperatures. Moreover, the OSC of the
sputtered films is much higher than that of the model systems presented in Section
3.1. This disparity is caused by different morphologies of the Rh-CeOx films. While
the model thin film is formed by large and flat highly oriented ceria structures
epitaxially grown on the Cu(111) surface [93], the sputtered films are composed of
small crystallites. According to Migani et al. [28], the formation of oxygen vacancies
in ceria nanocrystallites is greatly facilitated compared to extended surfaces.
Therefore, the effects caused by oxygen migration between the particles and
substrate would be significantly enhanced and more easily observable compared to

the model systems.
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Figure 11 demonstrates the CO oxidation under the steady-state reaction
conditions for Ri/CeO®™® and Rh/CeORY samples as well as the reference Rh foil
and pure CeOy with the low degree of reduction. All samples were simultaneously
exposed to molecular beams of CO and O: in a ratio of 1:1. All reactants and
products of reactions were monitored between 300 and 800 K during the linear
increase of the temperature (Figure 11, left) and cooling down (Figure 11, right).
These two parts of Figure 11 are separated by a dotted line. CO> production curves
are displayed by black lines, CO and O- are coloured by red and blue, respectively.

If we look at the TPR curves of pure cerium oxide (d) there is no production
of CO,. It means that cerium oxide does not react with CO under these experimental
conditions. Comparing the R/CeO“® and Rh/CeOR*? samples we can see that
there are two distinct maxima of the CO; production common for both samples, (i)
and (ii). Similar features can be found in the CO- curves of pure rhodium. It suggests
that the peaks (i) and (ii) originate from the CO oxidation on rhodium particles.
Furthermore, another peak emerges around the break point between heating and
cooling of the sample R/CeO©¥. It is marked as (iii). Similar feature cannot be
found at any other reaction curve. It means that the reaction path leading to CO
oxidation at high temperatures is available only at Rh/CeO'°.

The spillover (molecular transfer from the particle to the support) and the
reverse spillover (molecular transfer from the support to the particle) of oxygen
occur at the Rh/CeOy systems at higher temperatures. Therefore, the cerium oxide
substrate can act as an oxygen buffer layer. However, the transport of oxygen
between the particle and the support is strongly influenced by the electronic metal-
substrate interaction [46]. More details about this topic can be found in Appendix B.
For the purpose of this work, it is sufficient to summarize that the transport of
oxygen is allowed for the Rn/CeO'?® systems, but it is suppressed for Rn/CeORd,
This explains the difference in the reaction curves of both systems. Furthermore, it
demonstrates the importance of the electronic metal-support interaction and its
impact on the reactivity of the catalyst.

The reaction mechanism of the CO oxidation under steady-state reaction
conditions on Rh/CeOyx system was previously described in [94]. The maxima (i) and
(ii) for Rb/CeOP® and Rh/CeO®Y can be assigned to the COads + Oads — CO2

reaction where both reactants are adsorbed on the surface of rhodium particles. It was
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Figure 11: Comparison of CO. production (black), and CO (red) and O2 (blue)
consumptions during steady-state reactions on (a) Rh/CeOx®, (b) Rh/CeOxRd, (c)

the Rh foil and (d) the CeOxy thin films.

experimentally verified that carbon monoxide adsorb on rhodium but not on cerium

44



oxide. Oxygen, on the other hand, can come either from the molecular beam, or the
substrate. Because both reactants can be adsorbed only on the Rh particles, that is the
only available place for the reaction.

The strength of the CO-metal bond determines the energy of the desorption
which is very important for the CO, production on Rh/CeOy. Because of the nature
of the experiment (several consecutive reaction cycles), we assume that the surface
of the rhodium particles is covered by CO at the beginning of the reaction [46, 94].
CO inhibits adsorption positions for oxygen on rhodium [95, 96]. The CO:
production is very low at temperatures below 400 K because there is no available
source of oxygen (the oxygen cannot adsorb on rhodium from the molecular beam
due to CO and the reverse spillover is negligible at low temperatures). The reaction
starts when the sample is heated sufficiently, enabling the CO desorption. After CO
leaves the surface, the liberated positions may be filled by oxygen which can oxidize
neighbouring CO molecules. The temperature necessary for the CO desorption is

about 450 and 500 K at Rh/CeO'® and Rh/CeOR*?| respectively [46]. It agrees
with the onset of the CO> production in Figures 11 (a) and (b).

With a further increment of the temperature, the time of CO residing on
rhodium gradually decreases. When it becomes shorter than the time needed for the
formation of CO., the CO oxidation ceases. To some extent, oxygen can adsorb on
the sample surface even at high temperatures (see Figure 11). At elevated
temperatures, oxygen can migrate to rhodium from the cerium oxide support quite
easily. Therefore, the surface of rhodium particles is partially covered by oxygen
atoms at high temperatures.

We can notice from the right part of Figure 11 that the maximum (ii) is on the
same temperature for both, Rh/CeO®® and Rh/CeOR*Y. This is different from the
case of the maximum (i). The explanation is however very simple. The reaction
during cooling the sample is the same as during heating (COads + Oags — CO2) but
the state of the surface is different. As was stated above, the Rh surface is saturated
by CO at the beginning of the reaction cycle, when the temperature starts to increase.
On the other hand, when the cooling of the sample starts, the surface is covered by
oxygen. Because oxygen does not block the adsorption of carbon monoxide on

rhodium [95], the reaction can start when the temperature is low enough to allow CO

45



staying at the surface long enough to react with oxygen. Our experiments suggest
that this adsorption is not influenced by the electronic metal-support interaction.
Now, we discuss the peak (iii) formed on Rh/CeO°™ around the break point
between heating and cooling at 800 K. Since the rapid increase of the CO:
production is above 750 K, the CO oxidation can no longer be described by the
reaction of adsorbed COags 0n the surface of the Rh particles. A plausible explanation
for the CO2 production above 750 K would be that the CO molecules impinging the
surface react with the oxygen atoms adsorbed on the Rh particles, CO + Qags — COo.
The oxygen is supplied by the cerium oxide support via the reverse spillover because
the amount of oxygen provided from the molecular beam is not sufficient (judging
from the absence of the CO> peak above 750 K in Figure 11 (c) corresponding to the

Rh foil). Figure 11 shows that this reaction occurs only on the Rh/CeO©® system.

We cannot find the peak (iii) on the sample Rh/CeO®™*? . This is because the
transport of oxygen between rhodium and cerium oxide is suppressed when the
rhodium particle has a net negative charge due to the electronic metal-substrate
interaction. Further details can be found in Appendix B.

Within this chapter, we demonstrated that the electronic metal-substrate
interaction between rhodium and cerium oxide has a tremendous impact on the
reactivity of the system. It is a very important result which could help designing

catalyst systems with desired properties.
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4 Rh-CeOx

This chapter focuses on the doped cerium oxide thin films. We discuss the
effect of enriching cerium oxide by various dopants, such as Au, Cu, Si and F. A
special attention was paid to the Rh dopant. First, we characterize the chemical
composition and morphology of cerium oxide thin films with various concentrations
of rhodium. The films were studied by means of the photoelectron spectroscopy, X-
ray diffraction and scanning electron microscopy. The photoelectron spectroscopy
experiments were performed at HEAP-Lab at NIMS (HXPS), BL15XU at SPring-8
(HXPS), MSB and SuperESCA at Elettra (XPS, SXPS, UPS and RPES), and the
XPS-TPR laboratory at KFPP (XPS). The X-ray diffraction measurements were
carried out at NIMS. Microscopy imaging was performed by Dr Stanislav Haviar at
NTIS. A separate chapter is dedicated to a thermal stability of the Rh-CeOx films.
The influence of the environmental atmosphere, the film-substrate interaction and
surface adsorbates are discussed. Finally, we present the study of the Rh-CeOx
reactivity which was investigated by means of the temperature programmed reactions
at the XPS-TPR laboratory at KFPP.

4.1 Effect of dopants on CeOy

The interaction of a small metal particle with an oxide surface can result in
significant modifications of the electronic structure of the supported species. In
particular, charge can flow from the surface to the supported metal or oppositely,
from the particle to the substrate. This charge transfer may cause significant changes
in the chemical and catalytic properties of the particles. This is the basis for the
electronic metal-support interaction [14]. As the size of the deposited metal
increases, it is expected that the particles reach chemical and structural properties
typical for the corresponding metal, and the effect of the supporting oxide is strongly
reduced. But if the particle size decreases, down to the single atoms, the interaction
with the substrate may result in major modifications of the electronic structure and
catalytic activity of the supported species.

The limit case is that the supported metal is atomically dispersed over the
surface of the oxide. It was reported that traces of atomically dispersed gold, or

platinum can be found at the cerium oxide surface and that these species are
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responsible for the high catalytic activity of the system [97]. A recent experimental
and theoretical combined study of the Pt/CeO> system helped explaining the origin
and unique properties of atomically dispersed platinum over ceria [3]. There are
special sites at the CeO; surface, so called ceria “nanopockets”, which bind Pt?* jons
so strongly that they can withstand sintering or bulk diffusion even at higher
temperatures. However, a number of these special positions is limited according to
the morphology of the ceria surface. There are much fewer available sites at flat
surfaces compared to rough surfaces of nanoparticles. If all available positions are
saturated, any additional platinum forms larger particles of Pt° [3].

In general, it is very difficult to reach the atomic dispersion for metals such as
Cu, Au, Pd, Pt or Rh at the surface of cerium oxide because these metals tend to
grow in three-dimensional particles and coalesce at higher temperature [38, 45, 87].
Although some special positions may stabilize single metal atoms as in the case of
platinum, this is not generally applicable.

A way how to easily achieve an atomic dispersion of metal species is doping
a supporting material by the corresponding metal [32, 33, 35, 98, 99]. Recently, very
good results were obtained by depositing thin films by radio frequency magnetron
sputtering from targets composed of the metal and the support materials, cerium
oxide [34, 43, 81, 100, 101]. These films are in a form of a solid solution with ions of
the dopant incorporated in the host oxide [11, 81, 100, 102]. Metal ions substitute
Ce* ions and their repulsive charge prevents them from sintering into particles and
help to preserve the high dispersion [98]. Dopants substituting cerium usually do not
reduce cerium ions directly [37-39] but they disrupt chemical bonds in the host oxide
causing significant modifications in a near environment, which may result in a high
amount of defects in the cerium oxide lattice [6, 39]. The defective areas have a high
concentration of Ce®" ions and oxygen vacancies because their formation releases the
strain in the oxide [32, 47, 50]. Furthermore, if the valency of the dopant is lower
than that of the host oxide cation (Ce*"), oxygen vacancies are formed to maintain
the charge neutrality of the system [15]. Therefore, Ce®* ions in doped cerium oxide
can be related to structural defects in cerium oxide caused by the dopants, rather than
a direct interaction between cerium and dopant ions and a manifestation of the mixed
oxide phase.

The examples the Ce 3d spectra of cerium oxide doped by a low-valency
metal are shown in Figure 12. The Au-CeO,/C/SiO2 or Cu-CeO«/SiO2 thin films
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Figure 12: Ce 3d spectra of cerium oxide doped by (from top to bottom) fluorine
(measured at SuperESCA, Elettra, hv ~ 1256.0 eV), silicon, gold and copper
(measured at BL15XU, SPring-8, hv ~ 5950.2 eV).

containing 5% and 8% of gold and copper, respectively, were prepared by radio
frequency magnetron sputtering. While copper is mostly in the Cu?* state which is
consistent with other experimental and theoretical studies of Cu-CeOx mixed oxides
[38, 99, 103], gold occurs in Au* and Au® oxidation states. Gold dopants substituting
Ce* ions in the bulk cerium oxide are stable in the Au®" state [37, 100]. Reduced
gold species can be found in areas of defected cerium oxide, such as grain
boundaries, a surface or an interface with the substrate [44]. In this case, a roughness
of the film caused by the interaction of CeOx with the C substrate during the
deposition is responsible for a high amount of Ce* species seen in Figure 12 [30].
The situation is different when a dopant does not substitute the Ce** ion in the
cerium oxide lattice but forms a new compound, such as silicate or fluoride. The
electron structures of such compounds may differ significantly from that of pure
cerium oxide which may lead to different core hole screening and different final
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states [50]. Therefore, new states can be expected in the photoelectron spectra. The
Ce 3d spectra of Si-doped and F-doped cerium oxide are shown in Figure 12. The
spectra were fitted by the same fitting procedure as Au-CeOy and Cu-CeOy, keeping
positions and widths of the peaks fixed. But in both cases, an additional doublet
emerged in the spectra. The difference between the spectra of F-CeOx and Au-CeOx,
showing similar degrees of reduction, is apparent at the first glance. A new spectral
component appears at approximately 883 eV (Ce 3ds/2). According to the work of our
colleague, this component could be ascribed to CeFz or CeFyOzy (results not
published yet) where fluorine would substitute oxygen ions. In the case of Si-CeOy, a
new spectral component is not as prominent as that of F-CeOx. However, its
existence is supported by a set of data presented by Vorokhta et al. [50]. The new
peaks can be assigned to cerium silicates. These are often formed at the interface
between cerium oxide thin films and the silicon support due to a migration of Si
atoms from the substrate to the overlayer [50, 104-106].

A correct analysis of the Ce 3d spectra of CeOx-based compounds is not an
easy task. New components can be easily concealed in broad spectral features, like in
the case of Si-CeOx. Therefore, a systematic analysing the sets of data (for instance,
samples with different concentrations of the dopant) or combining several different
experimental techniques is usually required to characterize the system properly. Next
few chapters focus on the characterization of the cerium oxide thin films doped by

rhodium.

