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Zusammenfassung 
Die Münzmetalle Kupfer, Silber und Gold wurden auf SBA-15 geträgert und als Modell-

katalysatoren für die selektive Oxidation von Propen vorgestellt. Das Ziel dieser Arbeit war das 

Aufstellen von Struktur-Eigenschaftsbeziehungen. Im Fokus der Untersuchung stand die 

strukturelle und funktionelle Charakterisierung der Katalysatoren mit Hinblick auf die 

elektrophile und nukleophile Oxidation von Propen. 

Im ersten Teil der Arbeit wurde Kupferoxid in verschiedenen Metallbeladungen auf 

mesoporösem SBA-15 geträgert. Die Analyse mittels Physisorption, Röntgendiffraktometrie 

und Elektronenmikroskopie ergab, dass Kupferoxid als fein verteilte Nanopartikel in den Poren 

des SBA-15 vorlag. Die Analyse der Kupferspezies mittels Röntgenabsorptions- und DR-UV-Vis-

Spektroskopie zeigte tetraedrisch verzerrte [CuO6]-Oktaeder. Mit steigender Kupferbeladung 

nahm die Partikelgröße zu. Die Verwendung von in situ DR-UV-Vis- und Röntgenabsorptions-

spektroskopie ermöglichte die Herleitung von Struktur-Eigenschaftsbeziehungen. Zusätzlich 

wurde eine thermische Vorbehandlung verwendet um die strukturellen Eigenschaften der 

Proben zu verändern. Die Reaktionsrate von Propen konnte mit dem Anteil an 

Strukturmotiven von Cu2O korreliert werden. Die Selektivität für Acrolein war für alle 

CuO/SBA-15-Katalysatoren ähnlich groß, während die Selektivität für Propylenoxid mit 

steigender Partikelgröße und der Anzahl an verbrückenden Sauerstoffatomen anstieg. 

Im zweiten Teil der Arbeit wurden Silber und Gold auf SBA-15 geträgert und analog zu den 

CuO/SBA-15-Katalysatoren untersucht. Die strukturelle Charakterisierung ergab größere 

Silber- und Goldnanopartikel im Vergleich zu den Kupferpartikeln. Ag/SBA-15-Katalysatoren 

zeigten nur bei hoher Beladung kristallines Silber auf der Oberfläche des SBA-15, während 

Gold beladungsunabhängig kristallin vorlag. Die DR-UV-Vis-Spektren zeigten 

Absorptionsbanden der Oberflächenplasmonenresonanz von Silber- und Goldnanopartikeln. 

Die funktionelle Charakterisierung ergab, dass die Ag/SBA-15-Katalysatoren die höchste 

Aktivität in der Propenoxidation, jedoch die geringste Acroleinselektivität aufwiesen. Im 

Gegensatz dazu zeigten die Au/SBA-15-Katalysatoren eine hohe Acroleinselektivität bei 

geringer Aktivität. Die CuO/SBA-15- und Ag/SBA-15-Katalysatoren bildeten Propylenoxid mit 

Luftsauerstoff, während die Au/SBA-15-Katalysatoren nur nach Zugabe von Wasserstoff zu 

dem Reaktionsgemisch Propylenoxid bildeten. Insgesamt konnte eine lineare Korrelation 

zwischen der Selektivität zu Propylenoxid und der Metallbeladung, und somit der 

Partikelgröße, festgestellt werden. 



 

  



 
 

Abstract 
Coinage metals comprising copper, silver, and gold supported on SBA-15 were prepared and 

introduced as model catalysts in propene oxidation. The objective of this work was elucidating 

structure function correlations. Structural evolution and catalytic activity were investigated 

during selective oxidation of propene focusing on product distribution of nucleophilic and 

electrophilic oxidation. 

In the first part of this work copper oxide particles supported on nanostructured silica SBA-15 

were synthesized with varying copper loadings. Structural characterization by N2 

physisorption, X-ray diffraction, and electron microscopy revealed well dispersed copper 

oxide particles with a narrow particle size distribution. X-ray absorption and DR-UV-Vis 

spectroscopy exhibited copper oxide species comprised of [CuO6] units with Cu2+ in a distorted 

octahedral configuration. Increasing the copper loading resulted in an increased particle size. 

In situ DR-UV-Vis and X-ray absorption spectroscopy were implemented to elucidate structure 

function relationships. Additionally, thermal pretreatment was conducted to modify structural 

properties. Investigations on catalytic performance exhibited a correlation between propene 

reaction rate and the amount of structural motifs corresponding to Cu2O formed during 

heating up the samples. While acrolein selectivity was largely similar for tested copper 

catalysts selectivity towards propylene oxide increased with particle size and the amount of 

bridging oxygen atoms.  

In the second part of this work silver and gold nanoparticles supported on SBA-15 were 

synthesized and analyzed analogous to CuO/SBA-15 samples. Silver and especially gold 

nanoparticles had increased particle size compared to those of copper. Ag/SBA-15 samples 

showed crystalline silver for high silver loadings while crystalline gold was found for various 

gold loadings. DR-UV-Vis spectra of Ag/SBA-15 and Au/SBA-15 samples exhibited features 

corresponding to surface plasmonic resonance of silver and gold nanoparticles, respectively. 

Catalytic testing exhibited highest activity but lowest acrolein selectivity for Ag/SBA-15 

samples among the supported coinage metals. Conversely, Au/SBA-15 samples exhibited high 

acrolein selectivity but low propene reaction rate. CuO/SBA-15 and Ag/SBA-15 samples 

oxidized propene to propylene oxide with molecular oxygen while Au/SBA-15 samples were 

solely able to form propylene oxide when hydrogen is added to the gas mixture. A linear 

correlation between metal loading, hence, particle size and propylene oxide selectivity was 

determined for CuO/SBA-15, Ag/SBA-15, and Au/SBA-15 samples.  
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1 Introduction 

1.1 Motivation 
The chemical industry of today can not be imagined without catalytic processes. About 90 % 

of all industrial processes include at least one catalytic step.[1] The description of the term 

catalysis can be traced back to the 18th century.[2] J. J. Berzelius introduced a phenomenon 

where a compound was needed for a reaction but did not get consumed by it. W. Ostwald 

refined the definition as a decreased reaction time when a particular foreign substance is 

present.[3] The meaning of this effect for chemistry was quickly realized and efforts in catalyst 

research increased rapidly. Catalysis is continuously one of the main topics in chemical 

research. Often in history, finding new and active catalysts for important reactions led to an 

immense progress in chemical development. Haber-Bosch process, Ostwald process, and 

Contact process need to be named in the early 20th century.[4] These processes changed the 

chemical industry and even impacted everyday life. 

Besides gaining higher conversion rates, selectivity of multiproduct reactions is crucial for the 

chemical industry. Separating various products can be a huge expense factor. Therefore, 

increasing selectivity of the target product by a few percent can lead to new production 

methods. Additionally, environmental chemistry employs catalysts in order to decrease toxic 

byproducts and pollution. The topic of green chemistry relies on catalysts as one of its main 

pillars in decreasing pollution and offers a completely new research path.  

Catalysts enable different reaction pathways with lower activation energy compared to that 

of the uncatalyzed reaction. However, the energy difference between the reactant and the 

product remains the same. Lower activation energy results in a faster reaction rate at the 

same temperature. Three major classes of catalysts can be distinguished: heterogeneous 

catalysts, homogeneous catalysts, and enzymes. In heterogeneous catalysis the catalyst and 

the reactants are in different phases. This enables a cost-efficient separation of various 

products. Mostly, solids are used as catalysts for gaseous reactants. At least one of the 

reactants interacts with the solid surface building a transition state. Interaction between 

reactant and catalyst is crucial for the catalyst activity and selectivity. Hence, generating a high 

number of reaction sites on the catalyst surface is a main goal in catalyst design. Bulk metal 

or metal oxide catalysts represent a simple approach in creating active catalysts. Small 
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crystallite size can result in a high number of active sites through increased surface area. 

However, with increased catalytic requirements creating new and active catalysts became 

more complex over the last decades. Hence, the field of catalyst design became a higher 

priority.  

New approaches were needed to further increase catalyst performance. Depositing the active 

catalyst species on an inactive support material is one approach to create catalysts with high 

surface area and, however, low metal loading. Especially considering rare or toxic metals high 

activity can be reached with a low amount of the metal used. Additionally, supported metal 

catalysts can be used as model catalysts. Catalyst development was often dominated by trial 

and error approaches. This led to catalysts consisting of various metals without a deeper 

understanding of the reaction mechanism. Furthermore, meaning and interaction of single 

catalyst components in the reaction mechanism are ambiguous. Investigation of structure 

function correlations is hardly feasible for chemically and structurally complex catalysts. 

Therefore, model catalysts simplifying structure or chemical composition are a suitable 

approach for obtaining structure function correlations.  

Fundamental pillar of determining structure function relationships is in situ analysis. Besides 

functional properties, characterization of structural properties during reaction conditions can 

be conducted. Single structural motifs or functional groups can be characterized and their 

importance for the catalyzed reaction determined. Elucidating structure function correlations 

can be obtained via various analytical methods. In situ diffuse reflectance UV-Vis spectroscopy 

and X-ray absorption spectroscopy of solid catalysts have become promising techniques 

characterizing supported metal catalysts. Thereof, key characteristics like oxidation state of 

various metal species, short-range structure, and coordination around the metal atoms can 

be gathered. Characterizing structure and structural motifs of supported metal catalysts 

during catalyst treatment is hardly accessible by a lot of analytic methods because of their 

often small, non-crystalline particles. Especially in situ X-ray absorption spectroscopy is 

suitable for analyzing metal oxides supported on amorphous materials because X-ray 

absorption spectroscopy is not based on an assumption of symmetry or periodicity. Combining 

various in situ methods enables deeper insight into structural motifs corresponding for 

catalytic activity. This approach sets up rational catalyst design as a contrast to the trial and 

error approach often used. Additionally, deeper understanding of the reaction mechanism of 

the catalyzed reaction path can be obtained.  
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1.2 Selective oxidation of propene 
A major part of heterogeneous catalysis is oxidation catalysis.[5,6] Particularly, selective 

oxidation of propene is an important reaction with a varying product distribution depending 

on catalyst, reaction temperature, or conversion rate.[7–9] Main reaction products are acrolein, 

acetaldehyde, propylene oxide, acetone, acrylic acid, and COx. Acrolein and propylene oxide 

rank among top industrial chemical intermediates. In Figure 1-1 the oxidation of propene to 

acrolein is displayed. 

 

Figure 1-1: Oxidation of propene to acrolein via a bismuth molybdate based oxidic multicomponent 
catalyst. 

Acrolein is an intermediate in acrylic acid production. Acrylic acid and its esters are 

omnipresent in chemical industry with a production above millions of tons per year.[10] Various 

important polymers are produced based on acrylic acid, which are commercially used as super 

absorbents, detergents, textiles, and adhesives. Additionally, acrolein is the starting substrate 

for the production of the amino acid methionine. Methionine is used in animal nutrition. 

Besides acrolein, propylene oxide can be produced by oxidation of propene (Figure 1-2). 

Propylene oxide is a very reactive bulk chemical and finds application in a wide range in the 

producing chemical industry. Thereof, it is produced on a scale of 7.5 million tons per year.[11] 

Major applications are in the production of polyurethane and propylene glycol.[9] Propylene 

oxide is used in industrial processes of the food, cosmetics, and agricultural industry. 

Additionally, production of antifoam agents, coatings, and adhesives relies on propylene 

oxide.  

Acrolein is currently produced via oxidation of propene by molecular oxygen. A bismuth 

molybdate based oxidic multicomponent catalyst is used in industrial acrolein synthesis.[12,13] 

In contrast to production of acrolein, a suitable process for industrial production of propylene 

oxide is lacking. Current methods established for the production of propylene oxide are 

chlorohydrin and hydroperoxide processes. However, hazardous chlorine or costly 

hydroperoxides are used in these epoxidation processes leading to a vast amount of 

byproducts.[14,15] Thus, considering the demand for propylene oxide, an efficient and 

O2 O
H2O

acroleinpropene
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environmentally friendly synthesis route is required. The most desirable route appears to be 

catalytic epoxidation of propene by gaseous oxygen.[16]  

 

Figure 1-2: Oxidation of propene to propylene oxide via molecular oxygen. 

Bismuth and molybdenum mixed oxides have been established as industrial selective 

oxidation catalysts for oxidation of propene to acrolein.[6,13] Active and selective catalysts have 

been successfully developed by trial and error methods. However, the reaction mechanism is 

still under debate. Most promising candidate for such a reaction mechanism is the Mars-van-

Krevelen mechanism which describes oxidation of propene via nucleophilic lattice oxygen.[17] 

A schematic representation of the oxidation of propene towards acrolein and propylene oxide 

inspired by the Mars-van-Krewelen mechanism is displayed in Figure 1-3. Initially, propene is 

adsorbed on the catalyst surface and an alpha-hydrogen atom is abstracted leading to an allyl 

intermediate. Subsequently, lattice oxygen is inserted forming a metal allyl alkoxide. A second 

hydrogen abstraction is followed by desorption of acrolein. This process leads to the reduction 

of the metal catalyst which is subsequently reoxidized by gas-phase oxygen. Vacancies can be 

refilled by lattice oxygen. Hence, reoxidation can take place at a different reaction site. 

Therefore, oxygen mobility in the bulk material is a discussed phenomenon in terms of 

creating higher selectivity towards acrolein.[18] However, considering metal oxide catalysts 

supported on a mesoporous material the topic gets more complicated. Metal oxide particles 

in a range of a few nanometers are not comparable to bulk materials in terms of oxygen 

mobility and availability. Hence, reoxidation relies primarily on gas-phase oxygen. Oxidation 

of propene and reoxidation of the catalyst need to take place simultaneously at a smaller 

amount of reaction sites compared to bulk materials. This leads to more requirements for the 

catalyst surface of supported catalysts compared to those of bulk materials. Parallel to 

oxidation towards acrolein, propene can be oxidized towards propylene oxide via epoxidation. 

While oxidation to acrolein employs nucleophilic oxygen species the epoxidation to propylene 

oxide needs electrophilic oxygen species. Electrophilic oxygen can be provided via gas-phase 

oxygen or various electrophilic oxygen species adsorbed on the catalyst surface. Electrophilic 

½ O2

propene

O

propylene oxide
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oxygen species can also lead to total oxidation to COX. Hence, key property of epoxidation 

catalysts is the stabilization of propylene oxide by preventing further oxidation to COX. 

 

Figure 1-3: Schematic representation of the mechanism of the propene oxidation via a metal oxide 
catalyst to acrolein and propylene oxide. Reoxidation of the catalyst is described analogous to the 
Mars-van-Krevelen mechanism.[19–21]  

1.3 Coinage metals in oxidation catalysis 
Coinage metals comprising copper, silver, and gold have a long history in heterogeneous 

catalysis due to their reactivity in various reactions. Particularly, reactivity in oxidation 

reactions gave coinage metals tremendous attention as catalyst materials. In 1955 Hearne and 

Adams patented the oxidation of alkenes by molecular oxygen catalyzed by cuprous oxide.[22] 

This set a starting point for coinage metals in oxidation catalysis. Today, oxidation of propene 

employs molybdenum-based oxides as catalysts. However, copper oxides are well-known 

selective oxidation catalyst capable of oxidizing propene to acrolein and propylene oxide.[23-25] 

Additionally, copper-based catalysts were used in methanol synthesis[26], synthesis of 

ethanol[27], and other processes like selective hydrogenation.  

Besides copper, silver has been implemented in catalyst research for many years due to the 

high oxidation potential of silver. Silver-based catalysts are industrially employed as catalyst 

for formaldehyde synthesis from methanol, dehydrogenation of isopropanol to acetone, 

dehydration of amines, synthesis of acetaldehyde, and epoxidation of ethylene.[28] Conversely, 

gold was believed to be chemically inert and not suitable as catalyst at all. This changed in the 

1980s with the introduction of gold nanoparticles as catalysts for CO oxidation at low 
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temperatures.[29,30] Two major aspects have been found controlling gold activity. First, the 

particle size of the supported gold species and, second, selection of the proper support 

material are crucial for catalytic performance. Accordingly, gold was implemented in various 

catalytic applications like epoxidation reactions. Deposited small gold particles were found to 

catalyze the epoxidation of propene with a mixture of hydrogen and oxygen.[31] This enabled 

a new route to propylene oxide besides the oxidation of propene solely by molecular oxygen.  

