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1.  Introduction and objective 

 
Heterogeneous catalytic reactions have been playing more and more important role in the 

industry because of the recent heavy demands for raw materials and energy, which make the 

development of efficient, environmentally friendly, cheap and regenerable catalysts desirable. 

This task can be solved only with long-term scientific work and modern methods. 

Chemical reactions take place over the surface of the catalyst, so the study of the 

catalytically active layer is uneasy, as the upper atomic layers change faster than the bulk phase. 

This part of the material possesses special physical-chemical properties, which are influenced 

by both the bulk phase and the atmosphere around the sample under the experimental 

circumstances. Catalysis has a strong relationship with nanotechnology, in which the novel 

properties can be attributed to the high portion of the atoms residing on the surface. In fact, 

nanoobjects appeared in catalysis already a few decades ago, and today great attempts are being 

made to create the right structures by design and to tune the properties this way. Without the 

appropriate examination tools this is an unsolvable problem, too. 

Several methods are available to study the morphology of the samples (e.g. SEM, XRD, 

LEED) or the bonds (e.g. EXAFS) but most of them suit the models systems only, and do not 

provide us with sufficient information or can damage the surface (SIMS). Among the 

techniques for surface examination X-ray photoelectron spectroscopy (XPS) excels, it is proper 

for quantitative analysis and for the determination of the oxidation states of the elements. 

Concerning the low energy ion scattering spectroscopy (LEIS), its greatest advantage is that it 

informs us about the elemental composition of the top-most atomic layer.  

In general, the catalysts under study are complex systems with support or additives, and 

they often consist of even nanoparticles. Nanotechnology can make the application of expensive 

compounds economical, due to the higher efficiency and lower consumption of material. 

However, researchers try to find substitutes for the noble metals, thus the catalysts made from 

transition metals have gained attention. Co was proved to be active in several reactions such as 

the steam reforming of ethanol, the CO2+H2 and the CO2+CH4 reactions, or the Fischer-Tropsch 

synthesis. Each of these processes is important in environmental protection and in the industry, 

too. In addition, it has been noticed that the catalytic behavior of the transition metals can be 

further improved by doping with trace amounts of noble metals. 

My doctoral work was inspired by the results obtained earlier in our research group 

relating to the steam reforming of ethanol. My colleagues found that among the Co catalysts, 

the CeO2 supported samples had both good ethanol conversion and H2 selectivity data, but the 
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samples with Al2O3 or SiO2 support did not meet at least one of these requirements. The activity 

of the Co/CeO2 samples increased further when trace amounts of Rh were added. The aim of 

my three-year-long research was to characterize the structure of Rh-Co/CeO2 catalysts, 

especially their surfaces, after simple physical-chemical modifications.  

The Rh-Co powder samples with various Rh-Co contents were prepared by impregnation. 

The primary method to characterize them was XPS, but TEM, XRD and CO adsorption 

measurements were also carried out to investigate the particle size and crystallinity. By Raman 

spectroscopy and diffuse reflectance spectroscopy I managed to study the defects and the band 

gap in CeO2. LEIS was useful to reveal the decoration-dissolution effects, and the 

semiconductor properties were analyzed by photovoltammetry. 

The aim of my examinations was to investigate the Rh-Co interaction, and in doing so, 

the study of the pure support was inevitable, too. I carried out simple experiments over the 

samples such as oxidation-reduction and heat treatment. The simultaneous effects of oxidizing 

and reducing reagents were presented during the steam reforming of ethanol. 

 

 

2.  Experimental section 

 
The catalysts were prepared by impregnating the CeO2 support (Alfa Aesar, 43 m2.g-1, 

calcined at 773 K) with the aqueous solution of Co(NO3)2 to yield a nominal metal content of 

2 or 10 wt%. The impregnated powders were calcined at 973 K. The Rh containing samples 

were dried at 397 K after impregnation with RhCl3 (0.1, 1 or 5 wt% Rh).   

XP spectra were taken with a SPECS instrument equipped with a PHOIBOS 150 MCD 

9 hemispherical electron energy analyzer. In our experiments we applied the Al K radiation 

with a power of 210 W (14 kV, 15 mA). The analyzer was operated in the FAT mode with the 

‘pass energy’ set to 30 eV in the case of wide scans and 20 eV for the high resolution spectra. 