4.2 Characterization of Rh-CeOx with different

concentrations of rhodium

Cerium oxide thin films with various concentrations of rhodium were
deposited by radio frequency magnetron sputtering onto Si single crystals. The
surface of silicon crystals were passivated by a 60 nm thick SiO2 layer. Chemical
composition of the Rh-CeOx thin films was characterized by the means of the
photoelectron spectroscopy. Various energies of exciting photons were used to probe
either deeper areas of the films (HXPS), or the near-surface areas (XPS, SXPS, UPS
and RPES). The atomic concentration of the dopant was derived from XPS (more
details in Section 2.3.4). The morphology of the films was investigated by the
scanning electron microscopy (SEM) and X-ray diffraction (XRD).
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Figure 13: Difference spectra of undoped and Rh-doped CeOx (black lines with
filled areas under the curves). Red lines represent pure cerium oxide, blue lines
cerium oxide doped by (a) 1% and (b) 5% of rhodium. Measured at BL15XU,
SPring-8, hv ~ 5950.2 eV.

First, we focus on the analysis of the Ce 3d photoelectron spectra because it
could show signs of a rhodium-based compound with different final state
configuration than that of ceria, such as rhodates [107, 108] or Rh-Ce alloys [109—
111]. Figures 13 (a) and (b) show Ce 3d spectra of two Rh-CeOy samples with 1%
and 5% or rhodium (red lines), respectively. These are compared with the Ce 3d
spectrum of the reference undoped CeOy sample prepared and measured in the same
conditions (blue lines). All spectra were normed to the intensity at 916.7 eV.

The spectrum of Rh(1%)-CeOx does not differ much from that of pure cerium
oxide. The difference spectrum plotted in Figure 13 (a) by a black line shows only an
increased concentration of Ce* ions. The situation is different for cerium oxide with
5% of rhodium in Figure 13 (b). We can see that the peaks are not as sharp as in the
case of pure cerium oxide. Also, their relative ratio changed significantly. No new
component can be discerned from the difference spectrum plotted in Figure 13 (b). It
shows only a broadening of the peaks and a lower intensity of the Ce** f2
component. Therefore, the Ce 3d spectra were fitted according to the standard
procedure described in 2.3.2 but the widths of the peaks were not restricted.

The HXPS and XPS spectra of the Ce 3d region for the Rh-CeOyx samples
with various concentrations of rhodium and the reference sample, pure CeOy, are

plotted in Figures 14 (a) and (b), respectively. The spectra are normalized to the total
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Figure 14: (a) HXPS and (b) XPS Ce 3d spectra of Rh-CeOy samples with different
Rh concentrations (1-9%) and the reference CeOx sample (0%). Measured data are
displayed by round scattered symbols, fitting components by thin solid lines (Ce®*
components tinged with grey), and fitting results by red lines. Spectra were
normalized to the total area.

area under the curve after the background subtraction. We can see that the Ce** state
prevails in all samples and for both, XPS and HXPS. The broadening of the peaks
with an increasing concentration of rhodium is also apparent in both, deeper layers
and near-surface areas. It suggests that the chemical composition of the Rh-CeOx
films is more or less homogeneous.

The same peak-broadening was observed for ceria films doped by platinum
prepared by magnetron sputtering and it was explained by a formation of a solid
solution of platinum and cerium oxide [102]. The Rh-CeOx films also exhibit signs of
a solid solution. The broadening of the peaks may be caused by a disruption of the
bond lengths in the ceria lattice due to the presence of the dopant, which can be quite
significant for higher dopant concentrations. The decreased intensity of the Ce** f2
components might be a result of changes in the valence state hybridization (Rh 4d or
Pt 5d states are involved [39]) leading to an alteration of the final state configuration.

Figures 15 (a) and (b) show HXPS and XPS spectra of the O 1s region for the

Rh-CeOyx samples with various concentrations of rhodium (1-9%) and the CeOx
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Figure 15 (a) HXPS and (b) XPS O 1s spectra of Rh-CeOx samples with different Rh
concentrations (1-9%) and the reference CeOx sample (0%). The inset of graph (a)
shows fitted HXPS spectra of Rh(1%)-CeOx and Rh(2%)-CeOx. Measured data are
displayed by round scattered symbols, fitting components by thin solid lines (Orn
components tinged with grey, Oper coloured by blue), and fitting results by red lines.
Spectra were normalized to the total area.

reference sample (0%). The spectra are normalized to the total area. Figure 16 (a)
and (b) show the corresponding HXPS and XPS Rh 3d spectra, respectively.

First, we will focus on the HXPS O 1s spectrum of the pure cerium oxide
plotted at the bottom of Figure 15 (a). The main component at binding energy of
529.7 eV marked as Ovat corresponds to oxygen from the ceria lattice [47, 66, 75, 81,
82]. Another component found at approximately 532.6 eV, Osi, was assigned to
oxygen from SiO according to the measurements of the O 1s spectrum from the
reference SiO2/Si substrate. The third oxygen peak located at approximately
531.2 eV, labelled as Oper and coloured by blue, can be associated with oxygen
species with lower coordination compared to oxygen ions from the ceria lattice [47,

75]. These oxygen species are related to Ce®* ions. As was mentioned in Section 4.1,
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Figure 16: (a) HXPS and (b) XPS Rh 3d spectra of Rh-CeOx samples with different
Rh concentrations (1-9%). The inset of graph (a) shows fitted HXPS spectra of
Rh(1%)-CeOx and Rh(2%)-CeOx normalized to the total area. Measured data are
displayed by round scattered symbols, fitting components by thin solid lines tinged
with light grey (Rh®") and dark grey (Rh""), and fitting results by red lines.

Ce" ions are located mainly in areas of defective crystal structure, such as crystal
grain boundaries, the surface or the interface with the substrate. It was reported that
these areas contain a high amount of low-coordinated and weakly bound oxygen
anions (marked as Opef) [34, 47, 88, 112]. These oxygen ions are very important for
catalytic reactions because they enhance the OSC of ceria [32].

The contribution of Oper to the O 1s spectrum reaches approximately 6 %
which agrees very well with the contribution of Ce®* ions to pure CeOx shown in
Figure 17 (a). Judging from a relatively high intensity of Ce®* components in the
HXPS spectra, it seems that the pure CeOy films contain a high amount of structural
defects. Because the contribution from the surface area to HXPS spectrum is very
small and the influence of the substrate and interfacial silicates can be neglected due

to the pre-oxidized Si substrate and the sufficient thickness of the CeOx film [50,
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113], the majority of structural defects originates from grain boundaries in the cerium
oxide film. The polycrystalline character of the CeOx films was supported by XRD.

The XPS O 1s spectrum of the pure CeOx plotted in Figure 15 (b) consists of
the Orat component and two additional peaks at binding energies of 531.6 eV and
533.5eV. The Orat component corresponds to oxygen form the ceria lattice. The
peak at 531.6 eV was marked as Opef in consistence with the HXPS spectrum in
Figure 15 (a). It is more intensive and slightly shifted to higher binding energies
compared to the HXPS spectrum. Because XPS is more surface sensitive than HXPS,
the peak can originate not only from low-coordinated oxygen ions bound to Ce®** but
also from surface adsorbates, such as OH [66, 82—84] or CO [114]. The small peak at
533.5 eV can be assigned to water molecules chemisorbed at the surface [82, 84].

Further, we compare the XPS and HXPS O 1s spectra of pure cerium oxide
with those of Rh-CeOx mixed oxide. Two additional peaks can be found in the XPS
and HXPS O 1s spectra of Rh-CeOx compared to undoped cerium oxide. These new
peaks can be found at approximately 1 eV and 2.3 eV above the Ora: component. The
component at 1 eV above Ova is discernible in all the Rh-CeOx spectra and it is
apparently increasing with the concentration of rhodium. These are collectively
marked as Orn.

The increasing contribution of Orn to the O 1s spectra is also apparent from
Figure 17 (b). It shows the ratio of peak areas from Orn and Os. The latter represents
the sum of all O1s components originating from the Rh-CeOx film
(Ox = Ovat +Opet + Orn). The contributions from surface adsorbates and the substrate
are excluded from Os. The component at higher binding energy was detected only by
HXPS and only for the samples containing 1% and 2% of rhodium (see the inset of
Figure 15 (a)). This is consistent with Rh 3d spectra presented in Figure 16. HXPS
measurements of the films doped by 1% and 2% of rhodium showed two states of
rhodium contrary to other Rh 3d spectra. The emergence of the new components and
their correlation with the amount of rhodium in the Rh-CeOy films suggest that both
of these peaks are related to rhodium.

The Orn peak 1 eV above O could be assigned to oxygen bound to Rh3*
ions (O-Rh*"). Values of the O-Rh®* binding energy reported in the literature vary
from 530.3 eV to 532.0 eV [83, 107, 115]. The binding energy measured for our Rh-
CeOx films fit well into this range. It also coincides with the energy attributed to

oxygen from mixed oxide systems, such as Sn-O-Ce [81] and Ga-O-Ce [75].
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Figure 17: Comparison of (a) Ce*/Ce, (b) Orn/Os, (c) Rh™/Rh and (d)
(Rh/Ce)nxps/(Rh/Ce)xps ratios derived from XPS (1486.6 eV) and HXPS (5950.2 eV)
for Rh-CeOy samples with different Rh concentrations (1-9%) and the reference CeOx
sample (0%). The parameters in (a-c) (HXPS - blue symbols, XPS - red symbols) were
calculated as the ratio of the peak area corresponding to the particular fitting
component (Ce3*, Rh™) to the area of the respective region (Ce 3d and Rh 3d), or a
sum of relevant peak areas (Ornh=O-Rh™ + O-Rh**, Os = Orn + OLat + Oper in the
O 1s region). The parameter in (d) was estimated as a ratio of Rh/Ce proportions
obtained from HXPS and XPS.

Therefore, we can expect the existence of the Rh-O-Ce bonds in Rh-CeOy. The Orn
component approximately 2.3 eV above Ova could correspond to oxygen bound to

rhodium with lower valency than Rh3*, analogically to Au-CeOx discussed in Section
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4.1 and in consistence with Rh 3d spectra (Figure 16). We refer to it as Rh"™ and the
corresponding O 1s peak is labelled as O-Rh".

Figure 16 shows the Rh 3d spectra obtained by HXPS (a) and XPS (b) for the
Rh-CeOyx samples with various concentrations of rhodium. We can clearly see a
growing intensity of the Rh peaks with the increasing concentration of rhodium. The
Rh 3d spectra consist of two spin-orbit doublets, marked as Rh®" and Rh"™*. The fits
of the HXPS spectra of the samples Rh(1%)-CeOyx and Rh(2%)-CeOx are plotted in
the inset graph of Figure 16 (a) for an illustration of both components. To simplify a
following discussion, we will be referring only to the Rh 3ds> peaks of the Rh 3d
doublet.

The most prominent Rh 3ds, component is located at around 309.2 eV.
According to the literature [20, 40, 83, 116], this feature can be attributed to Rh®*
ions dispersed in the ceria lattice. Yang et al. calculated that Rh ions would substitute
Ce* in the ceria lattice [39]. The experiments performed by Gayen et al. led to the
same conclusion [35]. According to Hedge et al. [98], it is energetically favoured for
Rh3" ions to substitute Ce*" ions. Furthermore, cerium favours the Ce** state.

These statements agree very well with our results. It suggests that the Rh-
CeOxy sputtered thin films are in a form of a mixed oxide. The Rh-O-Ce bond is
characteristic for the rhodium-cerium mixed oxides [20, 35, 39, 40, 42, 88]. The
emergence of the Orn components discussed above supports the existence of the
mixed oxide phase in Rh-CeOx.

Apart from Rh®, we can find another rhodium component in the Rh 3d
spectra. In Figure 16, we can clearly distinguish the Rh 3ds/; peak at approximately
307.6 eV. It is marked as Rh"™, while n+ is expected to be between 3+ and 0
oxidation states judging from the binding energy. This component is most prominent
in the HXPS spectra for the samples with low concentrations of rhodium. It is clearly
seen in Figure 17 (c) showing the contribution of Rh"* to the Rh 3d spectra. We may
notice that the occurrence of the Rh™* state in the Rh 3d spectra corresponds to the
occurrence of the Orn component located at 2.3 eV above Opa in the O 1s spectra.
Therefore, we can relate this oxygen peak to Rh".

The most possible interpretation of the Rh"* state is that it arises from
rhodium atoms or ions highly dispersed in the sputtered Rh-CeOx thin films having

lower valence compared to Rh**. Determining the nature and the oxidation state of
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the Rh"* specie is rather difficult but it will be discussed in more details in Section
4.3 which is focused on thermal stability of the Rh-CeOy films.

A comparison of the Rh"/Rh ratio in Figure 17 (c) shows that the relative
contribution of Rh"™* to Rh 3d decreases with the increasing concentration of rhodium
in deeper layers of the Rh-CeOx films. But the Rh™ concentration remains relatively
stable (though almost negligible) in the near-surface regions. The difference may be
caused by an inhomogeneity of the rhodium concentration. Figure 17 (d) shows a
ratio of Rh/Ce proportions obtained by HXPS (deep-laying regions) and XPS (near-
surface region) for all the Rh-CeOx films. The Rh/Ce was calculated as the ratio of
the Rh3ds, to Ce 3ds. photoelectron peak areas divided by corresponding
photoionization cross-sections [52].

We can see that the (Rh/Ce)nxps/(Rh/Ce)xps ratio equals approximately 1 for
the films doped with 3%, 5% and 9% of rhodium. It means that rhodium is relatively
evenly dispersed through these films. On the other hand, the (Rh/Ce)nxps/(Rh/Ce)xps
ratio for the Rh(1%)-CeOx and Rh(2%)-CeOx films is around 0.5. It means that the
concentration of rhodium at the near-surface area is higher compared to deeper layers
of the films. This result is in agreement with the work of Sayle et al. [117]. They
calculated that the Rh dopants in ceria would segregate at the surface and the

segregation would be stronger for lower concentrations of rhodium.
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Figure 18: (a) Size of CeO: crystallites in the Rh-CeOxy films estimated for samples
with different concentrations of rhodium, as well as the reference CeOx film (0%).
(b) The XRD diffraction pattern of the Rh(3%)-CeOx thin film. Blue circles mark
spots from the Si single crystal.
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Morphology of the Rh-CeOx films was investigated by X-ray diffraction
(XRD) and scanning electron microscopy (SEM). XRD diffraction patterns consisted
of weak diffractions rings and sharp spots. The rings can be assigned to CeO:
showing that cerium oxide thin films have a polycrystalline character. The spots
originate from the diffraction on the single crystalline silicon support. No signs of
rhodium-based compounds were found in the spectra.