Industrial epoxidation of ethylene by oxygen employs silver catalysts.[32] However, this 

approach could not be transferred to the epoxidation of propene. Either low conversion rates 

of propene or low selectivity towards propylene oxide are limiting factors.[9,33] In addition to 

silver and gold, copper catalysts exhibit good selectivity as propene epoxidation catalysts.[21,34–

36] While all three metal catalysts can form propylene oxide with gaseous oxygen as oxidant, 

currently only gold and silver can form propylene oxide with a good selectivity using a mixture 

of oxygen and hydrogen.[15,37,38] In contrast to silver and gold, both metallic Cu and cationic 

Cu+ species are active epoxidation species in copper catalysts.[15,39] Hence, valence of active 

copper species is crucial for catalyst activity, considering copper oxide can be used as 

epoxidation catalyst without reductive pretreatment. Active species need to form under 

reaction conditions. Theoretical studies have shown that copper catalysts prefer forming 

metallacycles followed by epoxidation due to lower basicity. Conversely, silver catalysts favor 

allylic hydrogen stripping.[37,40] Additionally, surface studies suggested that copper is more 

selective towards epoxidation when allylic hydrogen atoms are present.[40,41] Eventually, the 

epoxidation mechanism may be slightly different for all three metals. Overall, coinage metals 

have been established as epoxidation catalysts and, hence, seem to be the most promising 

candidates for catalytic epoxidation of propene.[15] 

1.4 Support material 
Preparation of a metal species supported on mesoporous materials has been established as a 

suitable approach for active catalysts. Especially regarding research of model catalysts support 

materials play a huge role. Supported metal species have a higher dispersion and improved 

surface to bulk ratio. Hence, catalytic properties can be deduced from analyzing the present 

metal oxide species without regarding their bulk properties. A wide range of different support 

materials is available today. Mesoporous materials contain pore diameters of 2 nm to 50 nm. 

Amorphous materials with pore channels enable particle deposition in micro and mesopores. 

This permits a high dispersion and, hence, possible isolation of active sites. Analysis of well 



Introduction 7 
 

 
 

dispersed metal particles enables a deeper understanding of single structural features 

effecting catalytic performance. In this work SBA-15 (Santa Barbara amorphous type material 

No. 15) is used as support material. SBA-15 was discovered in 1998 and is an amorphous 

silica.[42,43] SBA-15 is characterized by a high surface area and narrow pore size distribution. 

The pore system consists of hexagonal pore channels connected by micropores creating the 

high surface area. 

Various methods for metal particle deposition on SBA-15 are known.[44] Incipient wetness 

method combines a simple approach and a low amount of chemicals used with a good 

dispersion of metal particles. Copper oxide was successfully deposited on SBA-15 via incipient 

wetness resulting in sufficient catalytic activity.[25,36] Furthermore, first approaches of 

depositing silver particles on SBA-15 were conducted.[45–48] One-step synthesis implementing 

silver nitrate in the SBA-15 synthesis was tested as well as incipient wetness method for 

deposition of silver on SBA-15. Silver particles deposited via incipient wetness method were 

synthesized in a medical and biological context for anti-bacterial surfaces.[45] Gold deposition 

on high surface materials raised some difficulties.[49,50] Tuning particle size and distribution are 

critical factors in supported gold nanoparticles. Therefore, additives stabilizing small gold 

particles or complex synthesis methods were primarily used.  

1.5 Outline of the work 
The outline of this work comprises preparation as well as structural and functional 

characterization of catalysts consisting of copper, silver, and gold supported on SBA-15. The 

objective was to obtain structure function correlations and get a deeper insight into reaction 

mechanism of propene oxidation towards acrolein and propylene oxide. In-depth analysis of 

this work focused on two major aspects. First aspect was the investigation of the CuO/SBA-15 

system for oxidation of propene regarding allylic oxidation and epoxidation. Therefore, copper 

oxide was supported on SBA-15 via incipient wetness method. Structural characterization of 

CuO/SBA-15 samples was conducted in chap. 3. Structural properties were elucidated for a 

better understanding of the present copper oxide species. CuO/SBA-15 samples with various 

copper loadings were synthesized to analyze the effect of copper loading on structural 

properties. In the next step (chap. 4), CuO/SBA-15 samples were tested as catalysts in propene 

oxidation. Furthermore, in situ measurements were conducted to gather information about 

structural properties during catalytic treatment. Various results led to the assumption that 
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hydroxyl groups and water bond to the silica surface and copper oxide particles affected 

propene oxidation. Hence, a different approach to catalytic testing was carried out by 

implementing a thermal pretreatment prior to the catalytic treatment. Pretreatment turned 

out to be a simple yet effective way of varying structural properties of CuO/SBA-15 samples. 

Structure of CuO/SBA-15 samples was analyzed during pretreatment and subsequent catalytic 

treatment (chap. 5). Additionally, the effect of the pretreatment on catalytic performance was 

investigated. Thus, obtaining structure function correlations was enabled. The second main 

aspect of this work was transferring the investigations regarding CuO/SBA-15 samples on the 

other coinage metals. In chap. 6 and chap. 7 structural characterization and catalytic testing 

of silver and gold nanoparticles supported on SBA-15 were performed. Structural analysis 

focused on the impact of different coinage metals on the supported metal species. 

Additionally, suitability of the incipient wetness method was discussed comparing structural 

properties of silver and gold samples to that of their copper counterparts. Finally, the catalytic 

performance of all supported coinage metal catalysts was tested regarding oxidation of 

propene to acrolein and propylene oxide. 
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2 Characterization Methods 

2.1 Physisorption 
Physisorption measurements are a vital component of characterizing supported catalysts. 

Surface area and pore structure of nanostructured materials like SBA-15 can be determined 

through physisorption measurements. Physisorption describes the interfacial phenomenon 

when a gas (adsorptive) is adsorbed by a surface (adsorbent). Physical adsorption is in contrast 

to chemisorption based on van der Waals interactions.[51] During the measurement a dynamic 

equilibrium is established between the adsorbent and the adsorptive. At a temperature, T, the 

amount adsorbed, n, can be described as a function of the equilibrium pressure, p, and the 

saturation pressure, p0. 

 𝑛𝑛 = 𝑓𝑓 �
𝑝𝑝
𝑝𝑝0
�
𝑇𝑇

 2-1 

Physisorption isotherms gathered using equation 2-1 can be divided into six classes.[52] 

Different classes are used to describe different types of materials. Mesoporous materials like 

SBA-15 are represented by type IV isotherms. Type IV isotherms exhibit a characteristic 

hysteresis loop. Adsorption on SBA-15 is divided in monolayer and multilayer adsorption as 

well as capillary condensation. In addition to six types of isotherms, four different types of 

hysteresis loops can be distinguished. Mesoporous materials like SBA-15 exhibit hysteresis 

loops of type H1 with nearly vertical and parallel adsorption branches. Type H1 hysteresis 

loops are characteristic for regular pores without interconnecting channels. The specific 

surface area can be derived from measured adsorption isotherms by the Brunauer-Emmett-

Teller (BET) method.[53] Accordingly, specific surface area, aBET, can be calculated by the 

number of moles of adsorbate required to cover the solid with a single monolayer, nm, the 

cross-sectional area of the adsorbate molecule, σ, and the Avogadro constant, NA. 

 𝑎𝑎𝐵𝐵𝐵𝐵𝑇𝑇 = 𝑛𝑛𝑚𝑚𝑁𝑁𝐴𝐴𝜎𝜎 2-2 

Besides surface area, pore size distribution can be determined from isotherms via Barret-

Joyner-Halenda (BJH) method.[54] BJH method is based on capillary condensation. Capillary 

condensation describes a phenomenon whereby a gas condenses to a liquid-like phase. This 

is theoretically approached by the Kelvin equation.[55] Subsequent to condensation, stepwise 

evaporation of the pore volume by stepwise lowering the relative pressure leads to seen 



10 Characterization Methods 
 

 

hysteresis loop. Pore size distribution can be determined based on relative vapor pressure and 

the assumption of cylindrical shaped pores. 

2.2 X-ray diffraction (XRD) 
XRD is a method widely used to characterize crystalline materials. Information about phase 

composition, crystal structure, and disorder in materials can be gathered. XRD is based on the 

diffraction of electromagnetic radiation by crystalline materials. X-ray photons are scattered 

elastically and inelastically by electrons of atoms in the sample. Constructive interference 

requires X-ray photons to be elastically scattered in phase. The requirement for Bragg 

diffraction is fulfilled when X-ray photons are scattered and undergo constructive 

interference. The Bragg equation describes a relationship between incident wavelength, λ, 

order of reflection, n, the characteristic lattice spacing, d, and the angle between the incident 

beam and the reflecting lattice plane, θ.[56]  

 𝑛𝑛𝑛𝑛 = 2𝑑𝑑 sin 𝜃𝜃 2-3 

In Figure 2-1 a schematic representation of the relationship between incident X-ray photons 

and the lattice planes is depicted. The requirement for constructive interference is that the 

sum of the path length 𝐴𝐴𝐴𝐴+𝐴𝐴𝐵𝐵 is an integer factor of the wavelength. The lattice planes are 

characterized by the Miller indices, hkl. Therefore, Miller indices can be used to characterize 

diffraction peaks. Besides diffraction angle, profiles of diffraction peaks are important to 

gather information about crystallinity. Integral breadth and peak shape are influenced by 

crystallite size and lattice strain as well as imperfections of the periodic crystal structure. 

Shape of diffraction peaks can be described by various profile functions.[57] Hence, integral 

breadth of the peaks can be deduced. According to the Scherrer equation average crystallite 

size, D, can be calculated from the Scherrer constant, K, diffraction peak position, and integral 

breadth, β.[58] Size calculations are widely used especially regarding supported nanoparticles.  

 𝐷𝐷 =  
𝐾𝐾 ∙  𝑛𝑛
𝛽𝛽 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃  2-4 
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Figure 2-1: X-ray photons striking the lattice plane at an angle of θ. X-ray photons are scattered and 
interfere constructively in directions given by the Bragg equation. 

2.3 X-ray fluorescence spectroscopy (XRF) 
XRF is a well-established nondestructive analytical technique of X-ray spectroscopy. XRF is 

used to determine the elemental composition of a solid or liquid sample. A wide variety of 

samples can be analyzed simultaneously. Quantitative analysis of elements from sodium to 

uranium can be conducted. Element concentrations of parts per million can be detected.[59] 

The sample is irradiated by high energy X-ray photons from an X-ray source. The energy of the 

X-ray photons is sufficient to eject an electron of the inner shell creating a vacancy. The atom 

remains unstable and, therefore, an electron from an outer shell falls into the vacancy 

(Figure 2-2). The energy difference of higher and lower shell is emitted in form of X-ray 

photons. Energy of X-ray photons is characteristic for the element and can be described by 

Moseley´s law. Moseley discovered a relationship between the atomic number and the 

frequency of emitted X-ray photons with the Rydberg constant, R, Planck´s constant, h, 

principal quantum numbers of initial and final state, n and m, a shielding constant, σ, and the 

atomic number of the analyzed element, Z. Emitted X-ray photons are detected and intensity 

versus photon energy can be displayed. Subsequently, qualitative and quantitative analysis 

can be conducted.[59,60] 

 𝐸𝐸 = ℎ𝜈𝜈 = ℎ𝑅𝑅𝑣𝑣 (𝑍𝑍 − 𝜎𝜎)2 �
1
𝑛𝑛2 −

1
𝑚𝑚2� 2-5 
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Figure 2-2: Schematic representation of the process of X-ray fluorescence. 

2.4 X-ray absorption spectroscopy (XAS) 
XAS is a nondestructive technique gathering information about short-range structure and 

oxidation state of samples. XAS can be successfully conducted on samples with the absence 

of long-range structure. Regarding XAS analysis, no assumption of symmetry or periodicity is 

made. Hence, crystalline, amorphous, thin film, liquids, or other samples can be analyzed. 

Therefore, it is an established method for characterizing supported metal catalysts. 

Incident X-ray photons of higher energy than that of the binding energy of a core electron is 

absorbed by a sample atom. A core electron is excited to an unoccupied state above the Fermi 

level. Subsequently, X-ray fluorescence photons or Auger electrons are emitted. X-ray 

absorption of a single atom would result in a sharp step of absorption at the core binding 

energy, the so-called absorption edge, and a smooth function of energy above the absorption 

edge. However, XAS spectra are influenced by neighbor atoms because emitted 

photoelectrons are scattered by neighboring atoms. Outgoing and backscattered 

photoelectron waves interfere. Those interferences vary with energy, hence, result in an 

energy depending variation of the absorption coefficient. As a result, XAS spectra exhibit 

oscillations in the absorption beyond the absorption edge energy. Therefore, XAS spectra are 

divided into two parts. The region within 50 eV of the absorption edge is denoted as X-ray 

absorption near edge structure (XANES) while the region above 50 eV of the absorption edge 

is denoted as extended X-ray absorption fine structure (EXAFS). Thus, both regions contain 

specific information about the sample and need a different analysis approach.  

XANES contains information about oxidation state, geometrical distortions, and coordination 

of the metal species. Different metal species of various coordination or distortion lead to 

h·ν

K

LII

LI

LIII

e-

h·ν



Characterization Methods 13 
 

 
 

characteristic XANES spectra. Samples comprising various compounds of the same metal, for 

example, different metal oxides can be analyzed using a linear combination of reference 

spectra of various components. Therefore, proportion of each compound can be determined. 

XANES can be analyzed despite strong background signal. This might be the case for samples 

with a low concentration of absorber atoms and supported metal catalysts with low metal 

loadings.[61,62] 

The oscillatory portion of the XAS spectrum is isolated and Fourier transformed for EXAFS 

analysis. The observed EXAFS is a summation of various backscattering incidents of all 

backscattering atoms. Single and multiple backscattering interfere with outgoing electron 

waves. Hence, a theoretical approach is necessary to differentiate various incidents. The 

EXAFS function χ(k) can be modeled with the EXAFS equation with backscattering amplitude, 

F, amplitude reduction factor accounting for relaxation of the absorbing atom, S, 

photoelectron wave number, k, and the corresponding backscattering phase, φ. The 

sinusoidal term is dominated by the distance between absorber and scattering atom, Rj, in 

corresponding jth shell with a number of atoms, Nj. Additionally, the mean square disorder, σ, 

and the photoelectronic inelastic free path, λ, are taken into account. The EXAFS function χ(k) 

is transferred to the pseudo radial distribution function FT(χ(k)) by Fourier transformation.[63]  

 𝜒𝜒(𝑘𝑘) =  �𝑆𝑆02 𝐹𝐹𝑗𝑗(𝑘𝑘)
𝑗𝑗

 𝑁𝑁𝑗𝑗
𝑓𝑓𝑗𝑗(𝑘𝑘)
𝑘𝑘𝑅𝑅𝑗𝑗2

sin�2𝑘𝑘𝑅𝑅𝑗𝑗 + 2𝛿𝛿𝐶𝐶 + 𝜙𝜙� 𝑒𝑒
−2𝑅𝑅𝑗𝑗
 𝜆𝜆 (𝑘𝑘) 𝑒𝑒−2𝜎𝜎𝑗𝑗

2𝑘𝑘2  2-6 

2.5 Electron microscopy (EM) 
EM is a technique for structural characterization of various materials. The high resolution of 

EM in comparison to optical microscopy is caused by the short wavelength of used electrons 

as illuminating radiation source. Electrons are produced by an electron gun and accelerated 

by a source of electric power. Acceleration voltage needs to be very stable for high resolutions. 

A vacuum in the entire apparatus is necessary for the electrons to move freely from the 

electron gun towards the sample. Various types of EM can be distinguished. Most common 

are scanning electron microscopy (SEM) and transmission electron microscopy (TEM).[64] For 

SEM the secondary electrons ejected from the sample atoms are gathered by a detector. 

Therefore, the electron beam is focused and moved across the sample to cover a rectangular 

area. Additionally, the sample can be moved vertically and rotated to gather a three-

dimensional image. SEM is the most popular EM method because of the simple interpretation 
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and suitability for most solids. Requirements concerning samples for SEM measurements are 

withstanding vacuum and irradiation with electrons. Therefore, surface features of various 

sample types can be accessed easily. Analysis of particle size and dispersion is of considerable 

interest in characterizing supported metal catalysts. Furthermore, elemental analysis is 

possible by SEM. Therefore, characteristic X-ray radiation emitted by sample atoms is 

detected. X-ray radiation is emitted by the sample when a core shell electron is ejected and 

the electron hole is filled with an electron with higher energy.  

