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1 Introduction 

1 Introduction 

 

1.1 General Properties of CeO2 

 

Cerium is the most abundant rare earth elements (66.5 ppm)1 in the earth’s crust. It can be 

found in various minerals including carbonate-fluorides and phosphates. Similar to the other 

lanthanide elements it occurs in oxidation state 3+, but also in 2+ or 4+ oxidation states.2 

Cerium 4+ is metastable in aqueous solution. The oxide could be easily oxidized at room 

temperature to form CeO2 (ceria), the CeO2 is the most common form of Ce in industrial 

application. 

CeO2 is a pale yellow-white powder with a chemical formula of CeO2. But the oxide has to be 

rather considered as a nonstoichiometric oxide CeO2-x, with 0 ≤ x ≤ 0.5, while x primarily 

depends on the gas phase composition and the temperature. CeO2 crystallizes in the fluorite 

structure with a face-centered cubic unit cell (F.C.C) within the space group Fm3m. In this 

stoichiometric structure, cerium cations are coordinated with eight equivalents nearest 

oxygen anions occupying the octahedral interstitial site; each oxygen anion is bonded to 

four cerium cations forming a tetrahedron. The fluorite structure is also stable after the loss 

of considerable amounts of oxygen, and the stoichiometric structure can be easily re-

established in oxidizing atmosphere.3 Oxygen defects and the corresponding Ce3+ cations 

are the major defects in CeO2. 
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Figure 1. Structure of the stoichiometric CeO2 with fourfold coordinated oxygen (represented by solid red 
balls) and eightfold coordinated cerium (represented by purple balls). Adopted from Malavasi, et al. 

4
  

 

The physical and chemical properties of cerium and CeO2 have been attractive for decades 

and have been widely used in many fields such as glass-polishing agents5 , alloys (iron, 

magnesium, and aluminum), in nanomedicine6, phosphors7, and catalysis. This versatile 

application could be attributed to the two stable valence states of CeO2, cerium 3+ and 

cerium 4+, and its ability to change from one to the other depending on conditions coupled 

with the easy uptake and release of the oxide.8 The change in the valence state of cerium 

can occur on the surface or in the bulk and can strongly modify the electronic and catalytic 

properties of the oxide. The formation of oxygen vacancies has been studied and apply its 

force field calculations.9 According to the results oxygen vacancies on the surface are more 

stable than in the bulk.10 

Oxygen defects can be classified as intrinsic and extrinsic defects, which are caused by 

thermal disorder or reactions between the solid and the surrounding atmosphere such as 

redox processes and impurities or foreign dopants, respectively.11 As mentioned above, the 

most dominant and stable defects in CeO2 are related to the presence of oxygen vacancies 

under a wide range of conditions. A reversible transition in the oxidation state of cerium 

ions from Ce4+ to Ce3+ may generate neutral oxygen vacancies in CeO2. Gas phase O2 (g) is 

formed if two oxygen ions (O2-) leave the lattice, and the four electrons left behind were 

trapped and became localized at four cerium sites as shown in Figure 2.  
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Figure 2. The process of oxygen-vacancy formation in CeO2. An oxygen atom moves away from its lattice 
position leaving behind two electrons, which localize on two cerium atoms, turning Ce(4+) into Ce(3+). 
Adopted from Skorodumova, et al. 
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The property that CeO2 easily releases and takes up oxygen make the oxide attractive for 

catalytic application in which oxygen transfer reactions are involved.8b  

 

 

 

 

 

 

 

 



 

 

4 Introduction 

1.2 Catalysis 

 

A catalyst accelerates a chemical reaction by opening new pathway with lower activation 

barrier without appearing in any of the products. The thermodynamic equilibrium of a 

chemical reaction is reached faster, but the position of the equilibrium is not changed. This 

ability is referred to as the activity of a catalyst, and selectivity is explained as selective 

promotion of one product out of multiple possible products. Catalysis is of major socio-

economic importance for our society. In order to solve the future problems connected with 

limited resources and energy, as well as environmental protection, catalysis helps to 

develop green chemical processes: Replacing harmful and corrosive reagents, enabling more 

efficient processes, and reducing the environmental impact and coast of processes by 

avoiding waste formation. Catalysts are used in large-scale industrial processes such as oil 

refining, or polymer manufacturing, and future improvements of the activity and selectivity 

of the corresponding catalysts have a great economic and ecologic impact.13 Even though all 

catalysts operated based on the same principles in terms of electronic and steric 

characteristics of the active center, catalysts in chemistry are usually classified into 

homogeneous and heterogeneous catalysts.14 In the heterogeneous catalysis and reactants 

are in different phases, while in homogeneous catalysis catalyst and reactants are in the 

same phase. Most frequently homogeneous catalysts are liquid, whereas heterogeneous 

catalysts are often solid. Advantages and disadvantages as well as operation conditions are 

compared in Table 1.
15 

 Table 1  . The advantages and disadvantages of homogeneous- and heterogeneous catalysis.
15

 

 

                                                                         Homogeneous catalysis              Heterogeneous catalysis 

Activity (relative to metal content) High Variable 

Selectivity High Variable 

Reaction conditions Mild Harsh 

Service life of catalysts Variable Long 

Sensitivity toward catalyst poisons Low High 

Diffusion problems None High 

Catalyst recycling Expensive Not necessary 

Variability of steric and electronic 
properties of catalysts 

Possible Not possible 

Mechanistic understanding Plausible under random 
conditions 

More or less impossible 
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The main advantage of using a heterogeneous catalyst is the relatively easy separation of 

the catalyst from the reactants and the products rendering continuous chemical processes 

possible. Also its tolerance to extreme operation conditions is higher compared to 

homogeneous catalysts. Most of the large scale industrial processes are performed in 

presence of heterogeneous catalysts, such as the system or ammonia from the elements by 

the Haber-Bosch process (Fe) for production of fertilizers and explosives, methanol 

synthesis (Cu/ZnO/Al2O3), Fischer-Tropsch synthesis (Co, Fe) for production of  synthetic 

fuels, and cracking and alkylation (Zeolites, Clays, Silicates) for production of high-octane 

fuels.16  

A heterogeneous catalytic reaction consists of 3 steps; adsorption of reactants from the gas 

or liquid phase onto the catalyst surface, surface reaction of adsorbed species, and 

desorption of products into the gas or liquid phase. Therefore, the interface between the 

two phases (gas-solid or liquid-solid) is very important and requires fundamental studies  

aimed at a description of the chemical bonds between a catalyst surface and a molecule 

that is converted in a heterogeneously catalyzed reaction.17  

 

1.3 Catalysis by CeO2 and nanostructures 

 