The ring pattern became less clear with higher concentrations of rhodium.
The broadening and weakening of the CeO. diffraction peaks with higher
concentrations of rhodium were detected also by the scintillating detector. Figure 18
(@) shows a size of CeO; crystallites in the Rh-CeOy and CeOx films derived from the
diffractograms according to the Sherrer formula (2). The thin film of pure cerium
oxide is composed of approximately 6 nm large crystallites. When it is doped by
rhodium, the crystallites become gradually smaller with the increasing concentration
of the dopant. For concentrations higher than 5%, the diffraction peaks are already
hardly discernible. That is why these are only indicated by an arrow in Figure 18 (a).

SEM images of the Rh(1%)-CeOx and Rh(6%)-CeOx are displayed in Figures
19 (a) and (b), respectively. We can see that the surface of the film with 6% of
rhodium is almost completely flat while the surface of the film containing 1% of
rhodium is relatively rough. It shows signs of very small grains. This is consistent
with the interpretation of the XRD measurements.

If we summarize the results from XRD and SEM we may conclude that the
films with low concentrations of rhodium are polycrystalline but the films with

higher concentrations exhibit an amorphous character. The dependence of the film

150 nm 150 nm

Figure 19: SEM images of (a) Rh(1%)-CeOy and (b) Rh(6%)-CeOx.
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structure on the concentration of the dopant is a very important result because the
structure of the films and their surface morphology can significantly influence the
properties of the system which is demonstrated in Section 4.4.

Furthermore, we would like to point out an interesting difference between
doped and undoped cerium oxide films. Figure 17 (a) shows that Ce* ions are more
concentrated in the near-surface area compared to deeper layers of the CeOy film.
This is consistent with the literature [47]. However, the situation is opposite in the
case of the Rh-CeOx films. This difference may be caused by the presence of the Rh
atoms disrupting the CeO: structure (especially Rh™ judging from the comparison of
Figures 17 (a) and (c)).

Another reason for these differences may be the stoichiometry of the films.
We estimated the stoichiometries of all investigated films from the atomic
concentrations derived by XPS and plotted them into the Rh-Ce-O phase diagram
displayed in Figure 20. Red circles correspond to the studied Rh-CeOy thin films,
green circles to known phases of rhodium-cerium mixed oxides [40, 41], and blue

circles to the stable oxides. We can see that the studied Rh-CeOy thin films do not
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Figure 20: The Rh-Ce-O phase diagram.
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coincide with any known phase of rhodium-cerium mixed oxide, nor oxide. The
exception is Rh(3%)-CeOx whose stoichiometry is very close to RhyCe1.yO2.5
described by Gayen et al. [35]. The other films contain relatively more oxygen.

The Rh(3%)-CeOx is rather exceptional. We can see from Figure 17 that the
characteristics of the Rh(3%)-CeOx film slightly deviates from those of other Rh-
CeOx films. It resembles undoped cerium oxide more than other doped oxides. The
reason behind these differences is still unknown but one possible explanation is a
structure of the Rh-CeOx films. As was discussed above, the films with low
concentrations of rhodium have different structure than the films with higher
concentrations. The properties of these two types of films are also different. The
films containing approximately 3% of rhodium are in a kind of a transition state
between two Rh-CeOy film morphologies. Characterizing these films is not much
straightforward because the properties of both structures are mixed together.
Therefore, we focus more intensely on the Rh-CeOx films with lower or higher

concentrations of Rh.

4.3 Thermal stability of Rh-CeOy

Thin films of Rh-CeOx mixed oxides are investigated mainly from the
viewpoint of catalysis. The stability at elevated temperature and under various
conditions is one of the most important properties of the catalyst. Therefore, a special
attention was paid to the thermal stability of the Rh-CeOxy thin films under different
environments.

At first, we focus on the annealing of exsitu prepared films in the UHV
conditions. Figure 21 (a) shows the evolution of Rh 3ds, of Rh(6%)-CeOx with the
increasing temperature. The sample was heated continuously with a temperature
ramp of five degrees per minute and the Rh 3ds> region was measured approximately
every minute using the photon energy of 420.0 eV. After reaching temperatures of
473, 523, 580, 620 and 774 K, the sample was cooled down to the room temperature
(~ 300 K) and all regions were measured to check the state of the sample. The Ce 3d
spectra are plotted in Figure 21 (b). We can see that both rhodium and cerium
undergoes a reduction with increasing temperature.

Figure 22 shows an example of the Rh 3ds/, spectrum. It is composed of three

components which are marked as Rh%®, Rh"™ and Rh° All Rh3ds: spectra in
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Figure 21: (a) the Rh3 ds» region time scan of Rh(6%)-CeOx measured during
heating from 450 to 800 K at elevated temperature (blue), and (b) Ce 3d region of
Rh(6%)-CeOx measured after heating the sample at the marked temperature (red) and
after cooling down below 350 K (measured at SuperESCA, Elettra).

Figure 21 (a) were fitted by these three peaks. A development of their peak areas and
the binding energies are plotted in Figures 23 (a) and (b), respectively.

At 300 K, the Rh 3ds, spectrum consists of a main component at 309.4 eV
with a shoulder at 307.6 eV. According to the discussion in Section 4.2, the
component at 309.4 eV can be assigned to Rh®*. The peak at lower binding energy is
referred to Rh™. This configuration remains relatively stable up to 525 K. Above this
temperature, a new peak, Rh®, emerges in the Rh 3ds, spectra. A signal from Ce®*
ions becomes also more prominent in the Ce 3d spectra (Figure 21 (b)). Up to 625 K,
the area of the Rh3* peak continuously decreases, while the areas of Rh® and Rh"™
increase. Above 625K, the composition of Rh 3ds», spectra does not change
significantly. We can see that there are no signs of Rh®* and that the other peak areas
slightly decrease (Figure 22 (a)). There is also a noticeable sharpening of the Rh®

peak above 625 K (Figure 21 (a)). Furthermore, if we look at the Ce 3d spectrum at
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620 K plotted in Figure 21 (b) we can see that cerium is slightly re-oxidized and its
peaks appear narrower. After annealing to even higher temperature, cerium becomes
more reduced.

The interpretation of these data may be as following. When the Rh-CeOy is
annealed, some of its most labile oxygen species are released from their bonds. It
results in the reduction of Rh3" and Ce** ions. In the case of rhodium, Rh™ is formed
preferentially to Rh®. The temperature above 525 K is necessary to form Rh°. Rh°
shows signs of the coalescence at higher temperatures (the peak sharpening and the
intensity decrement). The binding energy of this component measured at the room
temperature was 307.1 eV which corresponds well to the value obtained for metallic
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Figure 22: Rh 3ds2 of Rh(6%)-CeOy at 575 K (measured at SuperESCA, Elettra).
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from 450 to 800 K (measured at SuperESCA, Elettra).
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rhodium [80]. Therefore, Rh® can be assigned to rhodium from the Rh particles
formed above 525 K. Rh™ species could be attributed to reduced rhodium atoms
dispersed in the ceria lattice. Above 625 K, all traces of Rh3" disappear as all Rh-O-
Ce bonds are decomposed. The released oxygen atoms can temporarily fill the
vacancies in cerium oxide, resulting in its partial re-oxidation. Further annealing
causes the reduction of cerium because the high temperature enhances the migration
of oxygen and weakly bound rhodium. As a result, rhodium particles grow bigger.

These results suggest that the Rh-CeOx thin film completely decomposes
above 625 K and rhodium and cerium oxide form separate phases. The concentration
of rhodium dopant does not change this fact; only the temperature necessary for the
decomposition of the films is different. Our measurements showed that the Rh-CeOx
films with lower concentrations of rhodium are more reducible and the temperature
needed for a complete decomposition is lower compared to the films with higher
concentrations of dopants (525 K for Rh(1%)-CeOy). The oxygen released from the
reduction of the Rh-CeOx films is spent either to reactions with surface contaminants
(the intensity of carbonaceous species in the C 1s spectra decreases), or the oxidation
of the substrate.

Another interesting feature of Figure 21 (a) is the apparent shift of the
Rh 3ds> peaks to lower binding energies in the temperature range between 300 and
625 K. The shift may reach up to 1.4 eV. This effect may be caused by an enhanced
conductivity of the Rh-CeOxy films at elevated temperature. It is consistent with the
work of Mizoguchi et al. [40] who reported a semiconductive character of the Rh-
CeOyx mixed oxide systems. An absence of this energy shift above 625 K suggests
some major modification of the material, such as the separation of rhodium and
cerium oxide phases discussed above.

Furthermore, we would like to point out the difference between thermal
stabilities of the films annealed in the ultra-high vacuum conditions and in the
atmospheric pressure. Figures 24 (a) and (b) show developments of Rh3*/Rh and
Ce3*/Ce ratios in Rh-CeOx films with 5 and 6% of rhodium. We can see that both
rhodium and cerium reduced when the sample was annealed in UHV. The reduction
of rhodium starts around 480 K. On the contrary, no reduction was observed when
heated in air and atmospheric pressure. The Rh-CeOx film is stable up to 800 K

which is a very important result from the viewpoint of catalysis.
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Figure 24: Evolution of the Rh**/Rh and Ce®"/Ce ratios for Rh(5%)-CeOx heated in
air and atmospheric pressure (red circles, measured at HEAP Lab, 5414.7 eV), and
Rh(6%)-CeOx heated in UHV (blue squares, measured at SuperESCA, 420.0 and
1256.0 eV).

Further discussion will deal with an influence of the interaction with the
substrate, or the surface adsorbates on the thermal stability of the Rh-CeOx films. In
order to avoid the influence of the adsorbates as much as possible, the Rh-CeOx films
were deposited and subsequently heated in UHV conditions. All treatment was
performed in situ (MSB, Elettra). The Rh-CeOyx films with 5% of rhodium were
deposited onto the SiO2 and Cu substrates. The reference CeOy thin films were
prepared in the same conditions. In order to estimate the effect of adsorbates on the
behaviour of the Rh-CeOx films, one sample prepared in UHV was exposed to the air
for 24 hours.

Figure 25 shows the evolution of the resonant enhancement ratio (9) during
subsequent heating of the Rh-CeOy and CeOx films supported by different substrates.
The samples were heated step by step from 300 K to 800 K. The photoelectron
spectra were acquired after cooling the samples down to the room temperature.
Corresponding Rh 3d spectra for Rh-CeOx supported by copper and silica are plotted
in Figures 26 (a) and (b), respectively. We can see from both graphs that before
heating, all rhodium was in the Rh®* state and the majority of cerium occupied the
Ce** state.

At first, we focus on the pure cerium oxide films, CeO,/Cu and CeOy/SiO:..
We can see from Figure 25 that the D(Ce3*)/D(Ce*") ratio for CeO«/SiOx is relatively
stable in the whole temperature range. A slight reduction can be noticed below
450 K. The changes in the O 1s and C 1s spectra (data not shown) indicate that this
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Figure 25: Evolution of the resonant enhancement ratio during subsequent heating in
UHV for the CeOx and Rh-CeOx thin films deposited onto the Cu and SiO:
substrates. The films marked by squares and circles were treated in situ, the film
marked by triangles was exposed to the air for 24 h prior to heating. The valence
band spectra were acquired using energies of 121.4, 124.8 and 115.0 eV (measured at
MSB, Elettra).

reduction is caused by surface contaminants desorbing from the surface at elevated
temperatures. The re-oxidation at around 600 K may result from an enhanced
migration of oxygen in the cerium oxide thin film. The situation is different for
CeOy/Cu. The trends of the D(Ce®*")/D(Ce*") ratios for CeOx/Cu and CeOx/SiO; are
very similar up to 600 K but in the case of CeOx/Cu, an intense reduction of cerium
occurs above 600 K. Judging from a significant increase of the Cu 2p intensity (data
not shown), the cerium oxide undergoes some major modifications in the
morphology of the film, such as a formation of three-dimensional particles.
Simultaneously, a massive amount of oxygen is released from the film causing the
reduction of cerium.

Rh-CeOx treated in situ exhibits similar trends of the resonance enhancement
ratio as CeOx. The only difference between the Rh-CeOy/SiO2 and CeO,/SiO films is
an initial offset of the D(Ce®*)/D(Ce*") ratios. We can see from Figure 25 that the
doped oxide contains more Ce3* ions than the pure cerium oxide. This difference can
be explained by a higher amount of structural defects in the Rh-CeOx films which

results in a higher occurrence of Ce®* ions, as was discussed in Section 4.2. Another
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Figure 26: Evolution of the Rh 3d spectra during subsequent heating in UHV for the
Rh-CeOxy thin films with 5% of rhodium deposited onto the (a) Cu and (b-c) SiO>
substrates (measured at MSB, Elettra). The films (a) and (b) were investigated in
situ. The film (c) was prepared in the same way as the film (b) but it was exposed to
the air for 24 h prior to heating.

reason for a higher degree of reduction of Rh-CeOx may be an influence of the
surface adsorbates. Traces of water and carbonaceous species were detected at all
samples. While pure cerium oxide is relatively inert to these adsorbates at low
temperature and pressure, Rh-CeOy is more reactive which leads to the release of
oxygen and the partial reduction of cerium.