The binding energy scale was corrected by fixing the Ce 3d u’’’ peak (Burroughs notation) to 

916.6 eV. Sample treatments could be carried out in a high-pressure cell (HPC) connected to 

the analysis chamber via a gate valve. In this chamber, a bell shaped unit was lowered onto the 

sample that was treated here in flowing gas at atmospheric pressure. The sample holder in the 

chamber was heated by electron bombardment from below. 

LEIS measurements were carried out within the same instrument. He+ ions were 

accelerated by 800 V in a SPECS IQE 12/38 ion source. The ion flux was 200 nA.cm-2, and to 

etch the surface Ar+ ions with 4000 V acceleration were used (700 nA.cm-2).  
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BET surface and pore volume measurements of the catalysts were carried out by a 

Quantachrome NOVA 3000e instrument using N2 adsorption at liquid nitrogen temperature. 

BET (Brunauer, Emmett, Teller) and HJB (Halenda, Joyner, Barrett) methods were applied to 

determine the specific surface area and the pore volume, respectively.  

Temperature programmed reduction experiments were carried out by a BELCAT-A 

instrument. Before the measurements, the catalysts were treated in O2 at 673 K for 30 min. 

Thereafter, the samples were cooled in flowing Ar to room temperature and we let the 

temperature equilibrate for 15 min. The oxidized sample was flushed with Ar containing 10% 

H2, the reactor was heated linearly at a rate of 20 K.min-1 up to 1373 K and the H2 consumption 

was detected by a thermal conductivity detector (TCD).  

The TEM images were created by a FEI Tecnai G2 20 X-Twin transmission electron 

microscope with 200 kV operation voltage, ×180000 magnification and 125 pm/pixel 

resolution. 

The XRD study was carried out in a Rigaku Miniflex II powder X-ray diffractometer 

equipped with a Cu Kα radiation source (λ = 0.15418 nm) by applying a scanning rate of  

4°.min-1 in the 2θ range of 3–80°. The average crystallite size was calculated from the Scherrer 

equation. 

DRIFT spectra were recorded with an Agilent CARY-670 FTS-135 FT-IR spectrometer 

equipped with an MCT detector heated with liquid N2 and a diffuse reflectance attachment with 

BaF2 windows. 

Raman spectra were measured at 532 nm laser excitation (an incident laser power of 10 

mW) using a Thermo Scientific DXR Raman spectrometer. Scans were integrated at 4 cm-1 

resolution until the desired signal-to-noise ratio of 1000 or better was achieved.  

The diffuse reflectance UV-vis spectra of the powdered samples were recorded by an 

Avantes AvaSpec2048 Fiber Optic Spectrometer equipped with an Avasphere-50 type 

integrating sphere. The optical bandgap of the prepared materials was estimated by deriving the 

appropriate Tauc-plots.  

Electrochemical measurements were performed in an Autolab PGSTAT302 instrument, 

in a classical one-compartment, three-electrode electrochemical cell. The various 

semiconductor nanoparticles were spray coated on glassy carbon electrodes and were used as 

working electrodes. A large Pt foil counter-electrode and an Ag/AgCl/3 M KCl reference 

electrode completed the cell setup. The light source was a 300 W Hg-Xe arc lamp (Hamamatsu 

L8251).  
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In order to study the surface structure evolved during the reaction at high temperature, 

the catalysts, oxidized previously at 673 K for 30 min and reduced at 773 K for 1 h, were heated 

in N2 atmosphere to 773 K and XP spectra were taken at every 100 K step of temperature 

increase.  

In the stream reforming of ethanol, we oxidized the samples at 673 K and reduced them 

at 773 K. Ethanol:water mixture in 1:3 ratio was introduced into an evaporator by a HPLC 

pump (Younglin) at 0.007 mL.min-1 flow rate. The vapour was flushed by N2 with 60 mL.min-1 

onto the sample surface in the HPC of the XPS instrument. The temperature was increased from 

room temperature to 773 K at a rate of 20 K.min-1. 