In heterogeneous catalysis different types of catalysts are used, including metal or oxide 

nanoparticles supported on carriers, like oxides, polymers or carbon materials, or bulk 

catalysts, such as alloys or oxides.18  

CeO2 has been widely applied due to its acid-base and redox properties as active phase itself 

or as support for metal or oxide nanoparticles. The most prominent application of CeO2 is as 

a component of the automotive three-way catalyst (TWC) to reduce the emissions of gas 

engines19.19 Furthermore, cerium oxide has been considered in fluid-cracking catalysts (FCC), 

oxidation catalysts (e.g., low temperature CO and volatile organic compounds (VOCs) 

oxidation, and soot removal from diesel engine exhausts), or hydrocarbon reforming 

catalysts (e.g., partial oxidation, steam reforming, and water-gas shift).20 Most applications 

are associated with the high oxygen storage capability, which makes rapid redox cycles 
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possible at low oxygen partial pressures and elevated temperatures leading to a mixed ionic 

electronic conductivity of ceria under reaction conditions. Due to the corresponding redox 

reactions, the oxidation states of cerium in CeO2 varies under reaction conditions between 

Ce3+ and Ce4+.3 The varying oxidation state of cerium goes along with the concentration of 

oxygen vacancies on the surface and in the bulk of CeO2.  

Since heterogeneous catalysis occurs on the interface, heterogeneous catalysts are in most 

of the cases nanostructured materials, because nano-structuring increases the specific 

surface area and therefore the interface and consequently the efficiency of the catalyzed 

process.21 When CeO2 particles are turned into nano-sized particles, the surface area to 

volume ratio increases and the defect formation is changed resulting in CeO2 with unique 

features in general. The defect formation energy can be remarkably reduced in 

nanostructured oxide with an increase in the level of nonstoichiometry. Furthermore, 

electronic properties such as the band gap, and magnetic moments, as well as specific heats 

of phase transformations, melting points, and  surface structures are changed com,pared to 

bulk materials and layer nanoscales leading to high activities in energetically challenging 

reactions, high selectivity to valuable products and extended life times of catalysts.22  

Recently, morphology engineering of catalyst nanoparticles appeared to be a successful 

strategy to tailor catalytic performance without affecting catalyst composition. In addition, 

well-defined particle morphologies facilitate the establishment of structure-performance 

relations. Based on previous studies, it was established that the redox property of CeO2 

strongly depends on different exposed facets on the surface of the nanocrystallites. The  

formation of oxygen vacancies on CeO2 is considerably surface sensitive due to the different 

oxygen anion and cerium cation environments on the different surface terminations.9 

Generally three low-index lattice planes exist on the surface of CeO2 nanocrystals: (100), 

(110), and (111) as shown in Figure 3. Other surfaces such as (211), (211), and (310) are less 

stable and would undergo severe reconstruction.9, 23  
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Figure 3. (a) Unit cell of the CeO2 structure. (b) The (100) [(200)], (c) the (110), and (d) the (111) planes of the 
CeO2 structure. Adopted from Wang and Feng 

24
. 

 

The (100) planes have an unbalanced dipole because of the alternate arrangement of 

oxygen and cerium ions at the surface, which leads the facile migration of lattice oxygen. 

The (110) planes are also nonpolar due to the stoichiometric proportions of anions (three-

folded oxygen) and cations (six-folded cerium), which leads to a zero dipole moment 

perpendicular to the surface. The (111) surface is terminated by threefold-coordinated 

oxygen atoms and sevenfold-coordinated cerium atoms, and it is also a nonpolar surface 

due to a neutral repeated three-plane units causing no net dipole moment. 25 

Calculations of the interionic potentials based on the Born model indicate that the 

formation energy of an oxygen vacancy is closely related to the surface structure and it is 

lower for the (110) surfaces than for the (111) surface.26 Given the fact that the (111) facet 

has the highest oxygen vacancy formation energy due to the lower surface energies and 

structures of the pure surface, 27 the general consensus is that stability of these three facets 

follows the trend (111) > (100) > (110).9, 28 In the case of CO oxidation, strong morphology 

effects were observed, which can be correlated to the morphology dependent reducibility 

and oxygen vacancy structures/concentrations.25a, 29 But recently, another interesting work 

reported an opposite facet sensitivity of CeO2 nanoparticles in oxidation on the on hand and 

hydrogenation catalysis on the other hand, in which the (100) surface predominantly 
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enclosed in CeO2 nanocubes is optimal for the CO oxidation reaction, wherease the (111) 

surface most abundant in conventional polyhedral  CeO2 particles is responsible for selective 

hydrogenation reaction of C2H2.30 

Thus CeO2 with different morphologies possess different catalytic properties due to 

different surface properties as a result of the corresponding exposed facets. Nano-sized 

CeO2 has been most frequently studied applying surface science techniques and 

investigating single crystals. In surface science the surface sites are characterized with every 

precision at the atomic scale. The corresponding preparation techniques produce stable 

surfaces with controlled termination and chemical composition allowing the investigation of 

the adsorption of reactants. However, single crystals seldom show functional properties due 

to the low surface area and the absence of defects. Well-defined polycrystalline powders 

exhibit high specific surface areas and consequently reactivity. Rod and cube-like 

morphologies can be easily synthesized by controlling several critical parameters such as pH, 

temperature, and pressure. Nanorods, which possess mainly (110) and (100) surface facets, 

and nanocubes, which expose mainly (100) facets, exhibit higher activity in CO oxidation and 

soot combustion reaction than CeO2 with octahedral particles, which predominately expose 

(111) facets with the lowest surface energy.31  

The purpose of the present study is to investigate the oxygen adsorption and activation 

(reduction) on the surface of polycrystalline ceria with well-defined particle morphology. 

Three morphologies will be included in the investigation: (i) a sample with less defined 

morphology (particles), and samples containing (ii) rod- and (iii) cube-like particles. Oxygen 

adsorption is studies by Raman spectroscopy coupled with gas chromatography (GC) and 

mass spectroscopy to analyze the products or CO and propane oxidation reactivity of 

adsorbed oxygen species. 
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2 Experimental Method and Setup  

 

2.1 Preparation and characterization of CeO2 samples  

 

Nanostructured CeO2 materials have been synthesized applying many different methods 

including chemical precipitation, hydrothermal/solvothermal synthesis and post-treatment, 

sol-gel techniques, sonochemical synthesis, microemulsion techniques, and methods using 

various templates.32    

The nanostructured CeO2 catalysts analyzed in the present study (particle, cube, rod) were 

provided by Dr. Teng Fu at the Fritz-Haber-Institut. CeO2 nanocubes and nanorods were 

synthesized via a hydrothermal approach (Figure 4), and the particle sample was prepared 

by precipitation. 