In the case of Rh-CeOx deposited onto copper, a significant reduction of
cerium occurs at 400 K. It coincides with the reduction of rhodium and the formation
of Rh"™ which is apparent from Figure 26 (a). The decomposition of the Rh-O-Ce
bonds in the Rh-CeOy films supported by copper starts at 400 K. After the initial
reduction of Rh-CeOx/Cu at 400 K, the Ce*" concentration increases again (see
Figure 25). Simultaneously, the Rh™* intensity grows at the expense of Rh®*. It could
be explained by a further decomposition of the Rh-O-Ce bonds and the reduction of
rhodium. The released oxygen is spent for oxidizing some of the Ce®" ions. This
trend continues up to 650 K. At this temperature, the D(Ce®*")/D(Ce*") ratios for
CeOy/Cu and Rh-CeOy/Cu reach the same value. Simultaneously, Rh° state appears

in Figure 26 (a). These effects correspond to the total decomposition of the mixed
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oxide and the segregation of rhodium and cerium oxide into separate phases. These
phases are developed further with the increasing temperature. Rhodium forms larger
clusters, while cerium oxide releases its oxygen due to the high temperature,
similarly to CeOy/Cu.

We may notice that the Rh-O-Ce bonds in Rh-CeO,/Cu are decomposed at a
markedly lower temperature (400 K) than the same films deposited onto silica (Rh"™"
appears above 700 K). This disparity between the two systems is probably caused by
a different film-substrate interaction. It is well known that cerium and silicon form
cerium silicates in the oxygen rich environment [106, 118, 119]. In the case of
cerium oxide thin films supported by Si or SiO», the silicates are created due to the
migration of silicon atoms into the cerium oxide thin film [50, 104]. We observed the
migration of silicon and the formation of cerium silicates at elevated temperatures
also at the Rh-CeOx films. More details about this topic can be found in [113].
Nevertheless, it was reported that silicon-based compounds dispersed in cerium
oxide may prevent sintering of ceria and thus, enhance the thermal stability of the
systems [33]. It agrees well with the high thermal stability of the Rh-CeOy films
supported by SiOx.

On the other hand, cerium oxide is not bound strongly to the copper substrate.
The interaction between cerium oxide and copper is limited to few layers around the
interface [38]. At elevated temperatures, ceria is very mobile, its atoms migrate over
the copper substrate and build three-dimensional structures [93]. It is consistent with
the observed uncovering of the copper substrate at elevated temperatures and the
high reducibility of the Rh-CeOy supported by Cu.

We showed that the film-substrate interaction affects strongly the reducibility
and thermal stability of the Rh-CeOx films. Hereafter, we will discuss the influence
of the surface adsorbates. The Rh 3d spectra of subsequently heated Rh-CeO,/SiO>
treated in situ and exposed to the air before heating are compared in Figure 26 (b)
and (c), respectively. As was stated before, the temperature needed for decomposing
the Rh-O-Ce bonds, which is accompanied by the appearance of the Rh"* state, is
higher than 700 K for the film treated in the UHV conditions. However, the film
exposed to the air shows the signs of the decomposition at a significantly lower
temperature. Rh"" appears already at 450 K.

The subsequent heating of the Rh-CeOyx film causes further reduction of

rhodium. The formation of Rh"* is accompanied by the increase of the resonant
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enhancement ratio (Figure 25). Simultaneously, the C 1s signal from carbonaceous
species, mainly CO [76], decreases (data not shown). These effects can be interpreted
by the reaction of carbonaceous species adsorbed at the surface with oxygen released
from the Rh-O-Ce bonds. The most significant loss of the carbon intensity occurs
between 500 and 550 K. It coincides with the most distinct changes in the Rh 3d
spectra in Figure 26 (c), i.e. the emergence of the Rh° state. When Rh® appears, the
resonant enhancement ratio begins decreasing again. At 800 K, it reaches the value
similar to the pure cerium oxide film treated in situ. At the same point, there are no
traces of Rh**. It means that rhodium and cerium oxide segregated into separate
phases.

It is interesting to note that the carbonaceous adsorbates influence mainly
rhodium but have only a small effect on cerium. Also, we may notice that all Rh-
CeOx films converge to the same state, i.e. the decomposition of the mixed oxide
phase. The maximum temperature which can be achieved without decomposing the
mixed oxide differs in dependence on the film-substrate interaction. The influence of
the environment is also quite strong. The Rh-CeOx films are stable up to 800 K in the
oxidizing environment, such as air, but decompose readily due to the reactions with
reductants, e.g. CO. This information is very important for understanding the

behaviour of the films under reaction conditions.

4.4 Reactivity of Rh-CeOy

The reactivity of cerium oxide doped by rhodium principally differs from the
reactivity of rhodium particles supported by cerium oxide. In the case of the
supported Rh particles, reactions take place at rhodium because it provides
adsorption positions for the oxidizing, as well as reducing reactants. But in the case
of the doped oxide, the reductants adsorb at electron deficient sites, such as the
cations of the dopant, while oxidants adsorb at the electron rich oxygen vacancies in
their vicinity [98]. Therefore, it can be expected that the mechanisms for the same
reactions are different for doped oxides and supported particles. Furthermore, the
oxygen ions bound to the dopants are often very labile and thus, easily available to
the reactions [22, 36, 38]. The oxygen storage capacity (OSC) of the doped oxides is
often significantly higher than that of pure ceria [32].
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Figure 27: Comparison of CO: signals from CO+O, steady-state reactions on
Rh/CeO4©¥ (red; Rh particles supported by cerium oxide, 1 ML of Rh, 5™ reaction
cycle) and Rh(5%)-CeOx (blue; Rh-doped cerium oxide, 2" reaction cycle).
Constant background was subtracted from both curves.

The reaction experiments were focused on CO oxidation because it is a very
simple reaction suitable for probing the catalytic activity of the studied systems. CO
oxidation at cerium oxide supporting rhodium particles, Rh/CeOy, proceeds via the
Langmuir-Hinshelwood mechanism, as was discussed in Section 3. Both reactants,
oxygen and carbon monoxide, must first adsorb onto the Rh particle. Then, COags
and Oags can react forming CO2 which desorb immediately. At elevated temperature,
oxygen can be supplied from the ceria support by the reversed spillover which
enhances the oxidizing ability of the Rh/CeOx system.

In the case of cerium oxide doped by rhodium, Rh-CeOyx, CO oxidizes by
Mars-van Krevelen mechanism [98]. According to McFarland and Metiu [6], CO
reacts with a surface oxygen atom forming an Osurface-CO group. CO molecules bind
most strongly to oxygen atoms that are easiest to remove. These are the labile oxygen
species from the Rh-O-Ce bonds. The CO, molecules formed in this way desorb
easily from the surface, leaving behind an oxygen vacancy which is readily filled by
O.. The vacancy donates electrons to the adsorbed O2 molecule, weakening the O-O
bond. Therefore, O2 adsorbed at the vacancy site reacts readily with CO and forms
carbonate which decomposes to CO> and oxygen, healing the oxygen vacancy.

A comparison of the CO> curves from TPR steady-state reactions is shown in
Figure 27. It should be noted that a significantly higher noise in the signal of Rh-

CeOx was caused electronically, due to the different power supply used for heating
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the sample. We can see that the CO- signal is relatively constant up to 600 K and
increases at higher temperature on Rh-CeOyx. When the heating is switched off, the
signal is slowly decreasing until it reaches approximately the same intensity as at the
beginning of the reaction.

It is apparent that at low temperatures, the CO2 production is significantly
higher at Rh-CeOx compared to Rh/CeOx (see the arrows in Figure 27). It could be
taken as an evidence of different reaction mechanisms. While CO can oxidize on
Rh/CeOx only at higher temperatures because the adsorption positions for oxygen are
blocked by the CO molecules at low temperatures, the oxidation of CO at Rh-CeOx
can occur even at low temperatures via the Mars-van Krevelen mechanism.

At higher temperatures, both Rh-CeOyx and Rh/CeOy systems serve as very
good catalysts for CO oxidation. In the case of Rh-CeOy, the increased production of
CO. at higher temperatures compared to the low temperature region could be
explained by a thermal decomposition of the Rh-CeOx mixed oxide. This is
accompanied with a formation of small rhodium particles and a massive release of
oxygen which can be spent in the reactions.

The CO>/CO ratio can be considered as an indicator of the catalyst efficiency
for the oxidizing reactions. Therefore, we use it to compare the oxidizing ability of
the Rh-CeOxy films. Figure 28 (a) shows the CO2/CO parameter derived from three
consecutive TPR steady-state reactions for Rh-CeOy with different concentrations of
rhodium. The CO/CO ratios for the reference CeOx film and the Rh foil are also
included in Figure 28 (a). We can see that the CO,/CO ratio is generally higher in the
1%t TPR cycle and drops in the two following cycles. This difference is caused by
major modifications of the Rh-CeOx films during the first TPR cycle.

When the samples are heated in UHV for the first time, the films undergo a
thermal reduction, as was discussed in Section 4.3. Both cerium and rhodium ions
are reduced. The reactants do not significantly influence the reduction of the films
but they react with the weakly bound oxygen and surface contaminants which is
evident from a decrease of the C 1s signal, data not shown. The CO,/CO ratios from
the 2" and 3 TPR cycles are reproducible within the uncertainty of the
measurement indicating that the morphology of the films stabilizes during the first
reaction cycle and do not change noticeably in the following cycles.

Figure 28 (b) shows the Rh®**Rh parameter before the reactions, and after the

1%t and 3" TPR cycles. The decrease of Rh**/Rh signifies the reduction of rhodium.
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Figure 28: (a) CO./CO ratio for three consecutive TPR reaction cycles, (b)
development of Rh3*/Rh ratio derived from XPS measured before and after the
reactions for the Rh-CeOx samples with different Rh concentrations (1-9%), the
reference Rh foil (100%) and the reference CeOx film (0%). Rh*/Rh was calculated
as the ratio of the Rh®" area to the area of the Rh 3d region.

Reduced rhodium atoms create metal particles at elevated temperature. Silicon
substrate partially prevents the sintering but it is still evident from the XPS spectra.
Rh 3d peaks belonging to Rh° shift to lower binding energy which is a sign of the
formation of larger particles. This effect is most prominent for the sample Rh(2%)-
CeOx. It coincides well with dramatic changes of its parameters in Figure 28. We can
see that the reduction occurs most readily for Rh-CeOx films with low concentrations
of rhodium (1-2%).

The catalytic efficiency for the Rh-CeOx films with different concentrations
of rhodium is compared in Figure 29 (a). Green circles show the CO2/CO parameter
derived from the 2" TPR cycle for the sputtered films (0-9% of rhodium). The

purple circle corresponds to the Rh foil (100% of rhodium), and the orange circle
represent the Rh/CeO'® from the Section 3. The amount of rhodium in the

Rh/CeO®® sample was approximately 1 ML. In order to compare this sample with
the Rh-doped cerium oxide films, the rhodium concentration was estimated
according to equation (10) to approximately 13%.

The oxidizing ability of pure cerium oxide is negligible looking at the small
value of CO2/CO in Figure 29. That is because CO does not adsorb on pure cerium
oxide under our experimental conditions as was already shown in Section 3.4. When
ceria is doped by rhodium the CO oxidation ability increases rapidly with the

increasing concentration of rhodium, reaching the maximum at around 2%. This is a
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Figure 29: (a) Ratio of the total CO> signal to the total CO signal detected during the
2"Y TPR reaction cycle for the Rh(0-9%)-CeOx thin films (green), Rh/CeO4©¥
(orange) and the Rh foil (purple). (b) Concentration of oxygen vacancies in near-
surface region before (red) and after (blue) TPR reactions for the Rh(0-9%)-CeOx
thin films.

very good result considering a very low amount of rhodium in the system. We can
see that the CO oxidation ability of the Rh(1%)-CeOx and Rh(2%)-CeOx films is
significantly higher compared to that of the Rh foil (purple circle). For higher
concentrations of rhodium in the Rh-CeOxy films, the CO2/CO ratio drops below the
value measured for the rhodium foil. Decrease of the CO oxidation ability is
probably caused by the suppressed oxygen mobility in the Rh-CeOy films which will

be discussed later.

We can see from Figure 29 (a) that the Rh(2%)-CeOx and Rh/CeO'®®
samples have similar oxidizing ability (the values of the CO2/CO ratios are very
close) but the reaction mechanisms are different for both systems. Nevertheless, both
of these systems exhibit a noticeably higher oxidizing ability than pure rhodium or
pure cerium oxide. This clearly demonstrates the efficiency of the combined metal-
oxide catalyst.

There are two main factors determining the reactivity of the Rh-CeOy films.
The first is a number of active sites at the surface. It is defined by the structure and
the chemical composition of the surface area. The other factor, important especially
for oxidizing reactions, is the ability of the Rh-CeOy system to release the oxygen
and transport it from deeper layers to the surface area. It strongly depends on the
structure of the thin films.

First, we focus on the active sites at the surface of the Rh-CeOy films. It was

reported that the sites close to rhodium ionic dopant are active for the CO oxidation
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[10, 32, 40, 83, 88]. At elevated temperature, the metallic rhodium particles are
formed which also offer the active sites for CO oxidation [46]. Furthermore, the
oxygen vacancies are also very important for catalytic activity of doped oxides
because they can offer additional adsorption or reaction positions. They can be
monitored indirectly through the Ce 3d spectra. When oxygen is removed from
cerium oxide lattice, it leaves behind two electrons to maintain its charge neutrality.
These electrons are accommodated in the empty 4f states of cerium atoms in vicinity
of the oxygen vacancy, reducing two Ce*" ions to Ce3* [59]. Thus, Ce®* ions are
indicators of oxygen vacancies in cerium oxide.

If a low-valence metal dopant is present in cerium oxide, oxygen vacancies
are formed to maintain the charge neutrality and release the strain in the lattice
caused by modifications of bond lengths near the dopant [6, 15, 36, 103].
Additionally, oxygen vacancies may be formed in a direct vicinity of the dopant
because the oxygen atoms bound to the dopant are very labile and the oxygen
vacancy formation energy is very low [36, 38, 103]. In that case, the excess electrons
may be accommodated in the empty or partially filled states of the metal dopant apart
from the Ce 4f states [6]. Therefore, the Ce3* states are not the only indicators of
oxygen vacancies in doped cerium oxides. The dopants must be also taken into
consideration when estimating a number of oxygen vacancies.