In the experiments concerning sintering, after oxidation at 673 K for 30 minutes, the 

samples were reduced in 15 min periods, and in between the temperature was increased by 25-

50 K from room temperature up to the full reduction of Rh. After that, the samples were heated 

at 773 K under 10-8 mbar pressure for 1 h twice, and then oxidized at 673 K for half an hour, 

also twice. 

 

 

3.  Summary of new scientific results 

 
1. In the case of CeO2 supported Co samples, Co2+ ions dissolve into the CeO2 support 

during reduction at 773 K. In addition to the depletion in Co of the surface atomic layers, 

which was verified with both XPS and LEIS, this process induced the decrease of the 

CeO2 crystallite size that can be enhanced by increasing the Co content (XRD, TEM). 

This reaction was hindered by the addition of Rh that raises the ratio of metallic Co under 

the reduction. 

2. When CeO2 supported Co and Rh samples were heated in inert atmosphere after reduction 

at 773 K, XPS revealed the migration of the support oxygen onto the metals. 

2.1. On the samples, that consisted of both Co2+ and Co0 initially, all the metal oxidized 

to Co2+ and diffused onto the surface up to 573 K. In the temperature range of 573-

773 K there was no additional change. This process was independent of the Co 

loading and the Rh additive. 

2.2. The totally reduced Rh oxidized partially and reversibly. In certain periods of the 

heating different Rh+/Rh ratios were calculated that were independent of the Rh 

loading and the temperature. By the study of Rh+Co/CeO2 systems it was verified 
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that the oxidation of Rh was hindered by Co, probably due to the competition for the 

oxygen species. 

2.3. In a separate experiment, I proved that the component, which oxidized the metals, 

originated from the CeO2. When a strongly reduced CeO2 surface was heated in 

vacuum, it oxidized totally, so the oxygen ions in the bulk phase became mobile 

under the heating and segregated. The oxygen that appeared on the surface can adsorb 

on the supported metals (‘O-spill over’). 

2.4. When an oxidized Rh/CeO2 sample was heated in vacuum for 1 hour, the reduction 

of both the Rh and the CeO2 was detected. With comparison to the metal-free CeO2, 

this supports the idea that Rh catalyzes the oxygen loss of the sample surface. 

3. In the steam reforming of ethanol it was shown that due to the simultaneous effects of 

oxidizing and reducing reagents the oxidation state of Co changed towards an equilibrium 

composition consisting of both Co2+ and Co0 states. The promoting effect of Rh in the H2 

selectivity is caused by the enhanced Co reduction. 

4. According to the literature data, I created a spectrum series concerning the reduction of 

Rh on CeO2 support for the first time. The results revealed that depending on the metal 

loading, the whole Rh content can be reduced between 373 and 423 K. In the transient 

states definite Rh+/Rh ratios are stable, the value of which depends on the temperature. 

5. Different particle size changes of CeO2 supported Rh were detected by XPS and TEM 

under heat treatment in vacuum, H2 and O2 atmospheres. 

5.1. I found that even at higher metal loading (5%) well-dispersed Rh particles could be 

found over the CeO2 surface. During heat treatment, a larger loss of the surface was 

detected in the case of 1% Rh/CeO2 sample due to the different particle size 

distribution and metal density on the surface. 

5.2. After oxidation during the pretreatments I noticed that the Rh particle size increase 

is hindered during heating in O2 atmosphere, however, in H2 it was remarkable. When 

the heat treatment was carried out in vacuum, sintering happened but this effect was 

not significant in this case. 

5.3. On the samples that contained also Co, the sintering was not observed in vacuum, 

but in H2 it took place. 

5.4.  When the sintered samples were oxidized, Rh oxides were produced and the particle 

sizes decreased supposedly. Based on that Rh-O-Ce bond formation was evidenced 
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in the literature, we suppose that the formation and the cleavage of them cause the 

different particle size changes in the different atmospheres: in vacuum and more 

easily in H2 they break and sintering can happen. In oxygen, Rh-O-Ce bonds are 

formed inhibiting the Rh particle size increase, and the larger particles disrupt. 

5.5. During heat treatment in vacuum, a negative shift of the Rh 3d peak position was 

observed compared to the Rh metal, which refers to the alteration in the metal-

support electronic interaction and to the electron transfer from the support to the 

metal. 
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