 

 

Figure 4. Synthesis procedure of nanostructured CeO2 rods and cubes via hydrothermal approach.
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The precipitation method is an attractive synthesizes route due to the simple process, 

economic salt precursors and easy scale-up. In the present study, 7.5 g Ce(NO3)3·6H2O were 

dissolved in 100 mL H2O while the pH was adjusted to 10 by adding ammonium hydroxide 

solution. After aging at RT for 24 hours, the product was centrifuged and washed with water 

and ethanol, and then dried at 383 K for 3 h. The product was calcined at 673 K for 4 h 

(2K/min). 

In contrast to precipitation at normal pressure, hydrothermal processing allows the 

synthesis of nanoparticles with different particle size and morphology. The pH of the 

reaction medium is considered as a significant parameter having an effect on the shape and 

crystallinity of the nanoparticles.33 In our hydrothermal synthesis, 0.868 g of Ce(NO3)3·6H2O 

dissolved in 5 mL of H2O and 9.6 g of NaOH dissolved in 35 mL of  H2O were mixed in a  

Teflon bottle, and stirred for 30 min. The Teflon bottle was sealed in the autoclave and 

heated to 373 K. The hydrothermal treatment lasted for 24 hours, and then the product was 

centrifuged and washed with H2O and ethanol. After drying at 333 K overnight, the product 

was calcined at 673 K for 4 hours (Figure 4). 

In the present Raman investigation, CeO2 with differently exposed crystal planes, which may 

lead to different surface stability, oxygen vacancy formation energy, and interaction with 

surface molecules, will be compared34.  Morphology and phase composition of the CeO2 

samples prepared applying different synthesis techniques were characterized by Scanning 

Electron Microscopy (SEM), and Powder X-Ray Diffraction (PXRD) in advance.  

SEM uses electrons rather than visible light like conventional light microscopes to generate 

structure images. The image generation of  SEM is by the interaction between the incident 

electron beam and the specimen including different kind of scattered, adsorbed, or 

transmitted electrons as illustrated in Figure 5.35  
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Figure 5. Generation of electron signals emitted by the interaction between the incident electron beam and 
the specimen surface. Adopted from Zhu, et al. 

35
 Copyright 2013 IEEE. 

 

There are two main kinds of detection principles for morphology imaging: secondary 

electron (SEs) and backscattered electrons (BSEs). SE is usually preferred due to its very high 

resolution for morphology by topographies with an optimal signal-to-noise ratio. Compared 

to SE, BSE has too low resolution to characterize morphology, and the generation of BSE is 

more related to chemical elements.36  
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The micrographs of the different samples are shown in Figure 6. The different morphologies 

of CeO2 were confirmed by the SEM images, showing irregular shaped particles for the 

“particle” sample and the expected cube- and rod-like morphologies, respectively, for the 

hydrothermally prepared samples. The mean size of the particles is 10.60 nm, and 9.45 nm 

for nanorods. For nanocubes, it varies in range of 10.34 - 36.25 nm. 

 

 

 

 

 

 

 

Particle 

Rod 

Cube 

Figure 6. Morphology of particle, cube, and rod samples analyzed by SEM.  
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The phase purity of three morphologically differ CeO2 samples was analyzed by XRD. In XRD 

chart, a diffraction peak position is identical for same chemical compositions and physical 

properties. But an intensity of each peak is dependent on total area of each crystal face. 

 

 

 

Figure 7. X-ray diffraction (XRD) patterns of the synthesized CeO2 samples. Particle, Rod-1, and Cube-1 will 
be used in this present study.  

 

The XRD patterns of synthesized CeO2 nanoparticles are shown in Figure 7. The XRD profile 

confirmed the phase-purity of the polycrystalline CeO2 samples. The high-intensity peaks are 

observed at 28.53, 33.09, 47.5, 56.26, corresponding to the 111, 200, 220, 311 crystal planes. 

No other diffraction peaks are detected indicating the pure cubic fluorite structure (JCPDS 

No: 34-0394). Differences in the intensity ratio of the different peaks are in accordance with 

the different morphologies of the three samples.  
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The specific surface area (SBET) was determined by nitrogen adsorption at 77K and analysis 

of the adsorption isotherm in the p/p0 = 0.05–0.15 pressure range assuming the N2 cross 

sectional area of 16.2 Å2 and using the method by Bruner, Emmett and Teller (BET). The BET 

surface areas of cubes, rods, and particles used in this study are measured to be 27.3, 89.3, 

and 83.5 m2/g respectively as shown in Table 2. 

 

Table 2. Sample information and BET surface areas of the different cerium oxides studied by Raman 
spectroscopy in the present work. 

 

Sample Sample Number c(NaOH)/Tsynthesis SBET (m
2/g) 

Particle 25585 NH3/293K 83.5 

Nanorod 25694 6M/453K 89.3 

Nanocube 25783 6M/373K 27.3 
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2.2 (In situ) Raman Spectroscopy 

 

When monochromatic light interacts with molecules, the light may be absorbed, elastically 

or inelastically scattered. When the scattered light has same energy as the incident 

frequency, the process is called Rayleigh scattering. But if certain discrete frequencies above 

and below of the incident beam are observed in the scattered light, the process is referred 

to as Raman scattering or Raman effect. The change in frequency (wavelength) of the 

scattered photon provides chemical and structural information (Figure 8). 

 

 

Figure 8. Schematic diagram of the energy transition involved in Rayleigh scattering and Raman scattering. 
Raman scattering occurs through the interaction of an incident photon with a molecular vibration mode, 
gaining(Anti-stokes) or losing(Stokes) an amount of energy equal to that vibrational mode. 

 

 

Raman spectroscopy is based on the Raman-effect. It is a spectroscopic technique to study 

vibrational modes in a system.  Since vibrational information is very specific for the chemical 

bonds in molecules, it therefore provides a fingerprint by assessing molecular motion. The 
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Raman scattered light occurs at wavelengths that are shifted from the wavelength of the 

incident light by the energies of molecular vibrations. Since it is governed by the 

polarizability of the electron cloud around the molecules, only vibrations in which the 

polarizability is changed are Raman active and vibrational modes that are more polarizable 

are more intense in the Raman spectrum.37
 

The Raman spectroscopy belongs to the handful catalyst characterization techniques, which 

are capable of providing structural level information concerning heterogeneous catalysts 

under controlled conditions (temperature, partial pressures of the gas phase components, 

etc.). Raman spectroscopy is not specifically surface sensitive, but rather a bulk technique. 