Figure 29 (b) shows the concentration of oxygen vacancies in the near-
surface area before and after TPR reactions. Considering that one oxygen vacancy is
accompanied by two Ce*" or Rh® ions for balancing the charges [39], the
concentration of the vacancies was roughly estimated as a half the sum of Ce** and
Rh®" atomic concentrations in the Rh-CeOx films. The atomic concentrations of Ce®*
and Rh3* ions were derived from XPS: the atomic concentrations of cerium and
rhodium were weighted by relative concentrations of Ce3* and Rh** ions to the total
signal of cerium and rhodium, Ce3*/Ce or Rh**/Rh.

We can see from Figure 29 (b) that the concentration of oxygen vacancies
before the reactions increases with Rh concentration. As we showed before, cerium
oxide itself does not provide adsorption sites for carbon monoxide under our
experimental conditions. But rhodium is able to create the adsorption positions for
CO at the surface, whether it is in a form of a dopant or a particle. Small number of
rhodium can create only few of these positions. Higher concentration of rhodium

would result in more adsorption sites.
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However, Figure 29 (a) shows that the ability of the Rh-CeOxy films to oxidize
CO decreases with growing concentration of rhodium, from approximately 3%. It
coincides with the change of the oxygen vacancy concentrations before and after the
reactions plotted in Figure 29 (b). We can see that the number of vacancies increased
significantly after the reactions for the samples with the low concentration of
rhodium (1-2%). On the other hand, the concentration of vacancies remained almost
unchanged for the films with the higher amount of rhodium (3-9%). These results
can be explained by the different ability of the film to donate oxygen to reactions.
The films with the low concentration of rhodium release oxygen readily. On the
contrary, the migration of oxygen seems to be suppressed in the films with the higher
amount of Rh.

The transport of oxygen towards the adsorption sites is a very important
factor for surface reactions. Weakly bound oxygen species exhibit a very high
mobility through the ceria-based films [10, 21, 32, 112]. The migration process
involves the oxygen vacancies and thus, it is enhanced in defective cerium oxide
structure [10, 21, 26, 32, 47, 66, 120]. Their formation may be also boosted by the
increasing concentration of rhodium dopants which act as additional defects in the
ceria lattice. Grain boundaries are ideal paths for the oxygen transport [32, 47, 83].

According to Figure 18 (a), the crystal grains become gradually smaller with
the increasing concentration of rhodium as the films grow more and more
amorphous. The oxygen migration is probably suppressed by the amorphous-like
structure of the films. The oxygen TPR signal shows that only up to 8% of oxygen
from the molecular beam is spent for the CO oxidation. The majority of oxygen
consumed during the reactions originates from the Rh-CeOx films. Therefore, the
decrease of the CO2/CO production for the films with higher concentration of
rhodium is most probably caused by the insufficient transport of oxygen to the
surface area.

The participation of oxygen from the Rh-CeOx film in the CO oxidation is
also apparent from the XPS spectra. Figures 30 (a)-(c) show the O 1s, Rh 3d and
Ce 3d regions of the Rh(2%)-CeOx sample before, and after the TPR reactions. The
arrows in the graphs indicate the changes of spectral features. We can see that the
Orn and Oper components in the O 1s spectra (designated in Figure 15) decreased.
Furthermore, both cerium and rhodium became partially reduced. These effects can

be explained by the release of oxygen from the Rh-CeOx film.
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Figure 30: (a) O 1s, (b) Rh 3d, and (c) Ce 3d XPS spectra before (black and white)
and after (red and grey) the TPR experiments for Rh(2%)-CeOx.

The decrease of the Orn component and the partial reduction of rhodium and
cerium ions suggest that the oxygen from the Rh-O-Ce bonds is spent in the surface
reactions. The Oper component arises from the weakly bound and highly mobile
oxygen species in cerium oxide which signifies that these species also participate in
the reactions. The reduction of cerium and rhodium ions is caused by an
accommodation of the electrons left behind by oxygen released from bonding to the
neighbours [6, 39]. These results support the existence of the Rh-O-Ce bonds in the
sputtered ceria films doped by rhodium which was formerly reported for the Rh-
CeOyx mixed oxide systems prepared by chemical deposition methods [20, 35, 40,
42].

As was discussed above, the number of active sites at the surface and the
oxygen transfer from deeper layers to the surface area are very important for the
catalytic activity of the system. We showed that these parameters are strongly
dependent on the concentration of rhodium in the Rh-CeOy sputtered thin films. This
result is very interesting from the viewpoint of designing a catalyst with specific
properties. Reaching the desired properties can be achieved by tuning the
concentration of the Rh dopant in the cerium oxide thin film.
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5 Summary

The presented thesis reports on systems containing rhodium and cerium
oxide. Two types of systems were investigated by means of the photoelectron
spectroscopy and the temperature programmed reactions: (1) the rhodium particles
supported by the cerium oxide thin films (Rh/CeOy), and (11) the cerium oxide thin
films doped by rhodium (Rh-CeOy).

(1 Rh/CeOx

The systems consisting of the rhodium particles supported on cerium oxide
exhibited the electronic metal-substrate interaction. Our experiments with the
deposition of rhodium onto the cerium oxide support with various degrees of
reduction suggested that there is a charge transfer between the Rh particles and the
CeOxy support. The direction of the charge transfer depended on the degree of cerium
oxide reduction.

For CeOx with x between 2.00 and 1.93, the deposition of rhodium induced
the reduction of cerium ions Ce** to Ce®*. It is a result of an electron transfer from
the rhodium adatom to the cerium oxide support. On the contrary, the deposition of
rhodium onto cerium oxide with a higher degree of reduction (x between 1.93 and
1.67) caused a partial oxidation of cerium oxide. It can be interpreted by an electron
transfers from Ce®* to the Rh adatom, leading to oxidizing the Ce®*" ion to Ce** and a
build-up of the negative charge on the Rh deposit. These experimental results and

interpretations were supported by calculations based on the density functional theory

Reverse oxygen spillover Suppressed reverse oxygen spillover

20 nm

Rh/Ce0,(©9 Sio, Rh/CeO,(Red)

Figure 31: Schematic illustration of the reactivity of Rh/CeO®™ (1.93 < x < 2.00)
and Ri/CeO®*Y (1.67 < x < 1.93) at 500 and 800 K.
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performed by Dr Lucie Szabova.

Furthermore, we show that the electronic metal-support interaction has a
tremendous impact on the reactivity. The CO oxidation on the Rh/CeOy system is
illustrated in Figure 31 for Rb/CeO©® and Rh/CeOR*. These systems had different
types of the electronic metal-substrate interaction. The reactivity of both systems
differed at higher temperatures, around 800 K. At this temperature, the cerium oxide
films released a high amount of oxygen. The reverse oxygen spillover onto the Rh

particles was allowed on the Rh/CeO'©® system but was suppressed on Rh/CeORed

because of the net negative charge on rhodium. Therefore, the CO, production at

high temperatures was much higher on Rh/CeO®® compared to the Rh/CeORe?.

(M)  Rh-CeOx

Doping the cerium oxide thin films by rhodium had a tremendous impact on
their properties. The morphology and the oxidizing ability of the Rh-CeOx films with
various concentrations of rhodium are illustrated in Figure 32.

The CO oxidation on pure cerium oxide in the UHV conditions was
negligible because CO did not adsorb on the surface. Rh dopants provided adsorption
positions for the reactant. Therefore, all Rh-CeOx films exhibited the higher
oxidizing ability than pure cerium oxide. However, their properties strongly
depended on the concentration of the dopant.

The films with low concentrations of rhodium (1-2%) were composed of
small crystallites and exhibited a high reducibility and oxidizing ability. The
concentrations of the rhodium dopant was different in the near surface area and deep

laying regions due to the segregation of rhodium towards the surface. The chemical

Diffusion of oxygen Crystallites Amorphous film

CO
CO 0, co €O, p, . co €O,0,co CO; o,

20 nm

CeO, ® Rh(2%)-CeO,  Rh(s%)-CeO,  Rh(9%)-CeO,

Figure 32: Schematic illustration of the structure and reactivity of the Rh-CeOx films.
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states of rhodium also differed in dependence on the depth from the surface. While,
rhodium favoured the Rh3* state at the surface area, it was present in Rh®* and Rh™
states in the deeper layers of the films. The Rh"" species were assigned to highly
dispersed rhodium atoms or ions with a lower valency compared to Rh3*.

On the contrary, the Rh-CeOx films with higher concentrations of rhodium (3-
9%) are more or less homogeneous and amorphous. Their oxidizing ability is limited

because of the suppressed mobility of oxygen through the films.

We showed that it is possible to tune the properties of the rhodium-cerium
oxide based systems, both (1) and (i1), during their preparations. Altering the degree
of cerium oxide reduction before the rhodium deposition leads to establishing various
electronic metal-substrate interactions between rhodium and cerium oxide at
Rh/CeOx. On the other hand, the concentration of the rhodium dopant in the cerium
oxide thin film influences the oxygen mobility in Rh-CeOyx. We showed that these
effects have a tremendous impact on the oxidizing ability of the systems. We
consider these results very interesting because they can be useful for designing a

catalyst with desired properties applicable for specific reactions.
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Appendix A

Table Al: The list of the Rh/CeOx samples (the Rh particles supported by the cerium
oxide thin films).

Sample name Substrate Details of preparation

20 nm thick CeO; layer prepared ex situ by magnetron
sputtering in 4-10° mbar of Ar at 300 K, cleaned by

Rh/CeO™ Si(100) heating in UHV (640 K, 10 min) and exposure in O
(300 K, 5-10°® mbar). Resulting stoichiometry CeO1 os.
1 ML of rhodium evaporated in UHV at 300 K.

20 nm thick CeO; layer prepared ex situ by magnetron
sputtering in 4-10° mbar of Ar at 300 K, reduced in
UHV by a combination of heating (800 K) and ion
sputtering (1 pA, 25 min). Resulting stoichiometry
CeO1gs. 1 ML of rhodium evaporated in UHV and
300 K.

Rh/CeORed Si(100)

21 A thick CeO, buffer layer (Ce evaporated in situ in
5-107" mbar of O, at 520 K, 10 min post-annealing and
cooling in O,). Stoichiometry CeO;.9s. 0.97 ML of Rh
deposited in UHV at 300 K in 6 steps.

Rh/CeO1.g5 Cu(111)

21 A thick CeO, buffer layer (Ce evaporated in situ in
5-:107 mbar of O; at 520 K, 10 min post-annealing and

Rh/CeQ1 97 Cu(111) cooling in O,). Reduction by 3 min of Ce evaporation
in UHV. Resulting stoichiometry CeO197. 0.49 ML of
Rh deposited in UHV at 300 K in 5 steps.

23 A thick CeO, buffer layer (Ce evaporated in situ in
5-10"" mbar of O at 520 K, 10 min post-annealing and

Rh/CeO1 97 Cu(111) cooling in O,). Reduction by 5 min of Ce evaporation
in UHV. Resulting stoichiometry CeO1¢7. 0.62 ML of
Rh deposited in UHV at 300 K in 5 steps.

19 A thick CeO, buffer layer (Ce evaporated in situ in
5-:107 mbar of O; at 520 K, 10 min post-annealing and

Rh/CeQ1 .93 Cu(111) cooling in O,). Reduction by 7 min of Ce evaporation
in UHV. Resulting stoichiometry CeO;93. 0.47 ML of
Rh deposited in UHV at 300 K in 5 steps.
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Rh/CeO1.92

Cu(111)

19 A thick CeO, buffer layer (Ce evaporated in situ in
5-107 mbar of O; at 520 K, 10 min post-annealing and
cooling in O2). Reduction by 10 min of Ce evaporation
in UHV. Resulting stoichiometry CeO19,. 0.74 ML of
Rh deposited in UHV at 300 K in 5 steps.

Rh/CeO1.90

Cu(111)

18 A thick CeO, buffer layer (Ce evaporated in situ in
5-107" mbar of O at 520 K, 10 min post-annealing and
cooling in O2). Reduction by 12 min of Ce evaporation
in UHV. Resulting stoichiometry CeO1.90. 0.88 ML of
Rh deposited in UHV at 300 K in 6 steps.

Rh/CeO1.87

Cu(111)

19 A thick CeO, buffer layer (Ce evaporated in situ in
5-107 mbar of O; at 520 K, 10 min post-annealing and
cooling in O2). Reduction by 13 min of Ce evaporation
in UHV. Resulting stoichiometry CeO;g7. 0.53 ML of
Rh deposited in UHV at 300 K in 5 steps.

Rh/CeO1.82

Cu(111)

19 A thick CeO, buffer layer (Ce evaporated in situ in
5-107" mbar of O, at 520 K, 10 min post-annealing and
cooling in O2). Reduction by 13 min of Ce evaporation
in UHV. Resulting stoichiometry CeO;s,. 0.65 ML of
Rh deposited in UHV at 300 K in 5 steps.

Rh/CeOl,sl

Cu(111)

20 A thick CeO, buffer layer (Ce evaporated in situ in
5-:107 mbar of O; at 520 K, 10 min post-annealing and
cooling in O2). Reduction by 15 min of Ce evaporation
in UHV. Resulting stoichiometry CeO;s:. 0.40 ML of
Rh deposited in UHV at 300 K in 4 steps.

Rh/CeO167

Cu(111)

19 A thick CeO, buffer layer (Ce evaporated in situ in
5-10"" mbar of O, at 520 K, 10 min post-annealing and
cooling in O2). Reduction by 30 min of Ce evaporation
in UHV. Resulting stoichiometry CeO167. 0.70 ML of
Rh deposited in UHV at 300 K in 6 steps.
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Table A2: The list of the Rh-CeOx samples (the cerium oxide thin films doped by
rhodium).