TEM is based on measuring the electrons which pass through the sample. Therefore, the 

electron beam is magnified after passing the sample creating a projection image of the 

sample. The sample needs to be about 100 nm thin so electrons can pass through.[65] In 

contrast to SEM, TEM can detect components below the surface and, hence, can image 

particles which are beneath the surface, for example, enclosed by support material.  

2.6 Diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis) 
Absorption spectroscopy in the ultraviolet and visible region is from significant importance for 

material analysis. The energy of the incident light in the UV-Vis region corresponds to those 

of the electronic states of the valence electrons of atoms and molecules. Various transitions 

can cause absorption of electromagnetic radiation in the UV-Vis spectrum. Most commonly 

ligand-to-metal (LMCT) and metal-to-ligand (MLCT) charge transfer as well as d-d transitions 

are investigated. Additionally, absorption edge energies of samples can be deduced from UV-

Vis measurements. Characterizing powder samples is different from characterization of 

liquids. For the characterization of liquid samples, the amount of absorbed light at various 

wavelengths is measured. Characterizing powder samples relies on diffuse reflectance 

spectroscopy. Here, incident light at powder samples is partly reflected, partly scattered 

diffusely and partly entering the powder sample. The diffuse reflected light can be 

represented as a function of absorption coefficient, k, and scattering coefficient, s. The 

Schuster-Kubelka-Munk function gives a theoretical approach for measuring diffuse 

reflection.[66,67] Diffuse reflection of a sample with optically indefinitely thick layer, R∞, is 

described as the reflection of the sample divided by the reflection of a non-absorbing 

reflectance standard. Common reflectance standards are BaSO4, Spectralon, MgO, or used 

support material in case of supported metal samples. 
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 𝑓𝑓 (𝑅𝑅∞) =
1− 𝑅𝑅∞

2 𝑅𝑅∞
=
𝑘𝑘
𝑐𝑐  2-7 

Following idealized conditions need to be fulfilled for the Schuster-Kubelka-Munk theory: 

• monochromatic irradiation, 

• infinite layer thickness, 

• homogenous sample, 

• absence of fluorescence. 

Diffuse reflection can be measured using an integration sphere (Ulbricht sphere). The sample 

is placed in the integration sphere which is coated with a strongly scattering material like 

BaSO4. The detector is placed vertically with respect to the sample and the incident light beam. 

Therefore, solely diffuse reflected light can reach the detector. In situ DR-UV-Vis 

measurements are conducted with a Praying Mantis cell. This attachment has a reaction 

chamber enabling measurements with various gas atmospheres and temperature control. 

Diffuse reflected light is collected by two ellipsoidal mirrors. In Figure 2-3 a schematic 

representation of the setup used in this work to gather in situ DR-UV-Vis spectra is depicted.  

2.7 Temperature-programmed reduction (TPR) 
TPR is a widely used method to analyze solid materials. Especially in the field of heterogeneous 

catalysis TPR is used as a method to investigate metal oxide species.[68] Chiefly, TPR is used to 

reduce a solid sample with a reductive gas like hydrogen while the temperature is changed 

continuously. Hydrogen consumption is measured by a thermal conductivity detector. 

Thereof, hydrogen consumption as a function of temperature is gathered and displayed in a 

thermogram. Reduction peaks represent distinct reduction processes of particular chemical 

components. Reduction temperature gives insight into reducibility of single compounds while 

peak area reflects the amount of the corresponding compound. Regarding supported metal 

oxide catalysts, reduction temperature can additionally provide information about particle 

size and dispersion.[69] 

2.8 Catalytic characterization 
Catalytic characterization focuses on determining activity and selectivity of a given sample in 

a particular reaction. Regarding heterogeneous catalysis, a laboratory fixed bed reactor is 

established as suitable reactor type. The SiO2 reactor is placed vertically in a tube furnace. Gas 

mixture is funneled through the sample and analyzed by gas chromatography and mass 
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spectrometry. In Figure 2-3 a schematic representation of the setup used in this work to 

measure catalytic performance is depicted. Gas flow and gas mixture are controlled via mass 

flow controllers. The resulting gas mixture is either funneled through the fixed bed reactor for 

functional characterization or through one of the in situ cells for structural characterization. 

Subsequently, analysis of the gas mixture is conducted by gas chromatography and mass 

spectrometry. 

2.8.1 Gas chromatography 

Gas chromatography is a method used for separating and analyzing gaseous compounds. In 

heterogeneous catalysis gas chromatography is the first choice for separating reaction 

products. This is inevitable for analyzing catalyst performance.  

The sample is injected in the gas chromatograph and introduced into a continuous flow of 

carrier gas. Hydrogen, helium, nitrogen, or argon are often used as carrier gas (mobile phase). 

The sample together with the carrier gas is funneled through the separation column. 

Separation columns have specific column fillings (stationary phase). Column fillings determine 

separation of suitable compounds by varying migration velocities. Individual sample 

components interact with the stationary phase depending on chemical properties of the 

component and the stationary phase. Therefore, properties like polarity of the stationary 

phase are important and can be varied through functional groups.[70] Components with less 

affinity to the stationary phase exhibit fewer interactions and travel faster than components 

with more interactions. Therefore, different compounds have specific retention times, i.e., 

amount of time between injection and detection. Additional to used separation column, 

temperature in the column oven, carrier gas type, flow rate, and gas pressure of the carrier 

gas influence retention time. After passing the separation column, components are analyzed 

by a detector. Common detectors are the flame ionization detector (FID) and the thermal 

conductivity detector (TCD). Additional detectors were not used in this work and are described 

elsewhere.[70] TCD is a non-destructive and non-specific detector giving a signal independent 

of the respective compound. TCD works with two filaments for column effluent and reference 

gas to determine thermal conductivity of the sample. TCD is used for light and permanent 

gases. Conversely, FID is used for detection of hydrocarbons. FID employs an oxyhydrogen 

flame to combust organic compounds emerged from the separation column. The combustion 

leads to CH radicals which are ionized to formyl cations. The generated ions produce a current 

between two electrodes. Thereof, a signal is recorded as a function of the retention time.[71] 
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The response of FID is proportional to the amount of carbon atoms in the measured 

compound. Sensitivity of FID towards oxygenated or highly functionalized molecules is rather 

low compared to hydrocarbons with a similar amount of carbon atoms. Additionally, total 

oxidation products CO and CO2 can not be detected by FID.  

2.8.2 Mass spectrometry 

Mass spectrometry is an analytical method based on ionizing molecules in the sample either 

with or without fragmentation, separating these ions by their mass-to-charge ratio and detect 

them. First, the sample needs to be evaporated and ionized. Various ionization methods like 

electron ionization or electrospray ionization are available.[72] Ions are subsequently 

transferred to the analyzer which uses magnetic and electric fields for separating ions with 

various mass-to-charge ratios. The most common analyzer used for mass spectrometry is the 

quadrupole mass analyzer. The quadrupole mass analyzer employs four parallel cylindrical 

rods where a combination of radio frequency and direct current is applied.[73] Separating the 

generated ions with various mass-to-charge ratios is based on their trajectories in the applied 

oscillating electric filed. Quadrupole mass spectrometer enable scanning for a range of specific 

mass-to-charge ratios. After separation, sample ions are accelerated to the detector and a 

mass spectrum is obtained. Mass spectra provide the ion abundance versus their mass-to-

charge ratio. Molecular ions can undergo fragmentations resulting in characteristic mass 

spectra for various sample types. 
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Figure 2-3: Schematic representation of the setup used in this work for measuring catalytic 
performance via a fixed bed reactor and structural characterization during catalytic treatment via in 
situ DR-UV-Vis and in situ XAS spectroscopy. Various gases are connected to mass flow controllers in 
order to create a particular gas mixture. Analysis of oxidation products was conducted via two gas 
chromatographs (GC) and a mass spectrometer (MS). 
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3 Preparation and structural characterization of 

CuO/SBA-15 samples 

3.1 Introduction 
Copper oxide is an established catalyst for the selective oxidation of propene.[7–9] Main 

reaction products are acrolein, acetaldehyde, propylene oxide, acetone, acrylic acid, and COx. 

Bismuth and molybdenum mixed oxides have been established as industrial selective 

oxidation catalysts. Structure and chemical composition of industrial catalysts are rather 

complex. Hence, examining structure activity correlations is very difficult due to a large 

number of properties influencing catalytic activity. Thus, the reaction mechanism of propene 

oxidation is still under debate.[17] Therefore, preparation and investigation of model catalysts 

with detailed knowledge about structure and chemical composition are vital to elucidate 

structure activity correlations. 

Using nanostructured materials for supporting metal oxides is a widely established method 

for generating active catalysts. High surface area materials can be used as supporting material. 

This leads to a significantly increased surface to bulk ratio of active species compared to bulk 

materials. Silica supports like SBA-15 have been successfully tested as supports for copper 

oxide used as selective oxidation catalysts.[24,35,74,75] Using suitable support materials, 

dispersion as well as shape and size of particles can be tailored.[31,76,77] Hence, reliable 

structure activity correlations can be obtained from characterizing supported copper species 

under reaction conditions. In this chapter structural properties of various copper oxide species 

supported on SBA-15 will be investigated. Copper loading was varied to obtain differently-

sized copper oxide particles. Synthesis aimed at small well dispersed particles in micro- and 

mesopores of SBA-15. Copper oxide particle dispersion on the SBA-15 surface was investigated 

via physisorption, transmission electron microscopy, and X-ray diffraction measurements. 

Short-range structure around the copper centers was examined by diffuse reflectance UV-Vis 

spectroscopy and analysis of X-ray absorption near edge structure as well as analysis of 

extended X-ray absorption fine structure. Additionally, reducibility tests were conducted to 

obtain information about particle size and distribution.  
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3.2 Experimental 

3.2.1 Sample preparation 

Nanostructured SBA-15 was synthesized using the method reported by Zhao et al.[43] 16.2 g of 

triblockcopolymer (P123, Aldrich) were dissolved in a mixture of 293.6 g water and 8.8 g 

concentrated HCl. The mixture was stirred at 35 °C for 24 h in a closed bottle. 32 g of tetraethyl 

orthosilicate were added and the mixture was stirred for another 24 h at 35 °C. Subsequently, 

the closed glass bottle with the reaction mixture was heated to 115 °C and held at that 

temperature for 24 h. The resulting suspension was filtered by vacuum filtration and washed 

with a mixture of ethanol and concentrated HCl (20:1). After that, the resulting white powder 

was dried at 105 °C for 2 h. Calcination was carried out in two steps. In the first step, the 

sample was heated to 180 °C and the temperature was held for 3 h. Subsequently, the sample 

was heated to 550 °C with a holding time of 5 h. 

Copper oxide was deposited on nanostructured silica SBA-15 via the incipient wetness 

method. Therefore, the precursor copper citrate (Pfaltz & Bauer, 98.9 %) was dissolved in an 

ammonia solution in water (Merck, 25 %). The freshly prepared SBA-15 was treated with the 

prepared copper ammonia solution. Afterwards, the samples were dried and calcined in static 

air at 350 °C with a holding time of 4 h. The effective copper loading was determined by X-ray 

fluorescence analysis. Five CuO/SBA-15 samples with copper loadings in the range 1.1-

19.4 wt.% were obtained. Samples are denoted as Cu1.1, Cu3.7, Cu8.1, Cu11.8, and Cu19.4 

with numbers representing copper loadings of the samples. 

3.2.2 Sample characterization 

X-ray diffraction (XRD) 

XRD measurements were conducted on an X’Pert PRO multipurpose diffractometer 

(PANalytical, Θ-Θ geometry) using Cu Kα radiation. The diffractometer was equipped with a 

solid-state multiple-channel detector (PIXcel®). Wide-angle diffraction patterns in a range of 

5 - 80° 2Θ were measured in reflection mode using a silicon sample holder with the sample 

spread between two layers of Kapton foil. Small-angle scans were measured in transmission 

mode between 0.8 - 2.0° 2Θ. 
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Nitrogen physisorption 

Nitrogen physisorption isotherms were measured at -196 °C on a BEL Mini II volumetric 

sorption analyzer (BEL Japan, Inc.). Prior to measurement samples were degassed under 

reduced pressure at 95 °C for 20 min and afterwards at 175 °C for about 20 h. Adsorption data 

were analyzed using the BELMaster software package. The specific surface area was calculated 

by applying the BET method.[53] Pore size distribution was calculated based on the BJH method 

by analyzing the adsorption branch of the physisorption isotherms.[54]  

Temperature-programmed reduction (TPR) 

Reducibility measurements were carried out in a catalyst analyzer BELCAT-B-104 (BEL Japan, 

Inc.). Hydrogen consumption was measured with a thermal conductivity detector. Samples 

were placed in a fixed-bed reactor using silica wool. To prevent water from entering the 

thermal conductivity detector, the reaction gas was funneled through a silica glass tube 

containing molecular sieve with a pore diameter of 4 Å. 5 % hydrogen in argon (total flow 

40 ml/min) was used as reaction gas mixture. Standard TPR measurements consisted of 

various steps. Initially, the system was purged with reaction gas for 30 min at room 

temperature. Afterwards, the sample was heated to 500 °C at a heating rate of 5 °C/min, 

followed by holding at 500 °C for 15 min. 

X-ray fluorescence analysis (XRF) 

XRF measurements using an AXIOS X-ray spectrometer determined the copper content of the 

samples (2.4 kW model, PANalytical). The spectrometer was equipped with a Rh tube, a gas 

flow detector, and a scintillation detector. Samples were diluted with wax (Hoechst wax C 

micropowder, Merck) and pressed into 13 mm pellets. Quantification was performed by 

standardless analysis using the superQ 5 software package (PANalytical).  

Diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis) 

DR-UV-Vis spectra were recorded in reflectance mode using a JASCO V-670 double beam 

spectrometer. Spectra were measured using an integration sphere coated with barium sulfate 

and were truncated to a range from 5000 cm-1 through 40000 cm-1. SBA-15 was used as 

reflectance standard. Samples were measured as is or diluted with pure SBA-15. Diffuse 

reflectance data were transferred into the Kubelka Munk function via Spectra Manager 2.0 

software. DR-UV-Vis spectra were analyzed by simulating spectra using a sum of Gaussian 
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functions to differentiate between overlapping absorption bands. Refinements of DR-UV-Vis 

spectra were performed with WinXAS v3.2.[78] 

Transmission electron microscopy (TEM) 

Transmission electron micrographs were conducted with a GATAN MS794 P CCD-camera 

installed in a FEI Tecnai G² 20 S-TWIN microscope. A LaB6 cathode was used and the 

acceleration voltage amounted to 200 kV.  

X-ray absorption spectroscopy (XAS) 

Transmission XAS was conducted at the Cu K edge (8979 eV) at the beamline P65 at DESY, 

Hamburg. A Si(111) double crystal was used as monochromator. CuO/SBA-15 samples were 

diluted with wax (Hoechst wax C micropowder, Merck) and pressed into 13 mm pellets. Energy 

range around the Cu K edge was 8879-9779 eV and scan time was 180 s per scan. WinXAS v3.2 

was used for data analysis.[78] In the first step, background was subtracted and spectra were 

normalized. Therefore, a linear polynomial was fitted to the pre-edge region and a third 

degree polynomial to the post-edge region. χ(k) was extracted using cubic splines in the range 

from 3.3 Å-1 to 10.6 Å-1. Subsequently, Fourier transformation of the k3 weighted χ(k) into the 

R space led to the pseudo radial distribution function, FT(χ(k)·k3), which was used for 

refinements. Details of the refinement strategy and underlying structure model are described 

in chap. 3.7. Theoretical backscattering phases and amplitudes were calculated with the ab-

initio multiple scattering code FEFF7.[79] 

3.3 Nitrogen physisorption 
Nitrogen physisorption isotherms of SBA-15 and CuO/SBA-15 samples are shown in Figure 3-1. 

All isotherms exhibited type H1 hysteresis loops with steep adsorption and desorption 

branches and can be assigned to type IV isotherms characteristic for mesoporous 

materials.[80,81] Adsorption isotherms of CuO/SBA-15 samples differed from those of SBA-15. 