However, surface information is included in the measured spectrum. Raman spectroscopy 

provides, (1) bulk structural information, which can be used to follow (2) structural 

transformations of bulk and surface phases, and (3) can detect surface reaction 

intermediates. Raman spectroscopy was intensively used to study surface metal oxide 

species during oxidation reactions.38 

In this study, in situ Raman spectroscopy was employed as a main instrument to detect 

adsorbed oxygen species on the CeO2 surface and to investigate their reactivity with CO and 

propane. The aim was to monitor and determine the chemical transformation happening on 

CeO2 during the reactions of adsorbed oxygen with reaction partners from the gas phase to 

help to understand the morphology-dependent properties of CeO2 nanomaterials in CO and 

propane oxidation. Especially the characterization of superoxo (O2
-) and peroxo (O2

2-) 

species can be carried out by Raman spectroscopy. The weakening of the O = O bond in 

molecular oxygen by reduction of adsorbed oxygen to superoxide and peroxide can be 

followed by the shift in the frequency of the O-O stretching vibration.39 The reaction 

products between adsorbed oxygen species and CO or propane, respectively, will be 

determined by micro GC. 
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2.3 Experimental setup 

 

The experimental setup of Raman spectroscopy consisted of a triple-spectrograph system 

from Princeton Instruments with three stages. As shown in Figure 9, for excitation there 

were 532 nm, 457 nm and 355 nm single frequency continuous-wave diode-pumped lasers 

from Cobolt, a 488 nm laser (Sapphire SF) from Coherent, 442 nm and 325 nm He-Cd lasers 

from Kommon Koha, and a 266 nm laser (FQCW 266) from CryLaS. Gratings including 600 

g/mm, 2400 g/mm and 3600 g/mm are used in the case of using visible (532 nm – 442 nm) 

and UV lasers (355 nm to 266 nm) excitations. Gratings including 150 g/mm, 300 g/mm and 

1200 g/mm are used in the case of near infrared (NIR, 633 nm and 785 nm) and visible lasers 

excitations. Scattered light signals are monitored by back-illuminated CCD detectors 

(PyLoN:2K and PyLoN:100 from Princeton Instruments). The output of the laser will be 

maintained below 0.2mW for VIS, and 0.8mW for UV in all performed experiments.  

 

 

 

Figure 9. Schematic diagram of the multi-laser Raman spectroscopy setup. A: laser source; B: beam expander; 
C: neutral density filter; D: optical microscope; E: edge filter; F: TriVista triple grating. 

 



 

 

18 Experimental Method and Setup 

An optical microscope (Olympus) was employed to focus the laser beam onto the sample. 

The application of microscope enables higher spatial resolution. 40 The optical microscope 

was mounted at the entrance of the Raman spectrograph, and Raman excitation and 

collection were both performed using X10 objectives for VIS range lasers and XUV objectives 

for UV range lasers. 

In catalysis research molecular-level understanding of relationships between catalyst 

structure and activity/selectivity of the catalyst in a specific reaction requires that these 

properties have to be simultaneously analyzed while the reaction is really happening.40 Due 

to the complexity of the mode of operation of catalysts, generally more than one method is 

required to establish meaningful structure-activity relations, and this system’s necessity was 

stated by various researchers.41 For this purpose the term operando was created to express 

a methodology that realizes in situ spectroscopic characterization and activity 

measurements together in a single experiment. The word ”operando” stems from the Latin 

word for “working”.  

To analyze catalysts at elevated temperatures and in the flow of a gas, the catalyst powder 

was placed into a Linkam CCR1000 reaction chamber from Linkam Scientific Instruments 

implemented in the confocal Raman microscope. The cell used for the reactivity study of the 

surface oxygen species toward CO, propane, and propylene is illustrated in Figure 10. 

 

Figure 10. Detailed sketch of Linkam CCR1000 reaction cell 



 

 

19 Experimental Method and Setup 

 

The powdered sample, approximately 20 mg, was densely loaded into the ceramic sample 

holder. There are two thermocouples in this reaction chamber. One is located at the inner 

wall of the sample holder for temperature controlling (Tc1). Another is inserted into the 

sample to measure the actual reaction temperature (Tc2). The gases for experiments are 

delivered by mass flow controllers, for example, He, O2, Ar, propane/propylene, and CO with 

the flow rate of 20ml/min. The gases flow from top to bottom of the cell passing through 

the powdered sample which is carried on a ceramic fiber filter. The outlet of the gas flow 

from the cell is connected to a mGC (490 Micro GC, Agilent) to perform online gas product 

analysis. So, catalytic activities for CO and propane oxidation of different CeO2 samples can 

be investigated in a qualitative and quantitative way.  

To enable even faster gas phase analysis and isotope exchange experiments, a mass 

spectrometer (MS, GSD 320 Omnistar from Pfeiffer vacuum) was employed. The effluent gas 

composition of mixtures and their relative concentrations were analyzed continuously 

during the whole experiment, and different fragments in the form of mass to charge (m/z) 

ratios were tracked. The expected fragments have been selected based on the gas phase 

analysis by the mGC. 
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2.4 Activation process 

 

As the high oxygen storage capacity of CeO2 originates from oxygen vacancies, which can be 

easily formed and removed depending on temperature and gas phase composition, these 

defects, can be considered as the most reactive sites on CeO2. Theoretically, in the defect 

chemistry of bulk CeO2, the loss of oxygen and the reduction of Ce4+ to Ce3+ are 

accompanied by creation of the oxygen vacancies. Electrons, which are released from the 

vacancy sites are back-donated to localized Ce4f states and mobile by a small-polaron 

hopping process.42 Reduced non-stoichiometric CeO2, therefore, is a mixed ionic/electronic 

conductor. It is possible to form and enhance the concentration of oxygen vacancies by 

heating CeO2 at elevated temperatures under vacuum, or reducing it by applying reducing 

agents at certain temperatures.11, 43 The non-stoichiometric composition of CeO2-x and the 

presence of oxygen vacancies are important in oxidation catalysis.20, 44  

To compare the three cerium oxides with different morphology, a defined pre-treatment 

procedure (activation process) was performed before starting the adsorption and reactivity 

experiments. The activation process was carried out with a flow of inert gas (He) at a flow 

rate of 20ml/min, heating up to 673K with a heating rate of 5K/min, holding for 1 hour, and 

then cooling down to room temperature (303K). 
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3 Results & Discussion 

 

3.1 Raman spectra of CeO2 

 

Theoretically, the fluorite-type cubic crystal structure of CeO2 exhibits only one Raman 

active fundamental mode at 464 cm-1, which is the triply degenerate F2g mode that 

corresponds to a symmetric Ce-O stretching vibration in the Oh point group. It can be 

regarded as symmetric breathing mode of six oxygen atoms around the central cerium ion.45 

Peaks near 260, 600, and 1170 cm-1 are attributed to the second-order transverse acoustic 