Sample name Substrate Details

20 nm thick Rh-CeO. layer prepared ex situ by
magnetron sputtering from the composite target in
4-10° mbar of Ar at 300 K. Concentration of
rhodium varied from 1 to 9%. 60 nm thick SiO; layer
achieved by annealing the Si crystal in air at 1430 K
for 5 min (annealing rate 60 K-min).

Rh-CeOx  SiO2/Si(100)

6 nm thick Rh-CeO layer prepared in situ by
magnetron sputtering from the composite target in
6:10° mbar of Ar at 300 K. Layer contained 1 and
5% of rhodium. 60 nm thick SiO; layer achieved by
annealing the Si crystal in air at 1430 K for 5 min
(annealing rate 60 K-min®).

Rh-CeOx SiO2/Si(100)

6 nm thick Rh-CeO, layer prepared in situ by
magnetron sputtering from the composite target in
6:10° mbar of Ar at 300 K. Layer contained 1 and
5% of rhodium. 60 nm thick SiO layer achieved by
annealing the Si crystal in air at 1430 K for 5 min
(annealing rate 60 K-min).

Rh-CeOx Cu
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Table A3: The list of the cerium oxide thin films doped by F, Si, Au, and Cu.

Sample name

Substrate

Details

F-Cer

Cu(111)

22 A thick CeO> layer (Ce contaminated by fluorine
evaporated in situ in 5-107 mbar of O, at 520 K,
10 min post-annealing and cooling in Oy). 11% of
fluorine.

Si-CEOx

Si(100)

3 nm thick CeO; layer prepared ex situ by magnetron
sputtering in 4-10° mbar of Ar at 300 K. Si-doping
resulted from migration of Si atoms from substrate to
CeO; layer.

Au-CeOx

C/SiO2/Si(111)

4 nm thick Au-CeO; layer prepared ex situ by a
combination of magnetron sputtering from the CeO;
target in 5-10° mbar of Ar and simultaneous
evaporation of Au at 300 K. Layer contained 5% of
gold. 30 nm thick carbon film prepared by magnetron
sputtering from graphite target in 6:10° mbar of Ar at
300 K. 60 nm thick SiO; layer achieved by annealing
the Si crystal in air at 1430 K for 5 min (annealing
rate 60 K-min).

Cu-CeOx

Si0,/Si(100)

25 nm thick Cu-CeO. layer prepared ex situ by
magnetron sputtering from the composite target in
4-10° mbar of Ar at 300 K. Layer contained 8% of
copper. 60nm thick SiO, layer achieved by
annealing the Si crystal in air at 1430 K for 5 min
(annealing rate 60 K-mint).
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We have investigated the impact of electronic metal-support interaction on catalytic properties of
Rh/CeOy system, i.e. its capacity for the reverse and direct oxygen spillover, in the context of CO oxidation.
The studies were carried out on two types of samples consisting of Rh particles supported on polycrys-
talline nearly stoichiometric and partially reduced cerium oxide films using temperature programmed
reaction, temperature programmed desorption, and conventional X-ray and resonant photoelectron spec-
troscopies. We have found that the electronic Rh-CeOQy interaction leads to a buildup of a net positive
charge on Rh particles supported on stoichiometric cerium oxide, and a net negative charge on Rh parti-
cles on reduced cerium oxide. The effect of the Rh-CeOy interaction is manifested in suppression of the
reverse and direct oxygen spillover on Rh particles supported on partially reduced ceria.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Ceria based catalysts possess unique catalytic properties that
arise from the oxygen storage capacity of cerium oxide [1-3]. In
the systems containing small noble metal particles dispersed on the
reducible cerium oxide, the release of lattice oxygen proceeds via
the reverse spillover of activated oxygen species onto the surfaces of
supported metal particles [4-6]. Spillover of active species between
the metal and the support is considered to be of a paramount
importance in heterogeneous catalysis [7]. The reverse oxygen
spillover, in particular, plays an important role in preventing car-
bon poisoning of the noble metal particles and controlling oxidation
reactions [4,6]. The evidence for the reverse oxygen spillover has
been obtained on Rh, Pd, and Pt particles supported on cerium oxide
[6,8-13]. For example, the reverse oxygen spillover is responsible
for depletion of oxygen in the ceria near-surface region [5,6,12-14],
oxidation of adsorbed CO without carbon formation on Rh/CeO,
[4], oxidation of Pd particles upon annealing of Pd/ceria-zirconia
layer above 500K [9], CO formation during C;H4 decomposition on
Rh/Ce0, [10],and removal of carbon on Pd/CeO, [11],Rh/CeO, [12],
and Pt/CeO, [13].

* Corresponding author. Tel.: +420 733 514 434; fax: +420 284685095.
E-mail address: klarak.sevcikova@seznam.cz (K. Sevéikova).
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Furthermore, Bunluesin et al. [8] showed that the controlling
factor of the oxygen reverse spillover in ceria based systems is the
structure of the cerium oxide rather than the choice of a catalyt-
ically active metal. This is consistent with lowering the energy of
oxygen vacancy formation for systems containing CeOx nanostruc-
tures and rough surfaces compared to the highly ordered CeO,
systems [6,14,15]. Polycrystalline cerium oxide shows high oxygen
mobility through the material and therefore, provides a suitable
substrate for studying the effects of the oxygen reverse spillover
[14].

The stoichiometry of cerium oxide, specifically the degree of
its reduction, is yet another factor that may influence catalytic
properties of supported catalysts. The electronic metal-support
interaction (EMSI) and associated charge transfer between the
oxide and the supported metal particle can be employed to tune
the electronic and catalytic reactivity of the metal/oxide cata-
lyst [16,17]. Amazingly, the direction of charge transfer can be
altered by simply changing the stoichiometry of the oxide before
depositing of metal particles. The most relevant and widely stud-
ied example in the literature is Au particles supported on reducible
TiO,(110) substrate [17-19]. In this system, the charge transfer
from Au particles into the support causes the reduction of titanium
oxide and positive net charge on Au particles supported on stoichio-
metric TiO2(1 10). In contrast, charge transfer from the support to
the metal particles leads to re-oxidation of titanium oxide and neg-
ative net charge on Au particles supported on reduced TiO;_,(1 1 0).
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The charge transfer from the metal particles to the support
has been also identified in several systems containing metal par-
ticles supported on well-ordered stoichiometric CeO,(11 1) films:
Pt/CeO, [6,16], Pd/CeO; [20,21], Au/CeO, [22], Ag/CeO, [23], and
Cu/CeO, [24]. However, fewer studies exist on the effects of metal
deposition onreduced CeO,_y surfaces [24]. Apart from the systems
listed above, Rh/CeO, has not been yet investigated with respect to
the EMSI between Rh particles and cerium oxide substrate.

Rh/Ce0, is well studied system in the variety of chemical reac-
tions, however, a clear relation between its catalytic properties and
the charge transfer phenomena arising from the EMSI has never
been established for this system.

In the current paper we study the impact of the EMSI on catalytic
properties of Rh/CeO, system, in particular, on the reverse and direct
oxygen spillover between Rh particles and the ceria support during
CO oxidation.

Catalytic oxidation of carbon monoxide is often used to char-
acterize the properties of catalytic systems [25-27], especially
those related to the metal particle size [27-32] and the electronic
metal-support interaction [18,32]. The influence of the degree of
ceria reduction on the reactivity of the noble metal particles toward
CO is the most prominent for Rh. It was reported that the amount of
dissociated CO increases considerably on Rh particles deposited on
reduced ceria [2,12]. Stubenrauch and Vohs [12] estimated that as
much as 62% of the adsorbed CO underwent dissociation on Rh par-
ticles supported on partially reduced CeOy in contrast to only 14%
on Rh particles on nearly stoichiometric CeO,. Unlike on Rh/CeO,,
the degree of ceria reduction has no effect on the extent of CO dis-
sociation on Pd or Pt particles supported on cerium oxide [11,33].
Clearly, the interaction of ceria with Rh is different from that with
Pd or Pt. Mullins and Overbury [2] hypothesized that Rh particles
could withdraw charge from Ce3* sites. The authors suggested that
Rh could be slightly anionic, thus promoting dissociation of the C—0
bond.

In the current paper, we will first demonstrate that EMSI results
in the charge transfer between Rh and ceria support and that
the direction of this charge transfer depends on the degree of
ceria reduction. Next we will show that both reverse and direct
oxygen spillover are facile on Rh supported on nearly stoichio-
metric ceria but substantially suppressed when Rh is supported
onreduced ceria. For this purpose, we have combined the tempera-
ture programmed reaction (TPR) study with the X-ray and resonant
photoelectron spectroscopy measurements (XPS, RPES).

2. Materials and methods

Two types of samples comprising Rh particles supported on
nearly stoichiometric (A) and partially reduced polycrystalline (B)
cerium oxide films have been used to study the Rh—CeOy interaction
and its influence on CO oxidation under steady-state and CO reac-
tion with oxygen pre-exposed surfaces. Thin films of polycrystalline
cerium oxide have been deposited by magnetron sputtering of CeO,
target (99.99%, Lesker) ex situ either onto a clean polycrystalline
oxygen-free copper foil (99.9%, Goodfellow) or a single crystalline
Si(100)wafer covered by a natural oxide. During one sputtering (Ar
plasma, 6 x 10-3 mbar, 50 W, deposition rate ~1nmmin~!), sev-
eral samples with same specifications were prepared, which were
subsequently used for various types of experiments. The atomic
force microscope (AFM) measurements showed that the thickness
of the cerium oxide films was approximately 30 nm. The grain size
in the ceria films supported on Si(100) was between 5 and 20 nm.
The surface roughness in the direction of the surface normal was
about 3 nm. Thus, the morphology of as prepared films resembled
the structure of cerium oxide substrates on which the reverse oxy-
gen spillover was found facile [14].

Cerium oxide substrates labeled (A) were used as prepared, i.e.
without any further cleaning. Substrates for the samples (B) were
cleaned by a combination of soft Ar* ion sputtering at 300 K (500 eV,
1 wAcm~2, 25min) and annealing to 800 K. This procedure caused
considerable reduction of the oxide [34].

The Ce 3d spectra were fitted with five doublets using the Voigt
profile after a subtraction of Shirley background [35]. The detailed
description of the fitting procedure along with the list of fitting
parameters is available in Supplementary material. The stoichiom-
etry of CeOy films was determined from the contribution of Ce3*
states to the total signal (Ce3* + Ce**) from Ce 3d spectra. The sto-
ichiometries of the cerium oxide substrates (A) and (B) prior to
Rh deposition were CeOq g5 and CeO 7g, respectively, if not stated
otherwise.

Subsequently, similar amounts of Rh were deposited onto all
(A) and (B) substrates by means of physical vapor deposition from
an Rh wire (99.9%, Goodfellow) at 300 K in situ. Because of the very
low depositionrate (~1 nm h~1), rhodium was evaporated in 1 min-
cycles with 1 min-breaks to prevent heating the substrate. The
amount of deposited Rh was calibrated by means of an oscillating
quartz microbalance and by XPS. The samples used in temperature
programmed desorption (TPD) and reactions (TPR) experiments
contained Rh amount equivalent to approximately 1 monolayer
(ML) of Rh. The samples for the study of Rh-CeOy interaction
were prepared in five consecutive steps and the total Rh thickness
was equivalent to 0.6 ML. Total pressure during Rh deposition was
always lower than 3 x 10~2 mbar.

The samples used for the studies of Rh-CeOy interaction, TPD,
and TPR during the reaction of CO with oxygen pre-exposed sam-
ples have been prepared on copper foil. The samples used for the
TPR under steady-state conditions were prepared on silicon wafers.

The Rh interaction with both CeOy substrates (A) and (B) was
studied at the Materials Science Beamline at the Elettra synchrotron
radiation source in Trieste, Italy. The experimental ultra-high
vacuum (UHV) chamber with a base pressure ~10-19 mbar was
equipped with a Specs Phoibos 150 hemispherical electron ana-
lyzer, a dual-anode Mg/Al Ka X-ray source, an Ar* sputter gun, an
Rh evaporator, a gas inlet, and a sample heating and cooling sys-
tem. The Ce 3d core levels discussed below were acquired with Al
Ka radiation (1486.6eV). Valence band spectra were acquired at
three different photon energies, 121.4, 124.8, and 115.0eV. These
energies correspond to the resonant enhancements in Ce3*, Ce%*
ions, and to the off-resonance conditions, respectively. Analysis of
the spectra obtained with these photon energies is the basis of RPES
[36]. The Ce3* resonance at photon energy 121.4eV is caused by a
super Coster-Kronig decay involving electron emission from Ce 4f
states located about 1.4eV below the Fermi level. The Ce** res-
onance at photon energy 124.8 eV involves emission of the O 2p
electrons (hybridized with Ce states) from the valence band around
4.0eV. The valence band spectrum measured at photon energy
115eV is used as a background for calculating the intensity differ-
ence between the corresponding features on- and off-resonance,
denoted as the resonant enhancements for Ce3* (DCe3*) and Ce?#*
(DCe**). The resonant enhancement ratio DCe3*/DCe?*, is a direct
measure of the degree of ceria reduction.

The valence band spectra were acquired at the emission angles
of 0° and Ce 3d spectra at 20° with respect to the surface normal.
The valence band spectra were normalized to the incident photon
flux. The total spectral resolutions achieved were 1 eV (Al Ka) and
150meV (hv=115-125eV).

Series of TPD and CO oxidation TPR experiments were per-
formed in an UHV chamber at the Department of Surface and
Plasma Science in Prague. The chamber was equipped with a dual-
anode Mg/Al Ko X-ray source, an Omicron EA 125 hemispherical
electron analyzer, an Ar* sputter gun, an Rh evaporator, a molecu-
lar beams system, a quadrupole mass spectrometer (QMS) Leybold
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Inficon 2000, and a system for a temperature regulation. The QMS
was mounted in a differentially pumped chamber connected to the
experimental chamber by a 3 mm orifice. Samples were positioned
opposite to the orifice within a defined distance. The base pressure
was in 10~19 mbar range.