First, the overall specific surface area decreased and the hysteresis loops of the isotherms 

lowered in height with increased copper loading (Table 3-1). This is partly caused by the higher 

density of copper oxide samples compared to that of SBA-15. Amount of adsorbed nitrogen 

was normalized in regard to the weight of the sample taken. This led to a decreased amount 

of SBA-15 with an increased amount of copper and, hence, calculated surface area in cm³·g-1 

decreased with copper loading. Second, at low relative pressure (0 to 0.03) the slope of the 
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isotherms decreased significantly with copper loading. At low pressures nitrogen adsorption 

in micropores occur. At higher pressures nitrogen will be adsorbed in mesopores. Apparently, 

adsorption in micropores was affected by depositing copper oxide in the pore structure of 

SBA-15. Most likely, a decreasing amount of adsorption in micropores was caused by blocking 

of micropores during copper oxide deposition.[82,83] Pore blocking may result from either 

copper oxide particles forming in the micropores or by an overlayer of copper oxide in the 

mesopores.  

 

Figure 3-1: Left: N2 physisorption isotherms of SBA-15 (star), Cu1.1 (square), Cu3.7 (circle), 
Cu8.1 (triangle), Cu11.8 (pentagon), and Cu19.4 (hash). Right: BJH-plots of SBA-15 and the CuO/SBA-15 
samples. 

Pore size distributions of SBA-15 and CuO/SBA-15 samples are shown in Figure 3-1. The mean 

pore size of SBA-15 was larger than that of the CuO/SBA-15 samples. Within the series of 

CuO/SBA-15 samples, the mean pore size diameter did not change continuously. While Cu1.1 

showed a significant broadening of the peak size distribution, samples Cu3.7 through Cu11.8 

exhibited a similar, narrow size distribution at a smaller pore diameter compared to that of 

SBA-15. Increasing copper loading in Cu19.4 resulted in a slight broadening towards even 

smaller pore size diameters. Because all samples were treated similarly, the shift in pore size 

distribution should be independent of mechanical sample pretreatment. Hence, copper oxide 

particles were indeed deposited on the silica walls of the mesopores of SBA-15 resulting in the 

observed decrease in mesopore diameter and micropore blocking. 
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3.4 X-ray diffraction (XRD) 
Wide-angle XRD patterns of SBA-15 and CuO/SBA-15 samples are shown in Figure 3-2. XRD 

pattern of SBA-15 exhibited one broad peak characteristic for amorphous silica. No crystalline 

phases were identified in the CuO/SBA-15 samples, suggesting that supported copper oxide 

consisted of well-dispersed nanoscale particles. Crystallinity of copper oxide on mesoporous 

silica is affected by copper content, layer thickness during calcination, and variation of the 

precursor.[83] Independent of layer thickness, copper nitrate led to crystalline phases for a 

copper loading of more than 20 wt.%.[25] Using copper citrate as precursor and a copper 

loading of more than 20 wt.% calcination in a thick layer led to crystalline copper oxide 

phases.[83]  

 

Figure 3-2: Wide-angle XRD patterns of SBA-15 and CuO/SBA-15 samples. 

Small-angle XRD patterns of SBA-15 and CuO/SBA-15 samples are depicted in Figure 3-3. XRD 

diagram of SBA-15 exhibited the characteristic diffraction pattern of a hexagonally ordered 

pore system. Three diffraction peaks, 10l, 11l, and 20l, were identified. Peak positions 

provided information about the dimension of the unit cell of SBA-15. Lattice parameters of 

SBA-15 and CuO/SBA-15 samples were calculated for a hexagonal crystal system according to 

Bragg Equation. 

 𝑎𝑎2 =  
𝑛𝑛2

4 sin2 𝜃𝜃 ∙  
4
3 (ℎ2 + 𝑘𝑘2 + ℎ𝑘𝑘) 3-1 

In the next step wall thickness was calculated from lattice parameter and mean pore diameter 

from physisorption measurements.  
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 𝑑𝑑𝑊𝑊 = 𝑎𝑎 − 𝐷𝐷𝑃𝑃  3-2 

Results are given in Table 3-1. SBA-15 showed a lattice parameter of 11.58 nm and a wall 

thickness of 2.60 nm. Compared to pure SBA-15, CuO/SBA-15 samples showed a decreased 

lattice parameter, hence, increased wall thickness. Wall thickness shifted to higher values with 

increased copper loading. 

 

Figure 3-3: Small-angle XRD patterns of SBA-15 and CuO/SBA-15 samples. 
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Table 3-1: Results of physisorption and small-angle XRD measurements of SBA-15 and CuO/SBA-15 
samples. Surface area and mean pore diameter were calculated via BET and BJH method, 
respectively. Lattice parameter was calculated from peak positions of small-angle XRD patterns and 
wall thickness was calculated as the difference between lattice parameter and mean pore diameter. 

Sample Surface area 

/ m2·g-1 
Mean pore 
diameter 

/ nm 

Lattice 
parameter  
/ nm 

Wall thickness  
/ nm 

SBA-15 756 9.0 11.58 2.60 

Cu1.1 583 8.7 11.29 2.61 

Cu3.7 542 8.3 11.31 3.01 

Cu8.1 528 8.1 11.32 3.19 

Cu11.8 482 8.1 11.34 3.24 

Cu19.4 433 7.9 11.35 3.45 

3.5 Transmission electron microscopy (TEM) 
Figure 3-4 shows the micrographs of TEM and selected area electron diffraction (SAED) images 

of Cu1.1 and Cu19.4. Chiefly, the images showed the highly ordered arrangement of SBA-15 

pore channels which was preserved after impregnation and calcination and were unaffected 

by copper loading. Dark spots visible in TEM images referred to fragments of SBA-15 on the 

surface of larger particles and did not display copper oxide particles.[84] This was evidenced by 

stereographic images (Figure 11-1 and Figure 11-2) and energy-dispersive X-ray spectroscopy 

(EDX) mapping. Moreover, EDX mapping showed well dispersed copper covering the whole 

surface. No differences between TEM images of Cu1.1 and Cu19.4 could be determined 

indicating well dispersed copper oxide particles for CuO/SBA-15 samples independent of 

copper loading. Additionally, SAED images did not reveal any crystalline copper oxide.  
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Figure 3-4: TEM images (top) of Cu1.1 (left) and Cu19.4 (right), SAED images (bottom) of Cu1.1 (left) 
and Cu19.4 (middle), and EDX-mapping of Cu19.4 (bottom right). Green dots represent copper. 

3.6 Diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis) 
DR-UV-Vis spectroscopy was used to characterize electronic and geometric structure of 

copper centers on SBA-15. Figure 3-5 shows the DR-UV-Vis spectra of calcined CuO/SBA-15 

samples. Similar shape of DR-UV-Vis spectra indicated similar structural characteristics of 

copper centers. In the range from 8000 cm-1 to 18000 cm-1 all spectra showed an absorption 

band. Intensity increased with increased copper loading. A broad absorption band from 

20000 cm-1 to 40000 cm-1 characterizes spectra of CuO/SBA-15 samples. Here, differences 

between samples of various copper loadings were not only in intensity but rather in shape of 

the absorption band. Thus, different absorption maxima were responsible for the broad 

absorption band.  
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Figure 3-5: DR-UV-Vis spectra of CuO/SBA-15 samples. 

For a more detailed analysis, DR-UV-Vis spectra were simulated using a sum of Gaussian 

functions to differentiate between overlapping absorption bands. Figure 3-6 shows the 

normalized measured and simulated spectra of CuO/SBA-15 samples. Additionally, Gaussian 

functions corresponding to various absorption bands are displayed. Peak positions of 

absorption maxima are summarized in Table 3-2. Full width at half maximum of charge 

transfer (CT) transitions was correlated to be the same in the refinement.[85] Three Gaussian 

functions were sufficient to simulate spectra of samples Cu1.1 and Cu3.7. Conversely, four 

Gaussian functions were needed to describe spectra of samples with a copper loading of 

8.1 wt.% and higher. 

In the range from 12500 cm-1 to 16666 cm-1 absorption maxima of d-d transitions of Cu2+ are 

found.[86] A small absorption band in spectra of CuO/SBA-15 samples with low intensity at 

13400 cm-1 to 13700 cm-1 corresponded to d-d transitions of Cu2+. For samples Cu1.1 through 

Cu11.8 d-d transitions were determined at 13500 cm-1 whereas the position of the d-d band 

of sample Cu19.4 was slightly shifted to 13700 cm-1. The position of the d-d absorption band 

relates to the coordination of the metal center. An absorption band at 16666 cm-1 indicated 

copper centers coordinated by oxygen in square planar configuration. Conversely, absorption 

bands at 12500 cm-1 resulted from octahedral coordination like, for instance, in hydrated 

copper ions in aqueous solution.[87] Hence, coordination of copper centers in CuO/SBA-15 

samples can be described as weakly distorted octahedral coordination. In comparison to other 

samples, the coordination sphere of Cu19.4 showed a stronger distortion. 
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Figure 3-6: Normalized DR-UV-Vis spectra (solid) of CuO/SBA-15 samples. Dashed lines represent sum 
of fitted Gaussian functions corresponding to the given absorption bands. 

All spectra exhibited broad absorption bands between 20000 cm-1 and 40000 cm-1 

corresponding to CT transitions between copper and oxygen. An absorption band with a 

maximum between 26000 cm-1 and 30000 cm-1 may originate from CT transitions of planar 

Cu-O-Cu dimers.[88,89] Additionally, Ismagilov reported that an absorption band in this range 

could be assigned to Cu+-O2--Cu2+ chains resulting from partially reduced Cu2+ centers and, 

hence, indicating Cu+ in the sample.[90] Intensity of the absorption band increased with copper 

content correlating with copper loading. However, due to the ambiguous interpretation of the 

origin of this absorption band, its intensity cannot serve as reliable measure for the amount 

of Cu+ centers in the sample. Here, the intensity of said band is used as measure for the 

amount of nearest copper neighbors around the copper centers. Cu1.1 and Cu3.7 did not show 

this absorption band. Regarding Cu8.1, Cu11.8, and Cu19.4, position of the maximum shifted 

towards lower wavelengths. Hence, Cu1.1 and Cu3.7 appeared to contain mostly isolated 
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copper centers.[91] However, higher copper loading led to a higher amount of nearest copper 

neighbors around the copper centers.  

Absorption bands at 32600-34000 cm-1 and 38700-41000 cm-1 correspond to LMCT transitions 

of O2- to Cu2+.[86,87] While the first band is assigned to a transition from an oxygen atom of 

copper oxide to a Cu2+ center, the second band corresponds to a transition from an oxygen 

atom of silica to Cu2+.[92] With increased copper loading, absorption spectra exhibited an 

increase in intensity of the O2--Cu2+ CT band compared to that of the O2-
SiO₂-Cu2+ CT band. 

Hence, with increased copper loading the fraction of copper atoms connected to the support 

material decreased.  

Table 3-2: Maximum positions of DR-UV-Vis absorption bands of CuO/SBA-15 samples and 
corresponding absorption edge energies. 

Sample 

Absorption maximum / cm-1 Absorption 
edge energy / 
eV d-d Cu2+-O2--Cu2+ 

CT 
O2--Cu2+ 
CT 

O2-
SiO₂-Cu2+ 

CT 

Cu1.1 13549 - 34031 40918 3.82 

Cu3.7 13477 - 33560 40143 3.74 

Cu8.1 13404 29653 33650 39346 3.65 

Cu11.8 13444 27622 33230 39337 3.48 

Cu19.4 13733 26856 32685 38744 3.21 

DR-UV-Vis absorption edge energies were determined according to a method described 

elsewhere.[93] Therefore, (KM·hν)² as a function of energy was displayed. Linear regression of 

the increase in intensity was conducted. Coordinates intersection point x-axis provides the 

DR-UV-Vis absorption edge energy. Figure 3-7 shows absorption edge energies of CuO/SBA-15 

samples. A linear correlation between absorption edge energy and copper loading was found. 

Obtained absorption edge energies provide information about shape and size of particles as 

well as structural motifs. Nanometer scale particles show quantum size effects, which led to a 

relationship between particle size and absorption edge energy.[94,95] Linear correlation 

between absorption edge energy and copper loading indicated a linear increase of particle 

size with increased copper loading for CuO/SBA-15 samples. Absorption edge energies of 

CuO/SBA-15 samples ranged between 3.21 eV and 3.82 eV. Hence, all samples could be 

classified as semiconductors. Semiconductors are defined with an optical band gap between 

0.1 eV and 4 eV.[96] With 3.82 eV Cu19.4 differed only marginal from that, hence, electrical 
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conductivity should be rather low. Absorption edge energy of bulk CuO amounts to 1.35 eV.[97] 

Hence, copper oxide particles of CuO/SBA-15 samples differed distinctly from crystalline CuO. 

In total, analysis of DR-UV-Vis absorption bands suggested that all CuO/SBA-15 samples 

exhibited similar structural motifs. Copper oxide particle sizes and amount of bridging oxygen 

atoms increased with increased copper loading of CuO/SBA-15 samples. 

 

Figure 3-7: DR-UV-Vis absorption edge energies as a function of copper loading at room temperature. 

3.7 Analysis of short-range structure of CuO/SBA-15 samples 

X-ray absorption near edge structure (XANES) 

Normalized XANES spectra of CuO/SBA-15 samples and crystalline CuO and Cu2O references 

are shown in Figure 3-8. XANES spectra of CuO/SBA-15 samples featured similar 

characteristics than that of CuO reference. Slight differences could be identified in pre-edge 

features and post-edge resonance peaks. XANES spectra of CuO/SBA-15 samples with 

different copper loadings were similar in terms of features before and after Cu K absorption 

edge.  

Three transitions can be assigned to XANES spectra of CuO. A peak with rather low intensity 

at about 8.979 keV corresponds to the quadrupole allowed 1s → 3d transition in Cu2+ 

complexes.[98] As a result of low copper content this absorption peak was weakly pronounced 

and analysis was hardly feasible. Generally, in case of copper compounds this transition is not 

considered as a reliable diagnostic tool due to low intensity.[98] 
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Figure 3-8: Normalized Cu K edge XANES spectra of CuO/SBA-15 samples and crystalline CuO and Cu2O 
references. 

Appearance of a peak or rather a broad shoulder below 8.985 keV indicates the presence of 

Cu+.[99] This peak can be assigned to a 1s → 4p “shakedown” transition. XANES spectra of Cu2+ 

species peak corresponding to the 1s → 4p “shakedown” transition shifts to higher energy 

which results in a less pronounced shoulder. While a 1s → 4px,y electric dipole allowed 

transition was assigned for Cu+ in the range from 8.983 keV to 8.984 keV a 1s → 4pz 

“shakedown” transition with simultaneous LMCT excitation was assigned for Cu2+.[100] 

Therefore, energy and intensity of this transition was dependent on energy of ligand valence 

orbitals, hence, dependent on the kind of ligand in the compound. Reference spectrum of 

Cu2O showed a broad shoulder corresponding to the “shakedown” transition.[101] However, 

reference spectrum of CuO showed a rather weakly pronounced shoulder. In normalized 

XANES spectra of CuO/SBA-15 samples 1s → 4p “shakedown” transition could not be 

determined in spectra at room temperature. Therefore, it is most common to use the first 

derivate of spectra for more detailed analysis. 

Third and most intense transition is the direct 1s → 4p transition, which can be found in XANES 

spectra of Cu2+ and Cu+ in the range from 8.990 keV to 8.992 keV. Maximum position depends 

on oxidation state of copper. 1s → 4p transition is symmetry forbidden. However, it has by far 

the highest intensity out of three kinds of transitions, and, additionally, highest energy.[100] 

Figure 3-9 depicts the first derivate of XANES spectra at Cu K edge of CuO/SBA-15 samples and 

peak positions of corresponding transitions. Most significant differences could be determined 
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for Cu1.1 in comparison with other CuO/SBA-15 samples. Maximum position of 1s → 4p 

transition in first derivate of Cu1.1 XANES spectra had the highest energy. With increased 

copper loading the maximum position of corresponding transition decreased. However, shift 

in energy was rather small and indicated a similar structural motif for various copper 

loadings.[102] This was supported by only minor differences regarding the 1s → 4p 

“shakedown” transition. Additionally, 1s → 4p “shakedown” transition could be associated 

with the Cu-O distance in z-direction. Hence, it can serve as an indicator for distortion of the 

octahedral [CuO6] units corresponding to the Jahn-Teller effect.[103]  

 

Figure 3-9: Left: First derivates of Cu K edge XANES spectra of CuO/SBA-15 samples. Right: Peak 
positions of corresponding transitions determined from first derivate of Cu K edge XANES spectra of 
CuO/SBA-15 samples. 