(2TA) mode, a defect-induced (D) mode, and the second-order longitudinal optical (2LO) 

mode, respectively. Generally, it has been reported that defect-induced peaks are more 

strongly pronounced under UV excitation due to resonance Raman effects since CeO2 

strongly absorbs in the UV region.46 

Before in-situ experiments were started, the beam sensitivity of the particle sample was 

analyzed to minimize damage caused by strong laser power and to adjust and optimize the 

energy density. Raman spectra of the sample were collected varying the filters in the range 

ND = 1.0 to 3.0 resulting in laser powers from 1.4 mW to 0.014 mW, respectively. The 

exposure time was kept constant at 60s. For all Raman studies performed in this thesis, the 

laser power was adjusted to below 0.2mW for VIS range lasers, and 0.8mW for UV range 

lasers, respectively. 
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3.1.1 Influences of activation on the Raman spectra of CeO2 

 

The Raman spectra of the three nano-structured CeO2 catalysts were collected before and 

after activation using laser excitation wavelengths at 325, 532, 488, and 633 nm, 

respectively. The spectra are shown in Figure 11. As discussed above, the main band at 464 

cm-1 is assigned to the F2g mode of the fluorite-type structure of CeO2. After activation a 

partial increase in the intensity of peak at 590 cm-1 due to the defect-induced (D) mode was 

observed especially when the 325 nm laser was used.22h, 45a, 45b, 46a, 47 The D band at 590 cm-1 

is due to Frenkel-type oxygen vacancies, which start to form on the surface/subsurface and 

progress into the bulk of ceria. Their amount is affected by the surface termination of 

CeO2.48 Frenkel-type oxygen vacancies are most abundant in nanorods (Figure 11 b). 

However, we also observe a significant increase in the defect concentration after activation 

in He at 673 K in particular for the particle sample.  
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Figure 11. Raman spectra of ceria using visible (λex=532 nm, 633 nm) and UV (λex =325 nm) laser before 
(black lines) and after (red lines) activation at 673K in He for 1h. (a) Particle, (b) nanorod, and (c) 
nanocube. The Spectra are normalized by intensity at 464 cm

-1
, F2g mode.  
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3.2 Oxygen (O2) adsorption on CeO2 

 

Adsorption of oxygen and transfer of electrical charge results in an increase in the O-O bond 

length of adsorbed O2 and finally in dissociation of the molecule, which can be observed by 

Raman spectroscopy. Metal oxides treated at elevated temperatures in absence of oxygen 

or at low partial pressure of oxygen provide low-coordinated metal cations as adsorption 

sites. The strength of oxygen adsorption on metal oxide surfaces varies in a broad range from 

interaction based on dispersive forces to formation of a chemical bond. Due to an increase in bond 

length with increasing electron transfer a red shift of the O-O stretching vibration frequency is 

observed by going from adsorbed molecular oxygen (O2, ca. 1550 cm-1), to superoxide O2
2- (ca. 

1140 cm-1), and peroxide O2
- (ca. 840, 860, and 890 cm-1) depending on the degrees of 

defect aggregation).49 Also because of different morphologies, it is possible to expect 

different oxygen species on CeO2 samples. 

These different oxygen species with variable electrophilic character are kinetically significant 

intermediates in various oxidation reactions catalyzed by CeO2. Thus, a detailed study of the 

surface oxygen species is required.34, 50 The general reaction sequence during oxygen 

dissociation follows the equation 

 

O2 ads → O2
-
ads → O2

2-
ads → 2O-

ads → 2O2-
lc 

 

where the 2O2-
lc is a lattice oxygen ion. The formation of the intermediate species is 

dependent on the electron donation ability of the surface and the abundance of optimal 

sites for stabilizing the formed species. 
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3.2.1 16O2 adsorption on CeO2 

 

O2 adsorption on activated CeO2 was carried out with 20% O2/He at a flow rate of 20ml/min 

at room temperature (303 K). Raman spectrosocpy was performed to characterize different 

oxygen species on different CeO2 surfaces. 

 

Figure 12. Raman spectra of particles in flowing 20% O2/He at room temperature (303 K) with different laser 
excitations. Asterisk (*) indicates carbonate species from synthesis procedures. The spectra are normalized 
by intensity at 464 cm

-1
, F2g mode. 

 

Exposure of the activated CeO2 particle sample to O2 at room temperature results in the 

appearance of one band at 832 cm-1 (Figure 12). Throughout O2 adsorption experiment on 

nanoparticles under all different laser excitations, lasers in the visible range (442, 457, 488, 

and 532 nm) are suitable to investigate this Raman band, and 488nm excitation is the most 

suitable one in terms of the absolute intensity of the peak. This Raman band is assigned to 

the O-O stretching vibration of adsorbed peroxide species, O2
2-, which are adsorbed on 
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isolated two-electron defect sites.51 Subsequent experiments with nanocubes and nanorods 

exhibit also the same adsorbed oxygen species at identical position (832 cm-1) when the 488 

nm laser is used for excitation, even though the surface of the nanoparticles with different 

morphology have different terminating crystal planes (Figure 13). This implies that the local 

structure of the adsorption site seems to have no significant impact on the O - O band 

strengths in the adsorbed peroxide ion.  

 

 

Figure 13. Comparison of Raman spectra before and after O2 adsorption at room temperature (303 K) on the 
three different nanostructured CeO2 samples. The Raman band at 832 cm

-1
 is assigned to adsorbed peroxide 

species. The Spectra are normalized by intensity at 464 cm
-1

, F2g mode. 

 

So, the nature of adsorbed oxygen species is similar on the three different CeO2 surfaces 

(Figure 13). 
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The evolutions of the peroxide bands with time at 303K in 20% O2/He flow (20ml/min) 

shown in Figure 14. For all samples, adsorption happens right after exposure of the samples 

with oxygen, and reached the maximum intensity of the peak at 832 cm-1 is reached after a 

few minutes. The peak intensity of nanocube (b) at 832 cm-1 is very low (Figures 13-14) due 

to the lower specific surface area of the nanocube sample compared to other samples. 

Differences in the kinetics of peroxide formation have been discussed in the literature based 

on the stability of oxygen vacancies on different facets.9, 25b Unfortunately, the defect-

induced peak at 600 cm-1 observed after the activation process on all three ceria samples is 

observable best by using the 325 nm laser for exitation (Figure 11). Under the same 

measurement conditions the formation of peroxide species cannot be observed in the 

Raman spectrum (Figure 14). That means the consumption of oxygen vacancy sites during 

formation of peroxide species cannot be monitored in the same experiment. 
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Figure 14. Raman spectra collected during 20% O2 adsorption at room temperature (303 K) for 20 min on (a) 
particle, (b) nanocube, and (c) nanorod applying the 488 nm laser for excitation. 
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3.2.2 18O2 adsorption on CeO2 

 

To verify that the peak at 832 cm-1 observed upon 16O2 adsorption at room temperature on 

CeO2 is originated indeed from adsorbed oxygen species, an oxygen isotope exchange 

experiment was carried out. 49a The Raman spectra of the particle sample after adsorption 

of 18O2 applying lasers at 442, 457, and 488 nm for excitation are shown in Figure 15. 