Prior to each TPD cycle, samples were exposed to a saturation
dose of CO (10L) at 300 K. The following TPD spectra were recorded
between 300 and 800 K. The temperature was ramped at 1Ks~1.

The COreaction with oxygen pre-exposed samples involved pre-
exposure of the sample to 30 L of O, at 440K, setting up the reaction
temperature and exposing the sample to the molecular beams of
CO. XPS measurements were performed to characterize changes in
the chemical state of the sample induced by the TPR experiments.
The Ce 3d core level spectra were acquired at an emission angle
of 0° using Al Ka X-ray source (total resolution 1eV). The ratio
of Ce3*/Ce** spectral contributions to Ce 3d spectra was used to
quantify the degree of ceria reduction.

The steady-state reaction experiments were executed as
follows. Molecular beams of CO and O, at the intensity of
5 x 1012 molecules cm~2 s~! were directed onto the sample kept
at 300K. Next, the sample temperature was increased linearly
to 800K, and heating was switched off at that temperature.
Immediately after this, the sample was cooled down to 300K
under continuous exposure to molecular beams. This procedure is
regarded as a single reaction cycle.

The partial pressures of the reflected molecular beams (CO, O,)
or reaction products (CO, ) were monitored by the QMS during both
steady-state experiment and CO reaction with pre-exposed sam-
ples. The temperature was measured by a K-type thermocouple
and registered by the analog port of the QMS.

3. Results and discussion
3.1. Electronic metal-support interaction

Interaction of Rh particles with CeOy substrates was studied as
a function of the degree of ceria reduction. Rhodium was deposited
in five consecutive steps onto nearly stoichiometric (CeOqgs5, A)
and partially reduced (Ce0O;.79, B) substrates at 300 K. Develop-
ments of the degree of ceria reduction determined by means of RPES
(DCe3*/DCe*")and XPS (Ce3*/Ce**) during Rh deposition are plotted
in Fig. 1. Both parameters, DCe3*/DCe** and Ce3*/Ce**, show simi-
lar trends and can be used independently to estimate the reduction
degree of the ceria surface.

Evolution of both DCe3*/DCe** and Ce3*/Ce** parameters during
Rh deposition reveals striking difference between two samples (A)
and (B). Both parameters increase in parallel during Rh deposition
on sample (A) but decrease on sample (B). This behavior suggests
that Rh deposition induces reduction of cerium oxide on sample (A)
and re-oxidation of cerium oxide on sample (B).

Reduction of ceria by deposited metal has been reported earlier
for Pt/CeO, [6], Pd/CeO, [20,21], Au/CeO, [22], and Cu/Ce0, [24]
systems. The extent of ceria reduction induced by these metals
is comparable to that observed on Rh/CeOx (A) sample. There-
fore, we assign reduction of cerium oxide upon Rh deposition
on sample (A) to the electronic metal-support interaction and
associated charge transfer from Rh particles to ceria. According
to Vayssilov et al. [6] the electron transfer from metal cluster
and formation of Ce3* is facilitated by a small energy difference
between the highest occupied levels in metal and empty Ce 4f
states. This view is corroborated by Pfau et al. [37], who derived a
nonzero overlap between Rh 4d and Ce 4f orbitals on Rh/CeO,(111)
system. The charge transfer from Rh to CeO, has been also pre-
dicted by Lu and Yang [38] based on density functional (DF)
calculations.
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Fig. 1. Evolution of the degree of ceria reduction during Rh deposition onto CeOy
films (A) (aand b) and (B) (c and d) as determined from XPS, Ce3*/Ce**, (a and c) and
SRPES, DCe3*/DCe**, (b and d).

Re-oxidation of cerium oxide upon Rh deposition on sample (B)
is rather unusual. Since Rh deposition has been performed in situ
and under UHV, presence of molecular oxygen in the chamber can
be ruled out. Small amount of water is usually present in the cham-
ber but it would not cause any detectable re-oxidation of reduced
cerium oxide at 300K [39,40]. The re-oxidation of reduced cerium
oxide due to transport of oxygen from deeper and more oxidized
layers toward more reduced surface is well known effect [4] but it
does not play an important role during Rh deposition at room tem-
perature. The extent of oxygen migration at 300K is very low and
it would not explain the differences between the samples (A) and
(B) discussed in further chapters. Moreover, we did not observe
any significant changes in O 1s regions (data not shown). There-
fore, re-oxidation of reduced cerium oxide (B) has to be induced
by the interaction with rhodium which is different from that dis-
cussed for the sample (A). The nearly stoichiometric cerium oxide
(A)is terminated with 02~ layer while the partially reduced cerium
oxide (B) surface contains exposed Ce3* ions. Rhodium can thus
interact directly with cerium ions (Rh-Ce), unlike on stoichiomet-
ric cerium oxide (A) where Rh and Ce is separated by an oxygen
layer (Rh—0—Ce).
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The Rh-Ce interaction on the Rh/CeOy (B) samples is evident
from our measurement of the valence band region (see Fig. S3
in Supplementary Information). The interaction between Ce and
Rh atoms induces partial transfer of the electron density from
Ce 4f to Rh 4d state. The decreasing occupancy of Ce 4f state
can be clearly seen from both, RPES measurements of valence
band (Fig. 1(c)), and from Ce 3d core level measured by XPS
(Fig. 1(d)). The partial charge transfer from Ce3* to Rh results in
a buildup of a negative charge on rhodium. Mullins and Over-
bury [2] hypothesized that Rh particles could withdraw charge
from relatively electron rich Ce3* sites making Rh slightly anionic
on reduced substrate. This assumption complies with the DFT
calculations of Yang et al. [41], who predicted formation of the
gap states (mixed Rh 4d with O 2p) capable of accommodation
of the electrons left upon removal of oxygen from cerium oxide.
Therefore, the observed re-oxidation of reduced cerium oxide
might be caused by a charge transfer from the support to the Rh
particles similar to Au/TiO,(110) [18,19] and Cu/CeO, [24] sys-
tems.

The difference between two samples (A) and (B) is also apparent
from the development of Rh 3ds), core levels (Fig. S1). The cor-
responding Rh 3ds;, peaks emerge at 308.1eV (sample (A)) and
307.7 eV (sample (B)) after first deposition step and gradually shift
to 307.5eV and 307.1 eV, respectively, with increasing Rh coverage.
The downward shift of binding energy on both samples is consis-
tent with formation of small Rh particles and their growth during
Rh deposition [28]. Despite the same amounts of rhodium were
deposited at each step on both samples, Rh 3ds, binding energy is
systematically lower on the sample (B) and it is also slightly lower
than the value reported in the literature for bulk Rh (307.2eV)
[42]. The offset of the Rh 3ds;, binding energy between samples
(A) and (B) after the last Rh deposition was 0.4eV. Although the
metal particle morphology can influence binding energy of core
level peaks, as in the case of Au nanoparticles [43], this should
not apply for Rh/CeOy. Zhou et al. [44] reported that the mor-
phology of Rh particles was nearly independent of the degree of
ceria reduction. Therefore, the reason for the binding energy offset
between the two samples should not be related to the particle size
but rather to a difference in effective charges on rhodium. Higher
binding energy of Rh 3d peaks can be explained by the charge
transfer from rhodium to cerium oxide on the sample (A). On the
contrary, lower binding energy of Rh 3d is in agreement with a
buildup of net negative charge on rhodium in the case of the sample
(B).

The alternative explanation of the observed development on the
sample (B) upon Rh deposition could be formation of Ce-Rh alloy.
For instance, re-oxidation of reduced cerium oxide upon deposition
of palladium at 300K on mixed Ga—Ce—0O and Sn—Ce—O oxides
has been reported by Skala et al. [20]. The authors explained the
observed effect by formation of Pd-Ga and Pd-Sn alloys. Forma-
tion of various alloy phases has been also reported for Rh/CeO,
system during reductive treatments above 723 K[45]. The low bind-
ing energy of Rh 3d has been observed by Berg and Raaen [46]
upon formation of a Rh-Ce mixed phase. The shift of Rh 3d core
level by 0.4eV to lower binding energy has been also explained
by the formation of Rh-Ce alloy upon deposition of metallic Ce
on Rh(110) at 300K [47]. However, based on the thermodynamic
considerations and Gibbs energies for CeO,, Ce,03, and Rh-Ce
alloys (CesRhy, CeRh,, CeRh3), the reactions between rhodium and
reduced ceria resulting in re-oxidation of ceria and formation of
any Rh-Ce alloy are not favorable under the current experimental
conditions.

Therefore we assume that the charge transfer from the partially
reduced cerium oxide to supported Rh particles yields partial re-
oxidation of reduced cerium oxide and net negative charge on Rh
particles.

Rh/CeO_ (A)

Intensity

Rh/CeO, (B)

co

........................

T T T T T T T T T T T
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Fig. 2. CO (solid line) and CO; (dotted line) TPD spectra following adsorption of 10L
of COonRh/CeOy (A) and Rh/CeOy (B) at 300 K. The linear background was subtracted
from all spectra. Spectra were offset for clarity.

3.2. Influence of electronic metal-support interaction on CO
adsorption

We have performed TPD study of CO adsorption and desorption
on both samples Rh/CeOx (A) and (B). Development of CO and CO,
on both samples was compared to the results obtained on Rh/CeOy
systems prepared on single crystalline [12,14] and well-ordered
thin cerium oxide substrates [2,33].

CO desorption spectra along with the yield of CO, are plotted in
Fig. 2. CO desorbs in two peaks: the broad double peak structure
with distinct maxima at about 400 and 470K and a sharp peak
at 680K (sample A). The double peak is associated with molec-
ular CO adsorption. The positions of low temperature maxima,
400 and 470K, are similar to these reported for Rh particles sup-
ported on single crystalline (about 410, 480K) [12], amorphous
(410, 480K) [4], and polycrystalline CeO, (400, 500K) [14], as well
as on Rh(110) (about 420, 480K) [48], and Rh(1 1 1) single crystals
(410, 500K) [49]. It is noteworthy that the double peak maxima
appears at higher temperatures, at about 475 and 540K, respec-
tively, on Rh/CeOy (B) (see Fig. 2).

The shift of the double peak to higher temperatures cannot be
explained by the presence of any co-adsorbates such as oxygen or
carbon. On the contrary, both co-adsorbed oxygen [50] and carbon
[51] on Rh single crystal surfaces shift CO desorption peak to lower
temperature.

The origin of the peak at 680K is associated with the recombi-
native CO desorption [12]. Dissociation of CO on Rh/CeOy is well
documented in the literature [2,12,14]. It is noteworthy that the
high temperature CO desorption peak was absent on the Rh sup-
ported on well-ordered CeO,(11 1) films [33]. The fraction of the
dissociated CO molecules strongly depends on the degree of ceria
reduction [14]. The intensity of this high temperature peak rela-
tive to the low temperature peak is markedly higher on sample
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(B) as compared to sample (A). It is also shifted to 700 K. However,
the difference between desorption temperatures of the recombined
CO on samples (A) and (B) is not as substantial as that between
molecularly adsorbed CO.

Higher desorption temperature of molecular CO from the sam-
ple (B) corroborates the hypothesis of the charge transfer from Ce3*
to Rh discussed in Section 3.1. According to Blyholder [52], the neg-
ative charge on Rh particle increases the CO—metal bond strength.
The additional effect of the negative charge on the rhodium is
weakening of the C—0 bond [52]. This explanation has been earlier
invoked by Mullins and Overbury [2] to explain enhanced CO dis-
sociation on Rh/CeOy. Most likely, the hybridization and the charge
transfer between Ce 4f and Rh 4d states leads to alteration of the
electronic structure of Rh 4d band that in turn affects catalytic
properties of Rh particles.

Considerable amounts of CO, were formed in parallel to the CO
desorption on sample (A) (see Fig. 2). Two CO, desorption peaks
are well resolved at 410 and 680 K on sample (A). It is important to
note that the desorption of CO, has been observed on Rh supported
on thin cerium oxide films [3,4,33] but not on the Rh supported on
bulk ceria single crystals [12]. The CO, peak at 410K was inter-
preted as the reaction product of molecular CO with the lattice
oxygen provided by cerium oxide [33]. Because CO can adsorb in the
used partial pressures only on rhodium, not on cerium oxide, the
onset of CO, formation would indicate the beginning of the oxygen
reverse spillover on Rh/CeOy. Since CO, formation starts slightly
above 300K on sample (A), the polycrystalline cerium oxide sub-
strate appears more reactive than, for example, amorphous cerium
oxide films prepared by spray pyrolysis [4]. The second CO, desorp-
tion peak at 680 K coincides with the recombinative CO desorption
peak from sample (A). It is likely that a fraction of dissociated CO
recombines with spilled over oxygen on Rh. Note that CO, desorp-
tion is much lower on sample (B) and is observable only above 650 K
(see Fig. 2) which indicates a strong suppression of oxygen reverse
spillover.

3.3. Suppression of reverse oxygen spillover

The CO oxidation under steady-state reaction conditions has
been studied on both Rh/CeOy (A) and Rh/CeOy (B) samples as well
as on the reference Rh foil and on nearly stoichiometric Rh-free
CeOx (A). The corresponding CO, production curves obtained under
the simultaneous exposure of the samples to molecular beams of
CO and O, (1:1) are shown in Fig. 3.

CO,, production has been monitored between 300 and 800 K dur-
ing linear increase of the temperature (Fig. 3, left) and cooling of
the sample (Fig. 3, right). These two parts in Fig. 3 are separated by
a dotted line. Two distinct maxima of the CO, production, (i) and
(ii), were observed on both Rh/CeOy (A) and Rh/CeOy (B). The peak
(i) emerges during heating at 475K on sample (A) and at 640K on
sample (B). The peak (ii) emerges during cooling at 480K on sam-
ple (A) and at 485K on sample (B). It is noteworthy that the peak
(ii) occurs at similar temperature as the peak (i) on sample (A) but
not on the sample (B). The difference between the maxima (i) and
(ii) on sample (B) is as much as 150 K. Another difference between
two samples is the emergence of the peak (iii), formed at the break
heating/cooling point at 800K on sample (A). It is apparent that
the preparation procedure of Rh/CeOy samples has a tremendous
influence on the reactivity of this system.