To analyze the oxidation state of copper in CuO/SBA-15 samples, the maximum position of 

absorption in XANES spectra can be used. In Figure 3-8 the maximum position of the 

absorption, which will be referred to as Cu K edge energy, is indicated with a dotted line. To 

determine the oxidation state, Cu K edge energies of the copper references copper foil, CuO, 

and Cu2O were obtained. Consequently, shift of Cu K edge energy in comparison to that of 

copper foil can be assigned from position of maximum absorption in spectra of CuO/SBA-15 

samples. Shift of Cu K edge energy decreased with increased copper loading indicating a 

decreased oxidation state with increased copper loading (Figure 3-10). Cu K edge energy of 

Cu1.1 shifted 3.3 eV with respect to copper foil. In contrast, shift of Cu K edge energy of Cu19.4 

amounted to 3.1 eV, while that of crystalline Cu2O amounted to 1.3 eV. 
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Figure 3-10: Shift of Cu K edge energy of CuO/SBA-15 samples compared to that of copper foil. 

Furthermore, a shift in position of transitions and Cu K edge energy can be induced by various 

particle sizes in different samples.[104,105] References were crystalline bulk materials while 

CuO/SBA-15 samples consisted of nanoscale particles supported on mesoporous silica. DR-

UV-Vis measurements revealed an increase in particle size with increased copper loading of 

CuO/SBA-15 samples. Hence, differences in Cu K edge energy between different copper 

loadings could be induced by various particle sizes. However, with 1.3 eV shift of Cu K edge 

energy of crystalline Cu2O was much lower than that of Cu19.4. Hence, XANES analysis 

indicated no significant amount of Cu+ being present in CuO/SBA-15 samples at room 

temperature. 

Extended X-ray absorption fine structure (EXAFS) 

EXAFS analysis was conducted to analyze the short-range structure around copper atoms in 

CuO/SBA-15 samples. Data reduction was used to extract χ(k) function from measured X-ray 

absorption spectra (Figure 3-11). χ(k) was truncated at 10.6 Å-1 due to too low signal-to-noise 

ratio for measurements conducted at higher temperatures (chap. 4.3.3). Spectra at room 

temperature and during catalytic treatment were treated the same. Hence, results from 

refinements at room temperature and during catalytic treatment can be compared to each 

other. Fourier transformation of k3-weighted χ(k) function into R space led to the pseudo 

radial distribution function, FT(χ(k)·k3).  
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Figure 3-11: EXAFS χ(k)·k3 extracted from Cu K edge absorption spectra of Cu1.1 and Cu19.4 at room 
temperature. 

Figure 3-12 illustrates the theoretical and experimental Cu K edge FT(χ(k)·k3) of CuO/SBA-15 

samples. Cu K edge FT(χ(k)·k3) of CuO/SBA-15 samples with various copper loadings had a 

similar shape and, hence, indicated similar surroundings around copper centers. Experimental 

Cu K edge FT(χ(k)·k3) were simulated starting from the local structural motif of crystalline CuO. 

CuO structure is characterized by copper atoms square planar surrounded by four oxygen 

atoms. Layers of [CuO4] units are stacked on top of each other in z-direction resulting in 

distorted octahedral coordination of six oxygen atoms around one copper atom. Hence, four 

equatorial and two axial oxygen atoms with similar Cu-O distances were assumed around the 

center copper atom to form distorted octahedral coordination. Tetragonal distortion can lead 

to slightly deviating Cu-O distances. Thus, two Cu-O backscattering paths with coordination 

numbers of 4 and 2 were used for refinement of EXAFS spectra. Disorder parameters (σ2) of 

Cu-O backscattering paths were correlated to be the same.[106] In addition to Cu-O distances, 

two Cu-Cu distances were refined with independent disorder parameters in the range from 

2.5 Å to 4 Å. However, this procedure did not include any Cu-Si backscattering contribution in 

this range from Cu-O-Si motifs which were, most likely, present but not detectable due to low 

amplitude. First Cu-Cu1 backscattering path referred to nearest copper atom around the 

copper absorber. Second Cu-Cu2 backscattering path corresponded to a copper atom which is 

connected via a bridging oxygen atom to the copper absorber. Amplitude of this 

backscattering path was rather high due to focus-effect.[107,108] This effect appears when an 
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atom lies collinearly with the absorbing atom and the backscattering atom. Like a lens, the 

bridging atom, here oxygen, amplifies the Cu-Cu backscattering.[109]  

 

Figure 3-12: Theoretical (dotted) and experimental (solid) Cu K edge FT(χ(k)·k3) of CuO/SBA-15 samples 
with various copper loadings at room temperature. 

In the first step of the fitting procedure, all coordination numbers were kept invariant. 

Subsequently, coordination numbers of Cu-O backscattering paths were correlated to be 

equal to the sum of 6. Additionally, coordination number of Cu-Cu1 was reduced from 4 to 2. 

This led to fewer discrepancies between theoretical and experimental function and 

represented the strong distortion of the [CuO6] octahedral or rather distortion between the 

layers of square planar [CuO4] units in CuO/SBA-15 samples.  
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Results of Refinements of Cu K edge FT(χ(k)·k3) of CuO/SBA-15 samples and crystalline 

CuO  (Figure 3-13) are summarized in Table 3-3. Refinement results of CuO/SBA-15 samples 

and crystalline CuO showed some similarities. For instance, distances of equatorial oxygen 

atoms were similar for all samples. Distance of axial oxygen atoms in CuO/SBA-15 samples 

decreased with lower copper loading and was, overall, higher than that in CuO reference. This 

indicated layers of [CuO4] units being more distant from each other and, hence, pseudo [CuO6] 

octahedron had a stronger tetragonal distortion in z-direction corresponding to Jahn-Teller 

effect.[110] Correlated disorder parameters of both Cu-O backscattering paths were highest for 

Cu1.1 indicating static disorder. Coordination numbers of Cu-O backscattering paths were 

above 4 for Cu-O1 and below 2 for Cu-O2. This indicated a strong distortion in the octahedral 

coordination around the copper atom. Additionally, higher coordination numbers suggested 

increased equatorital Cu-O interactions.[111] Highest Cu-O1 coordination number was found in 

Cu19.4 and lowest in Cu1.1. Distance of Cu-Cu1 backscattering path was similar for all 

CuO/SBA-15 samples. CuO reference showed shorter Cu-Cu distances. 

 

Figure 3-13: Theoretical (dotted) and experimental (solid) Cu K edge FT(χ(k)·k3) of crystalline CuO at 
room temperature. 

0 1 2 3 4 5 6
-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

FT
(χ

(k
)•

k3 )

R / Å

CuO 
reference



38 Preparation and structural characterization of CuO/SBA-15 samples 
 

 

Table 3-3: Results of EXAFS refinements of CuO/SBA-15 samples and crystalline CuO. Type, 
coordination number (CN), and static disorder parameter (σ2) of backscattering paths of atoms at 
distance R to center copper atom were obtained. σ2 of Cu-O backscattering paths were correlated 
to be the same. CN of Cu-O backscattering paths were correlated to be equal to the sum of 6. 

Backscattering paths Cu1.1 Cu3.7 Cu8.1 Cu11.8 Cu19.4 CuO reference 

Cu-O1 

(equatorial) 

CN 4.32 4.42 4.37 4.41 4.50 4 

R/ Å 1.94 1.94 1.93 1.94 1.93 1.94 

Cu-O2  

(axial) 

CN 1.68 1.58 1.63 1.59 1.50 2 

R/ Å 2.78 2.78 2.76 2.76 2.75 2.73 

σ2 (Cu-O) / Å2 0.0065 0.0057 0.0058 0.0053 0.0059 0.0074 

Cu-Cu1 

CN 2 2 2 2 2 4 

R / Å 2.94 2.95 2.95 2.95 2.95 2.91 

σ2 / Å2 0.0093 0.0078 0.0084 0.0080 0.0092 0.0074 

Cu-Cu2 

CN 2 2 2 2 2 2 

R / Å 3.80 3.81 3.82 3.84 3.84 3.79 

σ2 / Å2 0.015 0.017 0.021 0.015 0.018 0.0094 

E0 shift / eV 3.4 2.3 4.1 2.6 2.0 4.4 

Residual / Å 2.3 1.7 2.6 2.2 3.1 3.3 

3.8 Reducibility of CuO/SBA-15 samples 
Temperature-programmed reduction (TPR) measurements were carried out to characterize 

reducibility of CuO/SBA-15 samples. Reduction of copper oxide via hydrogen follows the 

chemical equation:  

 𝐵𝐵𝐶𝐶𝐶𝐶 + 𝐻𝐻2 →  𝐵𝐵𝐶𝐶 + 𝐻𝐻2𝐶𝐶 3-3 

Hydrogen TPR profiles of CuO/SBA-15 samples and a CuO reference (bulk material) are shown 

in Figure 3-14. H2 consumption was measured via thermal conductivity detector and displayed 

as function of the temperature. TPR profiles of CuO/SBA-15 samples and the CuO reference 

exhibited one reduction peak corresponding to the reduction of CuO to metallic copper. 

Multiple reduction peaks may correspond to a bimodal particle size distribution or formation 
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of reduction intermediates.[112] Hence, TPR traces of all CuO/SBA-15 samples indicated small 

particles and a narrow size distribution.  

 

Figure 3-14: TPR traces of CuO/SBA-15 samples and CuO reference (bulk material) in 5 % hydrogen 
balanced by argon at 5 °C/min. 

Reduction temperatures of CuO/SBA-15 samples and the bulk CuO reference were 

determined. Therefore, beginning of reduction as well as reduction peak maximum was 

deduced from thermograms. Results can be found in Table 3-4. Reduction temperature of 

copper oxide samples depends mostly on particle size and varies in a range from 200 °C 

through 300 °C considering maximum position of the reduction peak.[112–114] Here, reduction 

peak of the CuO reference was centered at 290 °C while reduction began at 248 °C. 

CuO/SBA-15 samples exhibited lower reduction temperature. This indicated well dispersed 

copper oxide particles on the support material.[115] With increased copper loading the position 

of the reduction peak maximum and begin of the reduction shifted from 200 °C (Cu1.1) to 

222 °C (Cu19.4) and 142 °C to 195 °C, respectively, indicating an increased copper oxide 

particle size. Zhang et al. analyzed the Cu metal particle size of copper catalysts after TPR 

measurements. Metal particles resulting from TPR measurements with a peak maximum at 
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236 °C possessed sizes between 3 nm and 4 nm.[116] Hence, copper oxide particle sizes in the 

various CuO/SBA-15 samples were assumed to be smaller than 3 nm. 

Table 3-4: Reduction temperatures of CuO/SBA-15 samples and CuO reference. TPR measurements 
were conducted in 5 % hydrogen balanced by argon at 5 °C/min. 

Sample Onset of reduction / °C Position of peak maximum / °C 

CuO 248 290 

Cu1.1 142  200  

Cu3.7 156  209  

Cu8.1 176  216  

Cu11.8 181  216  

Cu19.4 195  222  

Thermograms of all samples showed a narrow reduction peak with a slight broadening for 

CuO/SBA-15 samples with higher copper loading. This indicated narrow particle size 

distribution. Reduction peak broadening with increasing copper loading corresponded to a 

slightly broadened particle size distribution. Additionally, area under reduction peaks was 

determined. Figure 3-15 shows the H2 consumption during TPR measurements of CuO/SBA-15 

samples. The peak area increased with copper loading due to the increasing amount of CuO. 

The linear correlation between TPR peak area and copper loading indicated complete 

reduction to metallic Cu for all CuO/SBA-15 samples. 

 

Figure 3-15: TPR area of CuO/SBA-15 samples as a function of copper loading. TPR measurements were 
conducted in 5 % hydrogen balanced by argon at 5 °C/min. 
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3.9 Conclusions 
Copper oxides supported on nanostructured silica, SBA-15, were prepared by the incipient 

wetness method. CuO/SBA-15 samples with a copper loading between 1.1 wt.% and 19.4 wt.% 

containing well dispersed copper oxide particles were synthesized. Physisorption, TEM, and 

small angle XRD measurements revealed that after mechanical and chemical treatment during 

incipient wetness the pore structure of SBA-15 was maintained. Furthermore, characterization 

of surface area via physisorption revealed a decreased pore diameter for CuO/SBA-15 samples 

with increased copper loading. Along with results from small angle XRD, it was deduced that 

wall thickness of SBA-15 pores shifted to higher values with increased copper loading. Hence, 

copper oxides were partly deposited on the mesopore silica walls of the SBA-15 and partly 

deposited in the micropores which led to micropore blocking. XRD and SAED measurements 

were conducted to detect crystalline phases. In neither case any crystalline copper oxide could 

be determined. Additionally, TEM measurements could not detect any copper oxide particles 

which corresponded to well dispersed small particles in the pores of SBA-15.  

Electronic structure of CuO/SBA-15 samples was analyzed by DR-UV-Vis spectroscopy. All 

samples showed a similar structural motif but octahedral [CuO6] units possessed different 

distortions and a varying amount of nearest neighbors around a copper center dependent on 

copper loading. A schematic representation of layers of [CuO4] units connected with each 

other and the support material is displayed in Figure 3-16. Cu1.1 and Cu3.7 appeared to 

contain [CuO6] units with a small amount of nearest neighbors or even isolated copper centers 

while higher copper loading led to a higher amount of nearest copper neighbors around the 

copper centers. Additionally, with increased copper loading the fraction of copper atoms 

connected to the support material decreased. DR-UV-Vis absorption edge energy decreased 

linear with increased copper loading. Hence, particle size increased with an increasing copper 

loading. In addition to that, TPR measurements showed an increased reduction temperature 

with increased copper loading which corresponded to an increase in particle size. 

Furthermore, a narrow particle size distribution was confirmed. 
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Figure 3-16: Schematic representation of copper centers and their surroundings in xy-direction in 
copper oxide particles of CuO/SBA-15 samples with various copper loadings. Layers of presented 
structure were presumably stacked on top of each other in z-direction. Copper centers with a small 
amount of nearest neighbors and isolated copper centers are represented in blue and green, 
respectively. 

XAS revealed features of short-range structure of CuO/SBA-15 samples. XANES analysis of 

CuO/SBA-15 samples exhibited main characteristics corresponding to Cu2+ in CuO. Cu K edge 

energy decreased with increased copper loading indicating a decreased oxidation state. 

However, results could be induced by various particle sizes. Structural motif of distorted 

[CuO6] units as detected by DR-UV-Vis measurements were confirmed by EXAFS analysis. 

Precisely, layers of square planar [CuO4] units are stacked on top of each other resulting in 

distorted octahedral coordination of six oxygen atoms around one copper 

atom (Figure 3-17).[117] Strong distortion in structure was indicated by varying coordination 

numbers for axial and equatorial oxygen atoms and varying Cu-O distances in z-direction. 

CuO/SBA-15 samples showed overall similar structural motifs, but in detail different copper 

loading during synthesis tailored key factors like particle size, dispersion, and amount of 

nearest copper neighbors around the copper centers. All of that, while chemical composition 

was well known and kept simple. Hence, CuO/SBA-15 showed ideal preconditions for a model 

system in heterogeneous catalysis. 
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Figure 3-17: Structure of CuO with illustrated [CuO6] octahedron.[118] Blue and red spheres represent 
copper and oxygen atoms, respectively. 
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4 Structural and functional characterization of CuO/SBA-15 

samples under catalytic conditions in selective propene 

oxidation 

4.1 Introduction 
In the previous chapter structural characterization and reducibility of CuO/SBA-15 samples 

were presented. Results proved the suitability of CuO/SBA-15 samples as model catalysts in 

propene oxidation. Key characteristics of CuO/SBA-15 samples were tailored by various 

copper loadings. In this chapter structural and functional properties regarding selective 

oxidation of propene will be investigated. Selective oxidation of propene is an important 

reaction with a varying product distribution depending on catalyst, reaction temperature, or 

conversion rate.[7–9] The main product of the reaction is acrolein, which is formed via allylic 

oxidation. Besides Ag- and Au-based catalysts, Cu-based catalysts have also been found to 

form propylene oxide by epoxidation of propene using gaseous oxygen.[21] However, in 

contrast to silver and gold metal catalysts, both metallic Cu and cationic Cu+ species are active 

epoxidation species in copper catalysts.[15,39] Hence, valence of active copper species is crucial. 

A potential candidate for the reaction mechanism is the Mars-van-Krevelen mechanism which 

describes oxidation of propene via nucleophilic lattice oxygen.[17] However, various oxygen 

species are needed to oxidize propene to acrolein and propylene oxide (Figure 4-1). Hence, 

catalytic investigation focused on product distribution of nucleophilic and electrophilic 

oxidation. Additionally, structure activity correlations, influence of particle size as well as 

valence of copper on selectivity and activity were analyzed by in situ diffuse reflectance UV-

Vis spectroscopy and in situ X-ray absorption spectroscopy. 
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Figure 4-1: Oxidation of propene with gaseous oxygen to acrolein, propylene oxide, and COx. 