 

Figure 15. Comparison of Raman spectra of the particle sample in flowing 
16

O2 (black lines) and 
18

O2 (red 
lines) (20% O2/He) applying lasers in the visible range for excitation at room temperature (303 K). 

 

At first, adsorption of 16O2 was performed. Before switching the gas feed to 18O2, He was purged 

to remove pre-adsorbed 16O2 on the surface of CeO2 nanoparticles. By exposing 18O2 (20% 

18O2/He, 20ml/min) to CeO2 after the 16O2 adsorption experiments at room temperature, 

the peak corresponding to peroxide species adsorbed on the ceria nanoparticles was shifted 

to 786 cm-1 indicating complete exchange of adsorbed 16O2
2- by gas phase 18O2 at room 

temperature. The measured peak shift expressed by the ratio of the peak positions (1.059) 

is in a good agreement with the theoretical value of 1.061 assuming a diatomic oscillator. 
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Therefore it is concluded that the peak at 832 cm-1 observed upon oxygen adsorption on the 

CeO2 surface can indeed be attributed to adsorbed peroxide species.51a, 52 

In summary, it was shown that O2 adsorption on nanostructured CeO2 samples results in the 

formation of adsorbed peroxide species that are stable at room temperature. The 

involvement of oxygen vacancies generated during the activation process in helium in the 

formation of peroxide species is assumed. Direct experimental evidence, however, requires 

further kinetic studies of the disappearance of the defect-induced band at 600 cm-1 upon 

contact with oxygen using a 325 nm laser as excitation source. 

 

3.3 Oxygen adsorption on CeO2 in presence of a reducing agent in the gas 

phase 

 

Based upon the fact that CeO2 could easily be reduced and the oxygen vacancies within its 

structure possess high mobility, the material has been studied in oxidation reactions such as 

CO oxidation and propane oxidation.53 These reactions can be considered as probe reaction 

for the surface redox properties of CeO2. Adsorbed oxygen species, such as the peroxide 

species described above, will react with CO and propane. Furthermore, the oxygen defects 

present on the surface of ceria or, in other words, co-ordinatively unsaturated ceria species, 

are important for adsorption of CO and propane. 

The abundance of adsorbed peroxide species on the surface of the nanostructured ceria 

catalysts was monitored in temperature-programmed experiments of CO and propane 

oxidation, respectively. For the oxidation reactions, 5% CO in a mixture of 20% O2 in He flow 

and 2% CO in a mixture of 15% O2 in He flow (total flow rate 20ml/min) were introduced 

into the Raman cell and the temperature was increased up to 553 K using a heating rate of 

5K/min. At the same time the Raman spectra were recorded and the composition of the 

effluent gas was analyzed by gas chromatography. 
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3.3.1 CO oxidation 

 

In CO oxidation over CeO2 the surface itself has been considered to be actively involved in 

the reaction according to a Mars-van Krevelen-type mechanism under stationary condition 

in the presence of gas phase O2.11, 28 CO is adsorbed and reacts with a surface oxygen 

species under formation of CO2. The reaction product desorbs, a vacancy is left behind in 

the surface with the metal ion in lower oxidation state. In principle the vacancy will be filled 

again by oxygen from gas phase. It has been frequently observed that CO oxidation over 

nanocrystalline CeO2 is structure sensitive due to the exposure of different surface 

terminations on rods ((110) + (100)), cubes (111), and crystals with octahedral shape (111).28 

In the present experiments, the oxidation of CO (CO + ½ O2-> CO2) was analyzed by using a 

gas chromatograph (GC) equipped with a thermal conductivity detector. A gas mixture of CO 

(5%) and O2 (2%) balanced with helium was used as reaction feed. The conversion of CO was 

calculated based on the carbon atom balance using the following formula, where N 

represents the relative percentage of reactant or product in the product stream. 𝑋𝐶𝑂 

represents the conversion of CO. The selectivity to CO2 is always 100%, because no other 

product except CO2 can be formed in CO oxidation. 

 

 

𝑋𝐶𝑂 = {1 − (
𝑁𝐶𝑂

𝑁𝐶𝑂 +𝑁𝐶𝑂2
)} ∗ 100 
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3.3.1.1 Raman spectroscopy during CO oxidation over particles 

 

The CeO2 particle sample (20mg) was exposed to the CO oxidation feed in the Linkam 

CCR1000 chamber. After 30 min steady-state operation at 553 K the gas was switched to He 

(20ml/min). The evolution of the Raman peak intensity of peroxide species at 832 cm-1 was 

monitored by Raman spectroscopy (green data points).  The conversion of CO was followed 

by online mGC (black data points). Raman results and reactivity data are presented in Figure 

16. 

The intensity of the Raman band due to adsorbed peroxide species at 832 cm-1 starts to 

decrease at a temperature at which the CO conversion becomes measurable. This means 

that adsorbed peroxide species might be involved into CO oxidation. However, it is no proof, 

because the measured intensity may simply reflect the steady-state concentration of 

peroxide species present on the surface. The carbon dioxide may be formed by reaction 

with surface lattice oxygen species generating defects at which the peroxide species are 

formed by adsorption and partial reduction of gas-phase oxygen. 

 

 

Figure 16. Raman peak intensity at 832 cm
-1 

and conversion of CO as a function of temperature in CO 
oxidation over the particle sample. 
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3.3.1.2 Raman spectroscopy during CO oxidation over rods 

 

On CeO2 rods (20mg) the same experimental procedure was applied. As shown in Figure 17, 

the Raman peak intensity of the band at 832 cm-1 increases with increasing temperature in a 

range where CO conversion is still zero indicating that oxygen vacancies are formed just due 

to a thermal effect. Gas-phase oxygen is then adsorbed on these defects under formation of 

peroxide species. Again, the intensity of the Raman band due to adsorbed peroxide species 

at 832 cm-1 starts to decrease at a temperature at which the CO conversion becomes 

measurable. The rods are slightly more active (X=13%) compared to the particles (X=10%) at 

the final reaction temperature of 553 K. 

Since the intensity of the peak due to adsorbed peroxide species was much smaller on the 

cube sample due to its low specific surface area, the experiment was not performed for the 

cubes. 