First we discuss asymmetric positioning of the CO, production
maxima (i) and (ii) on Rh/CeOx (B) (Fig. 3(b)). We presume that
in the initial stage of the reaction cycle, Rh particles are saturated
by strongly bound CO. That would inhibit adsorption of oxygen
[4,53], resulting in very small CO, production below 400K. It
was reported that CO does not inhibit reverse oxygen spillover
[5]. However, reverse oxygen spillover is not as facile on sample
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Fig. 3. CO, production curve (black), and molecular beam intensities of O, (blue)
and CO (red) under steady-state conditions on Rh/CeOy (A) (a), Rh/CeOy (B) (b), Rh
foil (c), and nearly stoichiometric Rh-free CeOy (A) (d) during linear heating (left)
and cooling (right). The intensities on Rh foil (c) were divided by 10 to fit the scale of
the figure. Constant background was subtracted and spectra were offset for the sake
of clarity. The ratio of molecular beams of CO:0, was 1:1. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

(B) as it is on sample (A), which is shown in Section 3.2. Most
likely, CO, production begins as soon as CO desorption starts
liberating adsorption sites for O,. Fig. 2 clearly shows that CO
desorbs at higher temperature from Rh/CeOy (B) compared to (A)
what explains the temperature difference between the reaction
maxima (i) on the samples (A) and (B). At the temperatures above
the peaks (i) and (ii), we assume that the CO residence time on
Rh becomes shorter than the time needed for O, dissociation and
CO, formation, and CO oxidation ceases. Because adsorbed oxygen
on Rh does not inhibit CO adsorption under present experimental
conditions [53], CO, production during cooling begins as soon
as CO starts to adsorb on Rh. That is why the peaks (ii) occur at
approximately same temperature on both samples. On the other
hand, the position of the peak (i) is determined by the strength of
the CO-Rh/CeO, bond which is different for the samples (A) and (B).

Next, we discuss peak (iii) formed at the break heating/cooling
point at 800K observed on Rh/CeOy (A). Since the rapid increase
of CO, production is above 750K, CO oxidation can no longer be
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Fig. 4. CO; production curves obtained from Rh/CeOy (A) (a) and Rh/CeOy (B) (d) during subsequent TPR cycles under steady-state conditions during linear heating (a and
d, left) and cooling (a and d, right). Constant background was subtracted and spectra were offset for clarity. The ratio between molecular beams CO:0, was 1:1 during TPR
cycles 1-5 on both samples (A) and (B) and 1:0 during TPR cycles 6-8 on sample (A). Total amount of CO, produced in successive reaction cycles on sample (A) (b) and sample
(B) (e). The evolution of the degree of ceria reduction, Ce3*/Ce**, on sample (A) (c) and sample (B) (f) during the subsequent TPR cycles. The reaction cycle “0” corresponds to

the reduction degree of ceria in Rh/CeO, samples before TPRs.

described by the reaction of molecular CO and O, beams on the
surface of Rh particles. This is demonstrated by the reference CO,
production curve on Rh foil (Fig. 3(c)). Note that CO, production on
Rh foil occurs between 500 and 750 K. The direct oxidation of CO
on cerium oxide support via Mars-van Krevelen (MvK) mechanism
[54] can also be ruled out under the present experimental condi-
tions. Fig. 3(d) clearly demonstrates that CO does not react with
oxygen from the CeOy substrate in the used partial pressures. Plau-
sible explanation for the CO, production above 750 K would be the
reaction of the impinging CO molecules with oxygen provided by
cerium oxide support by means of the reverse oxygen spillover on
Rh. This reaction channel becomes dominant at elevated tempera-
ture. Note that the peak (iii) is not clearly resolved on sample (B).
This means that unlike on sample (A), the reverse oxygen spillover
is suppressed on sample (B) even under steady-state conditions
which lead to oxidation of cerium oxide.

Next, we have monitored changes in CO, production and reduc-
tion degree of ceria support on both Rh/CeOy (A) and (B) samples

during subsequent TPR cycles. The corresponding sets of CO, pro-
duction curves are shown in Fig. 4(a) and (d), respectively. The ratio
between molecular beams CO:0, was 1:1 during the cycles 1-5 and
1:0 during the cycles 6-8 on Rh/CeOy (A). In case of the Rh/CeOy (B),
all the TPR were performed at CO:0, ratio of 1:1.

The total amounts of CO, produced on Rh/CeOy (A) and Rh/CeOy
(B) during subsequent reaction cycles are plotted in Fig. 4(b) and
(e), respectively. It was determined as the total area under the CO,
production curve after the subtraction of constant background. The
plots reveal further differences between the samples Rh/CeOy (A)
and Rh/CeOy (B). Most importantly, CO, production decreased on
sample (A) but increased on sample (B) after several cycles. As seen
in Fig. 4(b) and (e), the CO, production has got stabilized after the
third cycle on both samples.

The instabilities of the CO, yield during first three cycles could
be the result of morphological changes in the Rh/CeOyx samples
under the steady-state reaction conditions and elevated tempera-
ture (e.g. formation of larger Rh particles [44]). XPS revealed strong
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Fig. 5. (a) CO, production curves during reaction of CO molecular beam with oxygen pre-exposed Rh/CeOy (A) and (B), Rh foil, and Rh-free CeO, (B) at 440K. The intensity
on Rh foil (¢) was divided by 20 to fit the scale of the figure. The production curve at 540 K was obtained from Rh/CeO, (A) without pre-exposure of the sample to oxygen.
The evolution of the degrees of ceria reduction, Ce3*/Ce**, on Rh/CeOy (A) (b), and Rh-free CeO; g¢ and Rh/CeOy (B) (c) during the sample treatment.

re-oxidation of cerium oxide (see Fig. 4(c) and (f)) and a partial
coalescence of Rh particles after the first reaction cycle on both
samples (data not shown). The evolution of the degree of ceria
reduction on Rh/CeOy (A) and Rh/CeOy (B) is plotted in Fig. 4(c) and
(f), respectively. It indicates re-oxidation of ceria in both Rh/CeOx
(A) and Rh/CeOy (B) after each reaction cycle carried at molecular
beams CO:0, ratio of 1:1.

The temperature of CO, production maxima is not significantly
influenced by the re-oxidation of ceria support in the samples.
Only a subtle shift of the peak (i) to lower temperatures has been
observed on Rh/CeOy (B) with increasing number of TPR cycles
(Fig. 4(d)).

This suggests that the Rh—CeOy interaction is not significantly
influenced by the re-oxidation of cerium oxide. We assume that
the Rh-CeOy interface remains stable under present experimen-
tal conditions. Furthermore, despite re-oxidation of cerium oxide
under steady state conditions, the reverse oxygen spillover is largely
suppressed on Rh/CeOy (B). This finding is important for the design
of the catalyst with tailored properties. The reverse oxygen can be
enabled and disabled depending on the stoichiometry of the cerium
oxide before metal deposition.

Finally, we tested the capacity of Rh/CeOx (A) for the CO, pro-
duction in absence of molecular O,. The CO, production on the
Rh/CeOy (A) during consecutive TPR cycles at molecular beam ratio
CO:0; of 1:0 (curves 6-8) is shown in Fig. 4(a). The amount of CO,
produced in the 6th cycle during heating was comparable to that
of the 5th cycle. However, the amount of CO, produced in the 6th
cycle during cooling was notably smaller. In the 7th cycle, the CO,
production considerably decreased. Note that 5th TPR cycle caused
re-oxidation of cerium oxide while cycles 6-8 induced reduction
of ceria (Fig. 4(c)). The reduction of cerium oxide is caused by the
removal of lattice oxygen via the reverse spillover to Rh during CO,
production in absence of molecular O,.

3.4. Suppression of direct oxygen spillover

Fig. 5(a) shows CO, production curves recorded during reac-
tion of molecular beams of CO with Rh/CeOy samples (A) and (B)
pre-exposed to 30L of oxygen at 440K. As a reference, oxygen
pre-exposed Rh foil and Rh-free CeO, sample (B) have been tested
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for CO, production under the same reaction conditions. After each
reaction run, Ce 3d core levels were acquired by means of XPS. The
evolution of the Ce3*/Ce*" ratio is plotted in Fig. 5(b) and (c).

Pre-exposure of Rh-free CeOx and Rh/CeOy samples (A) and (B)
to oxygen at 440K caused re-oxidation of all samples. The expo-
sure of the Rh-free sample (B) to molecular beam of CO did not
produce any CO, under present experimental conditions. In con-
trast, CO, production was observed on Rh foil and both Rh/CeOx (A)
and (B).

In the case of Rh foil, CO, production starts instantly
under CO exposure and maintains almost constant rate for
about 150s and then decays to zero after 450s as all pre-
adsorbed oxygen gets depleted. The reaction proceeds according
to Langmuir-Hinshelwood reaction mechanism: oxygen pre-
adsorbed on rhodium quickly reacts with adsorbing CO to form
CO,.

The shape of CO, production curves on two samples (A) and
(B) differs significantly. On Rh/CeOyx (B), we observed an abrupt
increase of CO, production followed by its gradual decrease after
approximately 50s until it is stabilized at non-zero intensity after
450s. The CO, production pattern on this sample is similar to that
on Rh foil. However, unlike on Rh foil, the source of oxygen is not
completely exhausted at longer reaction times.

On Rh/CeOx (A), the CO, production at the beginning of the
reaction is rather small but increased gradually after 50 s until it
stabilized after approximately 450 s. It is important to note that CO,
production was about five times higher on Rh/CeOy (A) as compared
to Rh/CeOy (B) at 450s.

The evolution of CO, production curves can be explained consid-
ering the facility of direct oxygen spillover, i.e. spillover of adsorbed
atomic oxygen from Rh particles to the support, on Rh/CeOyx (A) and
its suppression on Rh/CeOy (B).

If direct spillover of oxygen was allowed on Rh/CeOy system at
440K, a fraction of pre-adsorbed oxygen would migrate before the
CO exposure from Rh to cerium oxide, where it could occupy the
coordinatively unsaturated sites atop the Ce cations. The amount
of oxygen on Rh available for the CO oxidation would decrease.
Relatively low CO, production in initial 50 s of the CO exposure on
Rh/CeOy (A) points to a lesser amount of available oxygen on Rh
particles compared to Rh/CeOy (B) or Rh foil.
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On the contrary, if direct spillover was not allowed, pre-adsorbed
oxygen would be confined to the Rh surface. In such case, CO
oxidation is intense because the surface is densely populated by
pre-adsorbed oxygen. This scenario is consistent with CO, produc-
tion on Rh foil and Rh/CeOy (B) (Fig. 5(a)).

These results show that in contrast to sample (B), the direct
oxygen spillover is facile on the sample (A). The increase of CO,
production after 50 s on Rh/CeOy (A) indicates an onset of reverse
spillover of oxygen to Rh particles. Apparently, reverse oxygen
spillover occurs to some minor extent also on Rh/CeOy (B), since
CO, production does not drop to zero under continued CO expo-
sure like it occurred on Rh-foil (Fig. 5(a)). We observed reduction of
cerium oxide on both samples, Rh/CeOx (A) (Fig. 5(b)) and Rh/CeOx
(B) (Fig. 5(c)) that indicates release of oxygen from both supports.
The CO, production curve obtained during the reaction of molec-
ular beam of CO with Rh/CeOy (B) at 540 K without pre-exposure
of the sample to oxygen is shown in Fig. 5(a). The low initial CO,
production at 540K is consistent with a shortage of oxygen on Rh
particles. However, the intensity of CO, signal at 450s is higher
at 540K than at 440 K. This means that the increase of the reaction
temperature enhances CO, production viareverse oxygen spillover.
Yet, this channel is minor on sample Rh/CeOy (B).

4. Conclusions

We have investigated the impact of Rh-CeOy interaction on
the catalytic properties of Rh/CeOy system, namely on its capac-
ity for the reverse and direct oxygen spillover, in the context of the
CO oxidation. The electronic metal-support interaction in Rh/CeOy
system results in buildup of a charge on Rh particles determined
by the degree of reduction of cerium oxide prior to Rh deposi-
tion. Specifically, a positive charge and reduction of cerium oxide in
contrast to a net negative charge and re-oxidation of cerium oxide
occurs when Rh is deposited on nearly stoichiometric or partially
reduced CeOy, respectively.

The EMSI effect has a tremendous influence on the mechanisms
of CO oxidation on Rh particles supported on cerium oxide. In par-
ticular, CO, production during the reaction of molecular beams of
CO and 05, is shifted to higher temperature by 150 K on the sample
containing Rh particles deposited on the partially reduced cerium
oxide with respect to Rh deposited on nearly stoichiometric cerium
oxide. The shift of CO, production maximum occurs due to stronger
CO—Rhbonding on Rh particles deposited on reduced cerium oxide.
We found that desorption temperature of molecularly adsorbed CO
is shifted to higher temperature by about 75K on this system as
compared to the Rh deposited on stoichiometric cerium oxide.

The most important consequence of the EMSI is suppression of
both reverse and direct oxygen spillover on Rh deposited on par-
tially reduced cerium oxide. Our study suggests that neither lattice
oxygen nor the oxygen adsorbed on Rh particles from molecular O,
beam will migrate between the Rh particles and cerium oxide even
under oxidizing (steady state) conditions on this system. In con-
trast to this, both reverse and direct oxygen spillover take place on
Rh particles supported on nearly stoichiometric cerium oxide. We
found that reverse oxygen spillover becomes a dominant channel
for CO oxidation above 750K on Rh particles deposited on nearly
stoichiometric cerium oxide.
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