4.2 Experimental 

In situ diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis) 

DR-UV-Vis spectra were recorded in reflectance mode using a JASCO V-670 double beam 

spectrometer. Spectra were measured using a Praying Mantis in situ cell (Harrick Scientific 

Products, Inc.), and, subsequently, truncated to a range from 12500 cm-1 through 40000 cm-1. 

Samples were measured as is or diluted with pure SBA-15 which was also used as reflectance 

standard. Diffuse reflectance data were transferred into the Kubelka Munk function via 

Spectra Manager 2.0 software. Catalytic treatment was carried out in the in situ cell in 

5 % propene and 5 % oxygen balanced by helium (total flow 40 ml/min). Samples were heated 

from 22 °C to 350 °C at a heating rate of 5 °C/min and a time on stream at 350 °C of 12 h. DR-

UV-Vis spectra were analyzed by simulating spectra using a sum of Gaussian functions to 

differentiate between overlapping absorption bands. Refinements of DR-UV-Vis spectra were 

performed with WinXAS v3.2.[78] 

In situ X-ray absorption spectroscopy (XAS) 

In situ XAS was conducted at the Cu K edge (8979 eV) at the beamline P65 at DESY, Hamburg. 

A Si(111) double crystal was used as monochromator. CuO/SBA-15 samples were diluted with 

boron nitride (Alfa Aesar, 99.5 %) and pressed into 5 mm pellets. Energy range around the Cu 

K edge was 8879-9779 eV and scan time was 180 s per scan. WinXAS v3.2 was used for data 

analysis.[78] In the first step a background was subtracted and spectra were normalized. 

Therefore, a linear polynomial was fitted to the pre-edge region and a third degree polynomial 
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to the post-edge region. χ(k) function was extracted using cubic splines in the range from 

3.3 Å-1 to 10.6 Å-1. Subsequently, Fourier transformation of the k3 weighted χ(k) into the R 

space led to the pseudo radial distribution function, FT(χ(k)·k3), which was used for 

refinements. Details of refinement strategy and underlying structure model are described in 

chapter 3.7. Theoretical backscattering phases and amplitudes were calculated with the ab-

initio multiple scattering code FEFF7.[79] 

Catalytic testing 

Quantitative measurements of catalytic activity and selectivity were carried out using an on-

line gas chromatography system (Varian CP-3800) and a non-calibrated mass spectrometer 

(Pfeiffer OmniStar) coupled to a laboratory fixed-bed reactor. The fixed-bed reactor consisted 

of a silica tube (30 cm length, 9 mm inner diameter) which was placed vertically in a tube 

furnace. CuO/SBA-15 samples were diluted with boron nitride (Alfa Aesar, 99.5 %) to ensure 

a constant flow and a similar sample volume in the reactor as well as similar propene 

conversion for all measurements. The diluted samples were placed on a frit in the isothermal 

zone of the reactor. Hydrocarbons and oxygenated reaction products were analyzed with a 

carbowax capillary column connected to an Al2O3/MAPD capillary column or fused silica 

restriction (25 m x 0.32 mm) each connected to a flame ionization detector. O2, CO2, N2, and 

CO were separated and analyzed using a Varian-3800 permanent gas analyzer connected to a 

thermal conductivity detector. Gas flow was controlled by separate mass flow controllers 

(Bronkhorst). Reactant gas consisted of a mixture of 5 % propene and 5 % oxygen balanced by 

helium (total flow of 40 ml/min). During measurements samples were heated to 350 °C at a 

heating rate of 5 °C/min and subsequently held at 350 °C for 12 h. 

4.3 Structural evolution of CuO/SBA-15 samples during propene 

oxidation 

4.3.1 In situ diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis) 

In situ DR-UV-Vis measurements were conducted to obtain structural information of the 

samples during catalytic treatment. Figure 4-2 depicts DR-UV-Vis spectra of CuO/SBA-15 

samples measured before treatment at room temperature (a), at 350 °C (b), after 12 h time 

on stream (c), and after catalytic treatment at room temperature (d). Heating the samples to 

350 °C led to increased absorption in the range from 20000 cm-1 to 35000 cm-1 of spectra of 
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all CuO/SBA-15 samples. Correspondingly, intensity of the Cu2+-O2--Cu2+ CT and the O2--Cu2+ 

CT absorption bands increased together with a decrease in absorption edge energy. In 

contrast, the intensity of the O2-
SiO₂-Cu2+ CT and d-d band decreased. Absorption edge energies 

of all CuO/SBA-15 samples together with the Cu2+-O2--Cu2+ CT absorption bands showed a red 

shift as a consequence of heating the samples to 350 °C under catalytic conditions.  

 

Figure 4-2: In situ DR-UV-Vis absorption spectra and absorption edge energies of CuO/SBA-15 samples 
measured before (a), during isotherm treatment (b – beginning and c – after 12 h time on stream) and 
after catalytic treatment (d) in 5 % propene and 5 % oxygen balanced by helium in a temperature range 
from 22 °C to 350 °C. 

Evolution of DR-UV-Vis spectra of CuO/SBA-15 samples during heating the samples from 22 °C 

to 350 °C was further analyzed. Therefore, Kubelka Munk values at various wavelengths 

corresponding to the absorption bands were determined. Evolution of intensity of absorption 

bands of Cu1.1 and Cu19.4 are depicted in Figure 4-3 and Figure 4-4, respectively. Additionally, 

ion current of m/z 18 corresponding to water is displayed. In the first 20 min (120 °C) drying 

of the sample was observed. Thereby, ion current of water showed water leaving the sample 

while intensity of O2--Cu2+ CT and O2-
SiO₂-Cu2+ CT absorption bands increased just slightly. The 
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effect was stronger for Cu1.1 than for Cu19.4 because of the higher ratio of SBA-15 to copper 

oxide which resulted in more water and hydroxyl groups connected to the support 

material.[119] Intensity of d-d absorption band showed no significant changes.  

 

Figure 4-3: Evolution of intensity of corresponding absorption bands of Cu1.1 during catalytic 
treatment. Catalytic treatment was carried out in 5 % propene and 5 % oxygen balanced by helium in 
a temperature range from 22 °C to 350 °C with a heating rate of 5 °C/min. 

Heating up CuO/SBA-15 samples above 100 °C resulted in different behavior for Cu1.1 and 

Cu19.4. Regarding Cu1.1, intensity of the Cu2+-O2--Cu2+ CT absorption band increased linear 

with increased temperature until reaching 350 °C. Same applied for the O2-
SiO₂-Cu2+ CT 

absorption band of Cu19.4. However, intensity of O2-
SiO₂-Cu2+ CT and O2--Cu2+ CT absorption 

bands of Cu1.1 increased strongly until 200 °C. Subsequently, both absorption bands showed 

only a slight increase in intensity while at 216 °C catalytic activity of the sample began along 

with formation of water through propene oxidation. Intensity of both, O2--Cu2+ CT and 

O2-
SiO₂-Cu2+ CT absorption band decreased simultaneously between 300 °C and 350 °C.  

Intensity of Cu2+-O2--Cu2+ CT and O2--Cu2+ CT absorption bands of Cu19.4 between 100 °C and 

320 °C showed a larger increase in intensity than those of Cu1.1. Subsequently, intensity of 

absorption bands of Cu19.4 decreased with increasing ion current of water. Hence, a 

correlation between CT absorption bands and dehydration through drying of the sample can 

be obtained. Additionally, CuO/SBA-15 samples were hydrated through water produced 

during catalytic treatment. Cu1.1 and Cu19.4 showed both a correlation between the O2--Cu2+ 

CT absorption band and ion current of water. However, Cu2+-O2--Cu2+ CT absorption band of 

Cu1.1 only correlated with temperature, same applied for the O2-
SiO₂-Cu2+ CT absorption band 
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of Cu19.4. This could be caused by different electronic structure of both samples. Cu1.1 

consisted mostly of isolated copper centers connected mainly to the support material. Hence, 

effects of treatment can be determined by O2--Cu2+ CT and O2-
SiO₂-Cu2+ CT absorption bands 

and just partially by Cu2+-O2--Cu2+ CT absorption band which, additionally, only occurred 

subsequent to heating the sample. In contrast, Cu19.4 consisted of copper centers with a high 

amount of nearest copper neighbors and low amount of silica neighbors of the support 

material. Hence, effects of drying or hydration through catalytic treatment were much more 

pronounced in Cu2+-O2--Cu2+ CT and O2--Cu2+ CT absorption bands. 

 

Figure 4-4: Evolution of intensity of corresponding absorption bands of Cu19.4 during catalytic 
treatment. Catalytic treatment was carried out in 5 % propene and 5 % oxygen balanced by helium in 
a temperature range from 22 °C to 350 °C with a heating rate of 5 °C/min. 

Figure 4-2 (c) shows the spectra of CuO/SBA-15 samples after 12 h time on stream at 350 °C. 

In comparison to the spectra at the beginning of holding time, spectra after 12 h at 350 °C 

showed only minor changes in the shape of the absorption spectra while absorption edge 

energies decreased slightly. For a more detailed analysis, not normalized DR-UV-Vis spectra 

after 12 h time on stream were simulated using a sum of Gaussian functions. In contrast to 

measurements at room temperature, four Gaussian functions were needed to simulate 

spectra of all CuO/SBA-15 samples. At room temperature three Gaussian functions were 

sufficient for spectra of Cu1.1 and Cu3.7. Area under Gaussian functions of each CT absorption 

band was determined. Subsequently, area of each absorption band was divided by area of the 

sum of fitted Gaussian functions to obtain the relative area under Gaussian function. Results 

are displayed in Figure 4-5 for various copper loadings. Relative area of Cu2+-O2--Cu2+ CT 
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absorption band increased with copper loading while that of O2-
SiO₂-Cu2+ CT band decreased. 

Relative area of O2--Cu2+ CT absorption band was similar for all CuO/SBA-15 samples. Hence, 

the amount of nearest copper neighbors around the copper centers increased with copper 

loading while the amount of copper atoms connected to the support material decreased. 

Figure 4-2 (d) shows spectra of CuO/SBA-15 samples after catalytic treatment at room 

temperature. In comparison to the spectra before catalytic treatment, irreversible changes 

could be revealed as a result of catalytic treatment.  

 

Figure 4-5: Relative area under fitted Gaussian functions corresponding to the given CT absorption 
bands in DR-UV-Vis spectra of CuO/SBA-15 samples after 12 h time on stream in 5 % propene and 
5 % oxygen balanced by helium at 350 °C. 

DR-UV-Vis spectra of CuO/SBA-15 samples revealed absorption edge energies referring to 

those of semiconductors. The observed decrease in absorption edge energy with increased 

temperature is typical semiconductor behavior.[120] CuO/SBA-15 samples consisted of 

nanoscale particles. In correspondence with quantum size effects increasing the temperature 

led to an increased particle size (Figure 4-6).[94] After catalytic treatment absorption edge 

energy increased while cooling down the samples. However, absorption edge energies before 

and after treatment were significantly different. Hence, catalytic treatment had an effect on 

particle size beyond that of heating and cooling down the samples. Similar to that, evolution 

of absorption bands revealed changes in electronic and geometric structure of CuO/SBA-15 

samples. Most significantly, the amount of nearest copper neighbors around the copper 

centers increased. Most likely, evolution of DR-UV-Vis spectra was induced by drying of the 
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sample, accompanied by releasing hydroxyl groups and water bond to both, copper centers 

and silica. Particularly, Figure 4-3 and Figure 4-4 gave a deep insight into correlation between 

absorption bands and water released by the samples or produced during catalytic treatment. 

 

Figure 4-6: DR-UV-Vis absorption edge energies of CuO/SBA-15 samples at room temperature and 
during catalytic treatment in 5 % propene and 5 % oxygen balanced by helium at 350 °C. 

4.3.2 In situ X-ray absorption near edge structure (XANES) 

In situ XANES was conducted to further analyze copper centers of the CuO/SBA-15 samples 

during catalytic treatment. Figure 4-7 depicts the evolution of copper XANES spectra of Cu19.4 

during temperature-programmed treatment in propene oxidation conditions. Evolution of 

spectra can be divided into three parts, 25-240 °C, 240-350 °C, and isothermal treatment at 

350 °C. Heating the sample to 240 °C (dark red spectra) showed no significant influence on 

XANES spectra. Intensity and position of absorption corresponding to various transitions 

remained constant. At 249 °C catalytic activity of Cu19.4 began. As a consequence of that, a 

broad low energy tail in the region below 8985 eV developed (black spectra). The evolution of 

the absorption corresponded to a red shift of the 1s → 4p “shakedown” transition. This can 

be assigned to a shift from Cu2+ to Cu+. Additionally, intensity of absorption maximum 

corresponding to the 1s → 4p transition decreased. The last section (cyan spectra) shows the 

spectra during isothermal treatment at 350 °C. Thereby, no changes in intensity or position of 

characteristic transitions could be determined. Hence, evolution of XANES spectra indicated a 

transition from Cu2+ towards Cu+ during catalytic activity. Prior to onset of catalysis, no 

significant changes were detectable. In situ DR-UV-Vis measurements showed strong 

structural changes while drying of the sample which to this extent could not be observed 

during in situ XANES measurements.  
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Figure 4-7: Cu K edge XANES spectra of Cu19.4 during catalytic treatment in 5 % propene and 
5 % oxygen balanced by helium in a temperature range from 25 °C to 350 °C with a heating rate of 
5 °C/min. Dark red, black, and cyan spectra represent spectra in various temperature ranges from 25 °C 
to 240 °C, 240 °C to 350 °C, and holding time at 350 °C, respectively.  

Absorption edge energy was determined from in situ XANES spectra analogous to analysis of 

XANES spectra at room temperature. Figure 4-8 depicts evolution of the Cu K edge energy 

shift in comparison to Cu K edge energy of copper foil of Cu19.4 during catalytic treatment. 

Additionally, evolution of temperature and ion current m/z 56 corresponding to acrolein is 

displayed. Heating the sample to 240 °C led to an increased Cu K edge energy. This indicated 

an increase in oxidation number. However, as illustrated by in situ DR-UV-Vis measurements 

particle size increased while heating the sample. Hence, observed changes in Cu K edge energy 

shift could be induced by growth of particles and not by oxidation of copper. Subsequently to 

the onset of catalytic activity at 249 °C, Cu K edge energy shift decreased which is associated 

with reduction of the sample. In situ DR-UV-Vis measurements showed no decrease in particle 

size during catalytic treatment until cooling down the samples. Hence, reduction of the 

samples occurred while propene was oxidized. Reduction of the catalyst during oxidation of 

propene was described by Mars and van-Krevelen as a crucial element in the proposed 

mechanism.[17] Thereby, reduction of the metal center is induced by oxidation of propene by 

metal oxide oxygen. 
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Figure 4-8: Evolution of shift Cu K edge energy in reference to that of copper foil and ion current m/z 56 
of Cu19.4 during catalytic treatment in 5 % propene and 5 % oxygen balanced by helium.  

Evolution of shift of Cu K edge energy compared to that of Cu K edge energy of copper foil of 

various CuO/SBA-15 samples is displayed in Figure 4-9. At room temperature Cu K edge energy 

shift decreased with increased copper loading. Evolution of the Cu K edge energy shift of 

samples with various copper loadings was similar to that of Cu19.4 during catalytic treatment. 

Hence, catalytic treatment led to a decreased oxidation state for all samples as soon as 

catalytic activity began. Differences in Cu K edge energy shift at room temperature of samples 

with various copper loadings were consistent during catalytic treatment. Cu1.1 and Cu3.7 

showed by far the highest Cu K edge energy shift during catalytic treatment.  

 

Figure 4-9: Evolution of shift of Cu K edge energy in reference to that of copper foil of Cu1.1 (square), 
Cu3.7 (circle), Cu8.1 (triangle), Cu11.8 (inverted triangle), and Cu19.4 (hash) during catalytic treatment 
in 5 % propene and 5 % oxygen balanced by helium. 
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A different approach for analyzing XANES spectra is the linear combination of XANES spectra 

(LC XANES) using reference spectra. Therefore, spectra of CuO/SBA-15 samples were 

simulated using spectra of bulk CuO and Cu2O. First of all, spectra of CuO/SBA-15 samples at 

room temperature were simulated using reference spectra. Here, simulation of spectra could 

not be improved by implementing spectrum of Cu2O to the LC XANES analysis. Hence, analysis 

indicated no amount of Cu2O in CuO/SBA-15 samples at room temperature. LC XANES can give 

an insight into present structural motif. CuO exhibits a square planar coordination of oxygen 

atoms around the copper atom. Layers of [CuO4] units are stacked on top of each other 

resulting in an elongated pseudo octahedral coordination with sharing edges. Cu2O is 

characterized by copper atoms linear surrounded by two oxygen atoms, which in turn are 

tetrahedrally coordinated by four copper atoms.[121] However, references consisted of 

crystalline bulk material while CuO/SBA-15 samples consisted of nanoscale particles 

supported on mesoporous silica. Hence, no long-range structure can be presumed for 

nanoscale particles.[122] Therefore, the main focus relies on short-range structure around the 

copper centers.  