 

Figure 17. Raman peak intensity at 832 cm
-1

and conversion of CO in increasing temperature (left), 
comparison between conversion of CO and selectivity for CO2 from CO oxidation (right) over nanorods.   
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3.3.2 Propane oxidation 

 

Propene is produced on a large scale by steam cracking of naphtha, fluid catalytic cracking 

(FCC), methanol to olefins (MTO), and dehydrogenation of propane (PDH).54 The direct 

conversion of propane into propene by partial oxidation with molecular oxygen is 

economically and ecologically interesting.55 Propane is abundant and cheap, also its 

oxidation process can result not only in high value propene but acrolein, acrylic acid, and 

acrylonitrile. All these valuable products are applied as monomers for polymerization. 

However, the reaction is not applied in industry due to so far insufficient low selectivity. The 

activation of oxygen is the key reaction step in alkane oxidation that has a major impact on 

the undesired total oxidation of propane to CO2.56 The research aim in the field of oxidation 

catalysis is to control selectivity by understanding the reaction mechanism and structural 

requirements of the catalyst for selective activation of the reactants propane and oxygen.  

In an attempt to investigate the oxygen activation over ceria in presence of propane, CeO2 

particles and nanocubes will be examined. As evidenced by gas chromatography, propene 

and CO2 are the only products formed in propane oxidation over ceria under the applied 

reaction conditions. The conversion of propane and selectivity towards propene and CO2 

was calculated by a carbon atom balance method using the following formulas, where N 

represents the relative percentage of gas phase components in the product streams. 𝑋𝐶3𝐻8  , 

𝑆𝐶3𝐻6 and 𝑆𝐶𝑂2 represent the conversion of propane and the selectivity to propylene and 

CO2 respectively. 

 

 

𝑋𝐶3𝐻8 = {1 − (
𝑁𝐶3𝐻8

𝑁𝐶3𝐻8 +𝑁𝐶3𝐻6 +𝑁𝐶𝑂2
)} ∗ 100 

𝑆𝐶3𝐻6 = {
𝑁𝐶3𝐻6

(𝑁𝐶3𝐻6 +𝑁𝐶𝑂2)
} ∗ 100 

𝑆𝐶𝑂2 = {
𝑁𝐶𝑂2

(𝑁𝐶3𝐻6 +𝑁𝐶𝑂2)
} ∗ 100 
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3.3.2.1 Raman spectroscopy during propane oxidation over particles 

 

On the CeO2 particle sample (20mg) a gas feed of 2% C3H8/15% O2/83% He was introduced 

and the temperature was increased up to 553 K at a rate of 5K/min. At the reaction 

temperature of 553 K the reaction was performed for 30 minutes. Then, the gas was 

switched to He (20ml/min). The evolution of the Raman peak intensity of peroxide species 

at 832 cm-1 was monitored by Raman spectroscopy, while propane, CO2, and propene were 

analyzed by online mGC. 

 

 

 

Figure 18 illustrates the results. On the left side the intensity of the Raman band due to 

adsorbed peroxide species is compared with the conversion of propane. The selectivity to 

propene and CO2 is plotted as a function of reaction temperature and time on the right side. 

At about 513 K the conversion of propane started to increase and at 553 K a stable 

conversion of 23 - 24% propane was observed for another 30 minutes. The main product in 

Figure 18. Raman peak intensity at 832 cm
-1

and conversion of C3H8 as a function of the temperature (left), comparison 
between conversion of propane and selectivity to the products (right) over the particle sample.  
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propane oxidation on the particle sample was CO2, and at slightly higher temperatures 

(>473 K) propylene was produced but with very low selectivity (maximum ca. 5%). 

There is no correlation between the decrease in intensity of the Raman band due to 

adsorbed peroxide species at 832 cm-1 and the onset of propane conversion. The intensity 

starts to decrease at a similar temperature as in the CO oxidation experiment (compare 

Figure 17 and 18) suggesting that the intensity decrease is due to thermal desorption and/or 

further reduction/dissociation of adsorbed peroxide. It should be noted at this point that 

the peroxide species adsorbed on CeO2 are detectable in inert gas (in absence of oxygen or 

oxygen/CO or oxygen/propane mixtures) only up to 345 K. The observation indicates that 

peroxide species on the surface detected at elevated temperatures in presence of oxygen 

and a reducing agent reflect a steady-state concentration of these species in the process of 

oxygen reduction. 
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3.3.2.2 Raman spectroscopy during propane oxidation over cubes 

 

The propane oxidation experiment over the CeO2 cube sample (20mg) is presented in Figure 

19. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Due to the 4 times lower surface area compared to the CeO2 particle sample, the cubes 

show a very low propane conversion (1.5%). Nanocubes are 3 times less active than 

particles. Therefore, the selectivity data are less accurate. The selectivity to propene is 

higher on cubes compared to particles due to the much lower conversion of propane on the 

cubes.  

The peak intensity at 832 cm-1 due to adsorbed peroxide species increases until the reaction 

temperature of 553 K was reached indicating that propane oxidation generates oxygen 

vacancies that facilitate peroxide species formation. This observation is in good agreement 

with the morphology of the CeO2 nanoparticles. CeO2 cubes mainly expose (100) surface 

facets, which have been shown to require less energy to form oxygen vacancies compared 

Figure 19. Raman peak intensity at 832 cm
-1

and conversion of 2% of C3H8 in increasing temperature (left), comparison  
between conversion of propane and selectivity of products from propane oxidation (right) over nanocubes.   
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with (111), and (100) surfaces, which are abundant on particles. But there seems to be no 

correlation between the concentration of adsorbed peroxide species or generated oxygen 

vacancies with the catalytic activity in propane oxidation. 

In summary, the experiments revealed different catalytic activity of CeO2 nanoparticles in 

CO and propane oxidation reactions even though all morphologically different ceria samples 

stabilize O2 as peroxide species (832 cm-1). A direct correlation between the abundance of 

these species and the catalytic activity or the selectivity in propane oxidation was not 

observed
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3.4 Reactivity of adsorbed peroxide species in pulse experiments 

 

On the surface of metal oxides including CeO2, the nature of the reacting oxygen species in 

oxidation reaction is less obvious. The situation is complex, because both adsorbed surface 

oxygen species and lattice oxygen can participate in the reaction depending on the oxide 

used and the reaction conditions with respect to temperature and redox potential of the gas 

feed. 

Throughout CO and propane oxidation experiments, oxidation reactions on the CeO2 surface 

are occurring. The nature of the responsible oxygen species, namely whether the oxidation 

reaction occurs under involvement of lattice oxygen or adsorbed oxygen species, is still 

unclear. In previous studies in the literature the lattice oxygen rather than the adsorbed or 

gaseous oxygen was attributed to oxidation reactions under the typical high reaction 

temperatures.28 So the reactivity and mobility of lattice oxygen as well as adsorbed peroxide 

species with pulses of propene in presence of either 16O2 or 18O2 over the CeO2 particle 

sample was studied by Raman spectroscopy and mass spectrometry.  