In Figure 4-10 compounds determined by LC XANES analysis are displayed for Cu19.4 during 

catalytic treatment. Additionally, temperature program and ion current m/z 56 corresponding 

to acrolein are displayed. Subsequent to onset of catalytic activity, the amount of Cu2O 

increased and, in accordance with that, amount of CuO decreased. In comparison to decrease 

in Cu K edge energy, the increase in amount of Cu2O started at lower temperatures. 

Subsequently to heating the sample to 350 °C, the amount of Cu2O decreased slightly during 

holding time. Amount of Cu2O and ion current m/z 56 showed a similar evolution during 

catalytic treatment. Hence, a correlation between amount of Cu2O and formation of acrolein 

could be determined.  

Figure 4-11 shows LC XANES analysis of XANES spectra of CuO/SBA-15 samples with various 

copper loadings during catalytic treatment. Evolution of ratio of Cu2O/CuO for CuO/SBA-15 

samples with different copper loadings was similar. However, with lower copper loading the 

onset of increase in fraction of Cu2O shifted to lower temperatures. Ratio of Cu2O/CuO was 

higher during catalytic treatment with decreased copper loading. Hence, structure of copper 

centers shifted from CuO to that of Cu2O in an extended amount for CuO/SBA-15 samples with 

lower copper loading. 
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Figure 4-10: LC XANES analysis of Cu K edge XANES spectra of Cu19.4 during catalytic treatment in 
5 % propene and 5 % oxygen balanced by helium. 

Reducibility measurements showed that samples with lower copper loading had lower 

reduction temperatures in hydrogen TPR. This was most likely caused by smaller particles with 

decreased copper loading. Hence, various particle sizes could explain the evolution of ratio of 

Cu2O/CuO for CuO/SBA-15 samples during in situ XANES measurements. Smaller particles 

were faster reduced and structurally converted during catalytic treatment. In total, XANES 

analysis exhibited reduction of CuO/SBA-15 samples and changing structural motif throughout 

the measurement. At the beginning of the measurements CuO/SBA-15 samples consisted of 

distorted octahedral [CuO6] units. Analysis showed a shift towards linear [CuO2] units. 

 

Figure 4-11: LC XANES analysis of Cu K edge XANES spectra of CuO/SBA-15 samples during catalytic 
treatment in 5 % propene and 5 % oxygen balanced by helium.  

0.0

0.2

0.4

0.6

0.8

1.0

Cu2O

C
om

po
un

ds

CuO

Io
n 

cu
rre

nt
 m

/z
 5

6 
(A

cr
ol

ei
n)

Cu19.4

0 25 50 75 100 125

0

100

200

300

400

Te
m

pe
ra

tu
re

 / 
°C

Time / min

0 20 40 60 80 100 120 140 160

0,0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
1,0

Cu3.7

Cu19.4
Cu11.8

Time / min

R
at

io
 C

u 2
O

/C
uO

Cu8.1

0
50
100
150
200
250
300
350
400

Te
m

pe
ra

tu
re

 / 
°C



56 Structural and functional characterization of CuO/SBA-15 samples under catalytic 
conditions in selective propene oxidation 

 

 

4.3.3 Analysis of extended X-ray absorption fine structure (EXAFS) during 

catalytic treatment 

EXAFS of in situ XAS spectra of CuO/SBA-15 samples was analyzed. Analogous to chap. 3.7, 

data reduction was used to extract the χ(k) function from measured absorption spectra 

(Figure 4-12). χ(k) function was cut at 10.6 Å-1 due to too low signal-to-noise ratio. Especially 

χ(k) of CuO/SBA-15 samples with low copper loading had a very low signal-to-noise ratio at 

350 °C. Subsequently, pseudo radial distribution function, FT(χ(k)·k3), was extracted like 

described previously. Structural motif of CuO was used as starting point for refinement. Two 

Cu-O paths and one Cu-Cu backscattering path were used for fitting procedure. In contrast, 

fitting procedure of spectra performed at room temperature included a second Cu-Cu 

backscattering path.  

Theoretical and experimental Cu K edge FT(χ(k)·k3) of CuO/SBA-15 samples after 1 min time 

on stream at 350 °C are depicted in Figure 4-13. FT(χ(k)·k3) showed a similar shape for all 

samples. Additionally, spectra did not differ strongly from that at room temperature indicating 

comparable surroundings around copper absorber. However, amplitudes of first and second 

peak corresponding to Cu-O and Cu-Cu backscattering paths were reduced. 

 

Figure 4-12: EXAFS χ(k)·k3 extracted from Cu K edge absorption spectra of Cu1.1 and Cu19.4 at 350 °C 
after 1 min time on stream during catalytic treatment in 5 % propene and 5 % oxygen balanced by 
helium at 350 °C. 

Results of refinements are shown in Table 4-1. In the first step, coordination numbers of Cu-O 

backscattering paths were kept invariant at 4 and 2, respectively. Subsequently, coordination 

number of Cu-O1 was adjusted as free parameter resulting in fewer discrepancies between 
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the theoretical and the experimental pseudo radial function. A correlation of the coordination 

numbers of Cu-O distances implemented in chap. 3.7 was not reasonable due to difficulties in 

refinement resulting from low signal-to-noise ratio. However, disorder parameters of Cu-O 

backscattering paths were correlated to be the same.  

Distance between copper absorber and oxygen neighbor decreased significantly from 1.93-

1.94 Å at room temperature to 1.89-1.91 Å at 350 °C for various copper loadings. This 

corresponded to a transition from CuO to Cu2O. Structural motif of CuO is characterized by 

layers of square planar [CuO4] units resulting in elongated octahedral coordination around the 

copper atom. Conversely, structure of Cu2O consists of copper atoms linear surrounded by 

two oxygen atoms in a shorter distance than that of the four oxygen atoms in 

CuO (Figure 4-14). No further atoms are within 3 Å around the copper absorber. Light 

scattering atoms like oxygen in a distance above 3 Å are in general difficult to determine 

reliably at temperatures above 300 °C.[123] Therefore, analysis focused on Cu-O1 

backscattering path. Reduced distance and coordination number of first Cu-O1 backscattering 

path indicated transition from CuO towards Cu2O.  

Second Cu-O2 and Cu-Cu scattering paths were refined. However, theoretical and 

experimental FT(χ(k)·k3) showed larger deviations in the second shell for measurements at 

350 °C compared to that at room temperature. Most likely, a mixture of CuO and Cu2O was 

present resulting in a difficult refinement.[102] A separate fitting procedure using structural 

motif of Cu2O as a starting position resulted in similar results for first Cu-O1 scattering path. 

However, no improvement in overall refinement could be obtained. 
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Figure 4-13: Theoretical (dotted) and experimental (solid) Cu K edge FT(χ(k)·k3) of CuO/SBA-15 samples 
with various copper loadings after 1 min time on stream at 350 °C. Catalytic treatment was carried out 
in 5 % propene and 5 % oxygen balanced by helium. 

Distances of Cu-O2 and Cu-Cu backscattering paths increased during heating the samples to 

350 °C. This corresponded to phase transition of CuO to Cu2O. Thereby, oxygen atoms around 

the copper atom need to migrate further away resulting in the new structural motif 

corresponding to Cu2O. The distorted octahedral coordination of [CuO6] units had to split 

apart, most likely, due to layers of [CuO4] units moving away from each other (Figure 4-14). 

This resulted in a decreased coordination number for oxygen atoms around the copper 

absorber and would, subsequently, lead to a decrease of the coordination number of Cu-O 

backscattering path. However, studies have shown that coordination numbers for Cu-O 
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backscattering paths at high temperatures examined by EXAFS analysis were mostly smaller 

than expected.[124,125] Error in coordination number became even larger for smaller particles 

than for larger particles. This was explained by anharmonicity of the motion of copper atoms 

becoming increasingly more important in small particles at higher temperatures. Disorder 

parameter of all backscattering paths increased strongly due to heating the sample under 

catalytic conditions.[126]  

EXAFS refinements of CuO/SBA-15 samples with various copper loadings were difficult 

because of low signal-to-noise ratio in χ(k) functions. As a consequence of that, differences in 

coordination numbers and distances between samples with various copper loadings were 

perceived with care. Coordination number of Cu-O1 backscattering path was lower for 

CuO/SBA-15 samples with lower copper loading. This indicated a more advanced transition 

from CuO to Cu2O for samples with lower copper loading agreeing with results from XANES 

analysis. Overall, CuO/SBA-15 samples with various copper loadings showed similar results in 

EXAFS refinements at 350 °C.  

 

Figure 4-14: Schematic illustration of structural motif of CuO (a[127]), Cu2O (c[127]), and transition from 
CuO to Cu2O (b). Blue and red spheres represent copper and oxygen atoms, respectively. Two copper 
atoms connected via an oxygen atom are denoted Cu1 and Cu2. 
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Table 4-1: EXAFS fit results of CuO/SBA-15 samples after 1 min time on stream 
at 350 °C. Type, coordination number (CN), and static disorder parameter (σ2) 
of backscattering paths of atoms at distance R to center copper atom were 
obtained. σ2 of Cu-O backscattering paths were correlated to be the same.  

Backscattering paths Cu1.1 Cu3.7 Cu8.1 Cu11.8 Cu19.4 

Cu-O1 

(equatorial) 

CN 2.2 2.3 2.4 2.5 3.5 

R/ Å 1.90 1.89 1.90 1.89 1.91 

Cu-O2 

(axial) 

CN 2 2 2 2 2 

R/ Å 2.89 2.90 2.91 2.86 2.81 

σ2 (Cu-O) / Å2 0.010 0.013 0.015 0.013 0.013 

Cu-Cu1 

CN 4 4 4 4 4 

R / Å 2.95 3.03 3.03 3.03 3.07 

σ2 / Å2 0.024 0.034 0.048 0.040 0.064 

E0 shift / eV 7.2 7.8 8.9 8.6 9.0 

Residual / Å 5.0 6.6 8.4 9.9 5.3 

Holding the samples at 350 °C for 60 min resulted in similar Cu K edge FT(χ(k)·k3) than at the 

beginning of time on stream (Figure 11-3). Overall, refinement results still showed a mixture 

of CuO and Cu2O. However, a small increase in coordination number of Cu-O1 and a decrease 

in Cu-Cu1 distance indicated a larger amount of CuO and, hence, reoxidation of the sample 

during catalytic treatment. Most likely, CuO/SBA-15 samples had the highest amount of 

structural motifs corresponding to Cu2O at the beginning of time on stream. Subsequently, 

the amount of CuO increased slowly. This result corresponded to results obtained by in situ 

XANES analysis. 

A separate refinement procedure solely including the first shell was conducted as a 

consequence of the difficulties in fitting procedure of Cu K edge FT(χ(k)·k3) of CuO/SBA-15 

samples at higher temperatures. The first shell corresponded to backscattering of equatorial 

oxygen atoms around the copper absorber. The Cu-O1 distance and coordination number can 

be used as an indicator for the phase transition from CuO to Cu2O. In Figure 4-15 results of 

refinements of Cu-O1 backscattering path are displayed. Increasing the temperature led to a 

continuous decrease in distance of Cu-O1 from 1.94 Å at room temperature to about 1.89 Å at 
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350 °C. Small deviations in distance of Cu-O1 compared to previously shown results originated 

from varying fitting procedure. Here, no further backscattering path was included in the fitting 

procedure which would support the refinement and, hence, led to minor discrepancies in 

results. 

 

Figure 4-15: Evolution of distance R of Cu-O1 backscattering path of Cu1.1 (square), Cu3.7 (circle), 
Cu8.1 (triangle), Cu11.8 (reverse triangle), and Cu19.4 (hash) during catalytic treatment in 5 % propene 
and 5 % oxygen with a heating rate of 5 °C/min. 

Evolution of the Cu-O1 distance was similar for CuO/SBA-15 samples with various copper 

loadings. However, CuO/SBA-15 samples with lower copper loading exhibited overall lower 

Cu-O1 distances. Decrease in distance was constant from room temperature to about 220 °C. 

Subsequently, the decline was stronger until reaching 350 °C. Onset of catalytic activity of 

CuO/SBA-15 samples with various copper loadings was determined in the range from 216 °C 

to 249 °C. Hence, a correlation between Cu-O1 distance and catalytic activity can be deduced. 

Decrease in Cu-O1 indicated phase transition between CuO and Cu2O and was, most likely, 

accompanied by reduction of the CuO/SBA-15 samples. XANES measurements indicated 

reduction of the CuO/SBA-15 samples with onset of catalytic activity. Hence, XANES results 

matched the here shown reduction of the samples. Additionally, EXAFS analysis yielded that 

phase transition started at lower temperatures than that obtained by XANES analysis.  

Subsequently to cooling down the CuO/SBA-15 samples after catalytic treatment, XAS spectra 

were measured, Cu K edge FT(χ(k)·k3) extracted (Figure 11-4), and simulated (Table 11-2). 

Refinements were executed similarly to those performed on spectra before catalytic 

treatment. Most of the changes in distances and coordination numbers occurring during 

catalytic treatment were reversible. Results of all refinements are displayed in Figure 4-16. 
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Coordination number of Cu-O1 backscattering path was lower than before catalytic treatment. 

Additionally, distances of Cu-O2 and Cu-Cu1 were shorter than before catalytic treatment. This 

indicated an even stronger distortion and could be an indicator that structural motif of CuO 

was no longer the suitable starting point for the refinement. 

 

Figure 4-16: Results of EXAFS refinements of Cu1.1 (square), Cu3.7 (circle), Cu8.1 (triangle), Cu11.8 
(pentagon), and Cu19.4 (hash) before (a), during catalytic treatment (1 min time on stream - b, 60 min 
time on stream - c), and after catalytic treatment at room temperature (d). 

4.4 Catalytic performance and structure function correlations 
CuO/SBA-15 samples were tested under catalytic conditions for selective oxidation of 

propene. Gas-phase composition of reaction products was analyzed continuously by gas 

chromatography during catalytic testing. Subsequently, propene reaction rate as an indicator 

for catalyst activity was calculated and formation rate as well as selectivity of oxidation 

products were determined. Simultaneously, mass spectrometry was used to detect ion 

currents of oxygen, propene, and oxidation products. Ion current m/z 56 corresponding to 

acrolein was used to determine onset of catalytic activity for all CuO/SBA-15 samples. 

Figure 4-18 depicts the starting temperatures of catalytic activity and reduction during 

catalytic treatment and TPR, respectively. Temperatures of TPR measurements are taken from 

Table 3-4. With increased copper loading starting temperatures of activity and reduction 
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increased similarly. Hence, a correlation between reduction and catalytic activity can be 

deduced. This corresponded to the Mars-van-Krevelen mechanism which describes oxidation 

of propene via nucleophilic lattice oxygen resulting in reduction of the metal center.[17]  

 

Figure 4-17: Comparison of onset temperatures of reduction and catalytic activity during TPR and 
catalytic treatment, respectively. Catalytic treatment was carried out in 5 % propene and 5 % oxygen 
balanced by helium at 5 °C/min. Temperature-programmed reduction was carried out in 5 % hydrogen 
balanced by argon at 5 °C/min. 

Figure 4-18 shows the propene reaction rate, formation rate of acrolein, and formation rate 

of propylene oxide of Cu1.1 during catalytic treatment at 350 °C. At the beginning of time on 

stream propene reaction rate and formation rate of acrolein were highest. Conversely, 

formation rate of propylene oxide was lowest at the beginning and increased in the first hour 

of time on stream. Subsequently, formation rate of propylene oxide remained constant. 

During the first one and a half hour time on stream, the reaction rate of propene decreased 

by half. Formation rate of acrolein showed similar behavior and decreased with time on 

stream exponentially. Formation rate of propylene oxide and acrolein showed contrary 

behavior during catalytic treatment indicating various oxygen species required for epoxidation 

and allylic oxidation to propylene oxide and acrolein, respectively.  
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Figure 4-18: Propene reaction rate and formation rates of acrolein and propylene oxide of Cu1.1 during 
catalytic treatment. Catalytic treatment was carried out in 5 % propene and 5 % oxygen balanced by 
helium at 350 °C under isoconversional conditions. 