Before discussing the experiment, a matrix of expected fragments from propane oxidation 

and their mass to charge ratios (m/z) are presented in Table 3. 

 

Table 3. Matrix of expected mass/charge ratios of possible products from propene oxidation reaction. 
Number without under line means products with 

16
O in the product, and underlined numbers correspond to 

mass/charge ratios with 
18

O in the product. 
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3.4.1 Propene pulse together with 16O2  

 

The pulse experiments were started with oxygen adsorption applying a feed of 20% O2/He 

(total flow rate 20ml/min) and heating up to 353 K. When the Raman signal of adsorbed 

oxygen species at 832cm-1 was stable, a pulse of 5% propene in a mixture of 5% Ar and 90% 

He for dilution was introduced into the 20% O2/He feed and the response of the gas phase 

composition was followed by mass spectrometry while at the same time the Raman spectra 

were recorded. The pulse experiment was repeated after 30 minutes. The mass spectra 

collected show reproducible result for three consecutive pulse experiments. The third pulse 

experiment is presented in Figure 20. 

 

 

Figure 20. Raw mass spectrometry data of the 3rd propene pulse experiment on CeO2 particle at 353 K. 
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To compare the evolution trend of different species within a certain range of time, the 

spectra have been smoothed and normalized from 0 to 1 (Figure 21). The major signals 

detected comprise O2 (32), He (4), Ar (40), propene (39,42), certain oxygenates (43,42), 

either nitrogen or CO (28), and CO2 (44). Argon, which does not participate in the reaction, 

was used as an internal standard. A decrease in the signal for oxygen and possible 

intermediates was caused by partial pressure drop when the pulse was introduced. 

 

 

 

 

 

In reference experiments it has been shown that the signal 44 does not come from 

impurities in O2/He or propene. The profile of the signal 44 differs clearly from the profiles 

of the other species. The occurrence of the CO2 signal could be attributed to total oxidation 

of propene. The signal 56 has a similar trend like signal 44. It is attributed to acrolein, and 

the signal is shown in the right panel of Figure 21. The drop in other signals present in the 

background of the mass spectrometer (58 - acetone/propanal, 60 - acetic acid, 74 - 

propanoic acid, and 72 - 2-propenoic acid) is due to a temporary drop in the partial pressure 

by introducing the pulse. It is assumed that acrolein is a product, because a positive peak of 
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Figure 21. Mass spectra of particle monitored during the 
16

O2 oxidation reaction with 1% propylene pulse at 353 K 
together with the Raman peak intensity at 832 cm

-1
(rectangle shaped symbols) (left), mass spectra of signal 56, 

acrolein, compared with other signals of intermediate species, (right).   
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Figure 22. Mass spectra of particle monitored during the 
18

O2 oxidation reaction with 1% propene pulse at 353 K 
with Raman peak  intensity at 832 cm

-1
(rectangle shaped) (left), Mass spectra of signal 56, acrolein, compared to 

other signals, (right).  

m/z=56 was observed upon introduction of the pulse. The Raman peak intensity at 832 cm-1 

decreases with time. The experiment indicates that the steady-state concentration of 

adsorbed peroxide species changes with time after introduction of the pulse due to reaction 

with an organic species or with ceria. 

 

3.4.2 Propene pulse together with 18O2  

 

More signals were added to identify the products with 18O2. The general trend of the 

reaction with 18O2 is similar to the reaction with 16O2. As shown in Figure 22, acrolein (56), 

(58), CO2 (44), (46), (48), and 2-propen-1-ol (57), propanoic acid (45), (47) were observed 

based on the mass matrix. 

 

 

 

Acrolein, signal 56, was confirmed as product of propene oxidation by the experiment with 

18O2 (signals 56 and 58(isotope)). Again CO2 is the main product of propene oxidation. It 

shows three different signals with m/z of 44, 46, and 48 corresponding to C16O2, C18O16O, 

and C18O2, respectively. And the three signals have similar trends but differ from the trend 
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of He and O2, so it seems that the three isotopically labeled carbon dioxide molecules are 

formed by a similar mechanism.  

As shown in Figure 23, the signals of the carbon dioxide isotope mixtures exhibit an 

interesting tendency in terms of their abundance. The contribution of CO2 with m/z=44 that 

contains only 16O decreases, whereas the signals due to carbon dioxide that contains also 

18O (46, 48, and 30) increase in the consecutive pulse experiments. The formation of CO2 

with m/z=44 in the 18O2 experiment is only possibly when the total oxidation of propene 

occurs under involvement of lattice oxygen. This indicates that the oxygen source for total 

combustion of propene over ceria can be either adsorbed oxygen (18O2) or lattice oxygen 

(16O2) in our study. In conclusion, the pulse experiment suggest that lattice oxygen as well as 

adsorbed oxygen species are unselective oxygen sources in the total combustion of propene 

over CeO2, which is in disagreement with results frequently reported in the literature that 

lattice oxygen is responsible for selective oxidation, while adsorbed oxygen species are 

responsible for total combustion.  

 

Figure 23. Comparison of amount changes in different COs during 4 pulses of propylene with 
18

O2. 
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4 Conclusions 

  

Nanostructured CeO2 with different morphology was studied by in situ and operando Raman 

spectroscopy in CO and propane oxidation and by pulse experiments with oxygen/propene 

mixtures. The CeO2 samples differ in exposed facets and specific surface area. It is well 

known that defects such as oxygen vacancies in CeO2 can play an important role in various 

catalysis applications. It has been postulated to use modifications in the particle shape to 

tailor reactivity and selectivity.1 

The present Raman study revealed that despite differences in the particle morphology of 

nanostructured CeO2, oxygen adsorption results in the formation of identical adsorbed 

peroxide species on the surface characterized by a frequency of the O-O stretching vibration 

at 832 cm-1. 

After activation in He at elevated temperature, oxygen adsorption happened quickly at 

room temperature on the CeO2 samples. Theoretically the stability of oxygen vacancies on 

different facets of CeO2 follows the order (111) > (100) > (110). Catalytic activity based on 

oxygen defects is predicted to follow the reverse order.24, 57  

However, in the operando Raman spectroscopic experiments no correlation between the 

abundance of surface peroxide species and catalytic activity was observed. Furthermore, 

propene pulse experiments revealed that in the combustion of propene both adsorbed 

oxygen species as well as lattice oxygen species of CeO2 are involved. The results contribute 

to an improved understanding of parameters that control selectivity in oxidation reactions. 
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