Figure 4-19 illustrates product distribution and reaction rate of propene in propene oxidation 

as a function of copper loading. The fraction of total oxidation products CO and CO2 amounted 

to approximately 65 % to 75 % after 4 min time on stream. With time on stream, activity and 

selectivity changed drastically for all CuO/SBA-15 samples similar to those of Cu1.1. Reaction 

rate of CuO/SBA-15 samples decreased with time on stream. Simultaneously, selectivity 

towards acrolein, CO, propylene oxide, and acetaldehyde increased while the formation of 

CO2 decreased. Selectivities towards oxidation products except propylene oxide were 

comparable for all samples. This also held for the reaction rate of propene after 6 h time on 

stream.  

After 4 min time on stream, propene reaction rate of CuO/SBA-15 samples decreased 

significantly with increased copper loading. Simultaneous DR-UV-Vis measurements showed 

an increasing particle size with increased copper loading of CuO/SBA-15 samples. Hence, the 

increase in activity with decreased copper loading might be caused by an increasing dispersion 

of copper oxide particles. Accordingly, small, well-dispersed copper oxide particles exhibited 

an increased surface to bulk ratio and, thus, higher activity in comparison to larger particles 

or bulk material.[25,128] After 6 h time on stream, propene reaction rates of all CuO/SBA-15 

samples decreased and were largely independent of copper loading. All five CuO/SBA-15 
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samples exhibited a similar decrease in DR-UV-Vis absorption edge energies and, hence, 

increase in particle size during time on stream.  

Therefore, overall decrease in activity with time on stream can be attributed to a growing 

particle size. However, growth in particle size alone did not account for the invariant propene 

reaction rate with copper loading after more than 6 h time on stream. Hence, an additional 

decrease in activity occurred during time on stream. Eventually, this resulted in the observed 

similar activity of all CuO/SBA-15 samples. Accordingly, catalysts with lower initial activity 

exhibited a less pronounced decrease in activity than those already starting with higher 

activity.  

Grasseli et al. suggested characteristic properties of heterogeneous catalysts (“seven pillars”) 

affecting activity and selectivity in oxidation reactions.[129] “Site isolation” is one of those 

properties. Accordingly, isolated active sites containing two to five oxygen atoms promote 

selectivity towards acrolein in propene oxidation.[130] Conversely, isolated active sites 

containing just one oxygen atom are either inactive or produce only allylic radicals without 

further oxidation to acrolein. Site isolation may explain evolution of selectivity of CuO/SBA-15 

samples based on results of DR-UV-Vis measurements. Results of DR-UV-Vis measurements 

suggested that with increasing copper loading and with time on stream the amount of 

Cu2+-O2--Cu2+ bridging bonds increased. Hence, lower copper loading led to a lower amount of 

nearest copper neighbors and indicated an increase in the amount of isolated metal centers.  
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Figure 4-19: Propene reaction rate and product distribution of CuO/SBA-15 samples at various times 
on stream. Selectivities towards acrolein, propylene oxide, acetaldehyde, other products (acetone, 
propanal, isopropyl alcohol, propanol, allyl alcohol, acetic acid), and total oxidation products (CO, CO2) 
are shown. Catalytic treatment was carried out in 5 % propene and 5 % oxygen balanced by helium at 
350 °C under isoconversional conditions. 

Cu19.4 showed the lowest activity with the highest selectivity towards acrolein after 4 min 

time on stream. Selectivity towards acrolein was slightly lower for the other CuO/SBA-15 

samples. After 6 h time on stream selectivity towards acrolein was mostly independent of 

copper loading. This could be an effect of increasing amount of nearest copper neighbors with 

copper loading and with time on stream, as indicated by DR-UV-Vis measurements. Either 

way, a decrease in propene reaction rate was accompanied by an increase in selectivity 

towards acrolein which is typical catalyst behavior.[25,131] 

Selectivity towards propylene oxide is shown in Figure 4-20 for various copper loadings. At the 

beginning of the reaction, the amount of propylene oxide formed by Cu1.1 and Cu3.7 was 

negligible. For CuO/SBA-15 samples the selectivity towards propylene oxide increased with 

higher copper loading and reached a maximum at 2.7 % for Cu19.4 after 12 h time on stream. 
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In contrast to selectivity towards acrolein, selectivity towards propylene oxide exhibited a 

nearly linear correlation with copper loading and with the amount of bridging oxygen atoms 

(Figure 4-21). Relative area under Gaussian function was gathered from not normalized DR-

UV-Vis spectra. A similar correlation between selectivity towards propylene oxide and relative 

area under Gaussian function of Cu2+-O2--Cu2+ CT absorption band can be obtained from 

normalized DR-UV-Vis spectra using height, relative area, or absolute area of Gaussian 

function corresponding to Cu2+-O2--Cu2+ CT absorption band. Additionally, the selectivity 

towards propylene oxide increased evenly for various copper loadings with time on stream. 

DR-UV-Vis measurements showed a growth of particle size and an increase in the amount of 

bridging oxygen atoms with increased copper loading, temperature, and time on stream 

during isothermal measurements. In total, selectivity towards propylene oxide grew with 

particle size and the amount of bridging oxygen atoms. 

 

Figure 4-20: Selectivity towards propylene oxide as a function of copper loading of CuO/SBA-15 
samples at various times on stream: 4 min (squares), 6 h (circles) and 12 h (triangles). Catalytic 
treatment was carried out in 5 % propene and 5 % oxygen balanced by helium at 350 °C under 
isoconversional conditions. 

Epoxidation of propene to propylene oxide requires a different oxygen species than the allylic 

reaction to acrolein. According to He et al., Cu+ act as active species by providing electrophilic 

oxygen for propene epoxidation.[21] Thereby, Cu+ species presumably activates molecular 

oxygen forming an electrophilic oxygen species bond to the Cu+ atom. The activated oxygen 

species could account for the epoxidation of propene to propylene oxide while lattice oxygen 

is responsible for allylic oxidation to acrolein. Density functional theory studies confirmed 

these assumptions by calculating an easier formation of propylene oxide on Cu2O than on 
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CuO.[132] Stabilizing Cu+ oxide in copper oxide nanoparticles may depend on particle size and 

shape. In situ XANES measurements showed that CuO/SBA-15 samples exhibited a decrease 

in Cu K edge energy shift during time on stream. The shift was even stronger for samples with 

higher copper loading. This indicated an overall reduced oxidation state of all samples, which 

was consistent with DR-UV-Vis results. Additionally, LC XANES analysis revealed a decreased 

amount of structural motifs corresponding to Cu2O with increased copper loading during time 

on stream. Furthermore, EXAFS refinements showed a significant shift of Cu-O distances 

corresponding to a transition from CuO to Cu2O. Hence, under catalytic conditions oxidation 

state and structural motif both corresponded to a significant fraction of Cu2O in CuO/SBA-15 

samples during catalytic treatment. CuO/SBA-15 samples with higher copper loading had a 

lower Cu K edge energy than samples with lower copper loading. This indicated an increasing 

amount of Cu+ in the samples. However, Cu K edge energies in nanoscale particles were 

influenced by particle size, which grew during catalytic treatment.[105] Otherwise, LC XANES 

and EXAFS analysis indicated that fraction of structural motifs corresponding to Cu2O was 

larger for samples with lower copper loading agreeing with results of reducibility tests. 

 

Figure 4-21: Selectivity towards propylene oxide as a function of the relative area under Gaussian 
function corresponding to the Cu2+-O2--Cu2+ CT absorption band in DR-UV-Vis spectra of Cu1.1 (square), 
Cu3.7 (circle), Cu8.1 (triangle), Cu11.8 (pentagon), and Cu19.4 (hash) after 6 h (blue) and 12 h (dark 
green) time on stream. Catalytic treatment was carried out in 5 % propene and 5 % oxygen balanced 
by helium at 350 °C. 

Particle size, amount of bridging oxygen atoms, amount of Cu+, or ratio of structural motifs 

corresponding to CuO and Cu2O are four factors influencing activity and selectivity of 

CuO/SBA-15 samples in propene oxidation. Particle size and amount of bridging oxygen atoms 
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increased collectively with copper loading. Most likely, both promoted selectivity towards 

propylene oxide, resulting in shown correlations. A higher amount of structural motifs 

corresponding to Cu2O under catalytic conditions was detected for samples with lower copper 

loading. This correlated with activity in propene oxidation though not with 

selectivity (Figure 4-22). Hence, Cu2O structural motif could be determining catalytic activity 

while amount of bridging oxygen atoms was crucial for selectivity towards propylene oxide. 

Additionally, transition from CuO towards Cu2O could account for the strong decrease in 

propene reaction rate with time on stream at 350 °C. XANES and EXAFS analysis revealed 

highest fraction of Cu2O promptly after reaching 350 °C. First, transition of CuO to Cu2O 

released oxygen available for propene oxidation which would explain highest activity in this 

time period. Second, with time on stream at 350 °C amount of Cu2O decreased and likewise 

propene reaction rate decreased. Selectivity towards acrolein was independent of copper 

loading. The O2--Cu2+ CT absorption band showed similar behavior during catalytic treatment. 

Hence, different oxygen species needed to form propylene oxide and acrolein may originate 

from bridging oxygen and terminal oxygen species, respectively, and their availability in 

CuO/SBA-15 samples. 

 

Figure 4-22: Propene reaction rate of CuO/SBA-15 samples as a function of the ratio of Cu2O/CuO 
determined by LC XANES analysis at 350 °C under catalytic treatment. Catalytic treatment was carried 
out in 5 % propene and 5 % oxygen balanced by helium under isoconversional conditions. 

4.5 Conclusions 
Under reaction conditions of propene oxidation with gaseous oxygen, all CuO/SBA-15 samples 

formed acrolein and propylene oxide without reductive pretreatment. In situ analysis of 

CuO/SBA-15 samples merged structure and function of catalysts during catalytic treatment. In 

situ DR-UV-Vis measurements showed that lower copper loading was accompanied by smaller 
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particle size and lesser amount of bridging oxygen atoms. However, both factors increased 

similarly for CuO/SBA-15 samples with various copper loadings and with time on stream. 

Accordingly, selectivity towards propylene oxide increased with increasing particle size and 

amount of bridging oxygen atoms. Conversely, selectivity towards acrolein was independent 

of particle size (Figure 4-23). 

 

Figure 4-23: Particle size dependency of selectivity towards acrolein and propylene oxide of 
CuO/SBA-15 samples during selective oxidation of propene in 5 % propene and 5 % oxygen balanced 
by helium at 350 °C under isoconversional conditions. 

Results of in situ XANES and EXAFS analysis revealed structural transition from CuO to Cu2O 

during catalytic activity. Highest fraction of Cu2O was found at the beginning of time on 

stream. This could be correlated with propene reaction rate because of the similar behavior 

regarding various CuO/SBA-15 samples with different copper loadings. Accordingly, lower 

copper loading, hence, lower particle size, caused a higher amount of Cu2O and higher activity. 

Additionally, phase transition from CuO to Cu2O could provide oxygen for added catalytic 

activity in particular at the beginning of time on stream (Figure 4-24). With time on stream 

fraction of Cu2O and activity decreased strongly for all samples while particle size increased. 

Apparently, copper oxides supported on SBA-15 are suitable model catalysts for selective 

oxidation of propene to acrolein or propylene oxide and corresponding structure function 

investigations. Various structural properties could be tailored by adjusting copper loading and, 

eventually, correlated with catalytic activity and selectivity of the CuO/SBA-15 samples. 
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Figure 4-24: Schematic illustration of transition from octahedral structural motif of CuO towards linear 
structural motif of Cu2O with various presumed oxygen species needed for oxidation of propene to 
acrolein and propylene oxide. 
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5 Effect of thermal pretreatment on structural and 

functional properties of CuO/SBA-15 samples in selective 

oxidation of propene 

5.1 Introduction 
In the previous chapter of this work catalytic behavior of CuO/SBA-15 samples in selective 

oxidation of propene was investigated. The effect of various copper loadings on structural 

properties during catalytic treatment and catalytic performance was discussed. Structural 

characteristics of CuO/SBA-15 were tailored by varying copper loadings to obtain structure 

function correlations. In this chapter effect of a thermal pretreatment on structural properties 

and catalytic performance in propene oxidation will be investigated. Therefore, in situ DR-UV-

Vis and in situ XAS measurements were conducted to determine structural properties during 

pretreatment and subsequent catalytic treatment. Catalytic investigation focused on product 

distribution of nucleophilic and electrophilic oxidation to acrolein and propylene oxide, 

respectively. Particularly, selectivity of nucleophilic and electrophilic oxidation during catalytic 

treatment was analyzed comparing measurements with and without pretreatment. Structure 

function correlations were enabled due to varying the initial state of the catalysts by thermal 

pretreatment before catalytic treatment. 

5.2 Experimental 
Thermal pretreatment was conducted before catalytic treatment. Figure 5-1 depicts the 

procedure of thermal pretreatment and subsequent catalytic treatment. Pretreatment was 

conducted at 350 °C in helium. Subsequently, gas mixture was switched to 5 % oxygen and 

5 % propene balanced by helium and samples were heated to 350 °C at 5 °C/min.  
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Figure 5-1: Scheme of temperature-programmed pretreatment and subsequent catalytic treatment. 
Pretreatment and catalytic treatment were conducted at 350 °C with a heating rate of 5 °C/min. 

In situ diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis) 

DR-UV-Vis spectra were recorded in reflectance mode using a JASCO V-670 double beam 

spectrometer. Spectra were measured during pretreatment and catalytic treatment using a 

Praying Mantis in situ cell (Harrick Scientific Products, Inc.), and, subsequently, truncated to a 

range from 12500 cm-1 through 40000 cm-1. Samples were measured as is or diluted with pure 

SBA-15 which was also used as reflectance standard. Diffuse reflectance data were transferred 

into the Kubelka Munk function via Spectra Manager 2.0 software. Pretreatment was carried 

out in the in situ cell in helium. Therefore, samples were heated from 22 °C to 350 °C and held 

at 350 °C for 2 h. Catalytic treatment was carried out in 5 % propene and 5 % oxygen balanced 

by helium. Samples were heated from 22 °C to 350 °C at a heating rate of 5 °C/min and a time 

on stream at 350 °C of 12 h. DR-UV-Vis spectra were analyzed by simulating spectra using a 

sum of Gaussian functions to differentiate between overlapping absorption bands. 

Refinements of DR-UV-Vis spectra were performed with WinXAS v3.2.[78] 

In situ X-ray absorption spectroscopy (XAS) 

In situ XAS was conducted at the Cu K edge (8979 eV) at the beamline P65 at DESY, Hamburg. 

A Si(111) double crystal was used as monochromator. CuO/SBA-15 samples were diluted with 

boron nitride (Alfa Aesar, 99.5 %) and pressed into 5 mm pellets. Energy range around the Cu 

K edge was 8879-9779 eV and scan time was 180 s per scan. WinXAS v3.2 was used for data 

analysis.[78] In the first step, a background was subtracted and spectra were normalized. 

Therefore, a linear polynomial was fitted to the pre-edge region and a third degree polynomial 

to the post-edge region. χ(k) function was extracted using cubic splines in the range from 
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3.3 Å-1 to 10.6 Å-1. Subsequently, Fourier transformation space of the k3 weighted χ(k) into the 

R led to the pseudo radial distribution function, FT(χ(k)·k3), which was used for refinements. 

Details of refinement strategy and underlying structure model are described in chap. 3.7. 

Theoretical backscattering phases and amplitudes were calculated with the ab-initio multiple 

scattering code FEFF7.[79] 

Catalytic testing 

Quantitative measurements of catalytic activity and selectivity were carried out using an 

on-line gas chromatography system (Varian CP-3800) and a non-calibrated mass spectrometer 

(Pfeiffer OmniStar) coupled to a laboratory fixed-bed reactor. The fixed-bed reactor consisted 

of a silica tube (30 cm length, 9 mm inner diameter) which was placed vertically in a tube 

furnace. CuO/SBA-15 samples were diluted with boron nitride (Alfa Aesar, 99.5 %) to ensure 

a constant flow and a similar sample volume in the reactor as well as similar propene 

conversion for all measurements. The diluted samples were placed on a frit in the isothermal 

zone of the reactor. Hydrocarbons and oxygenated reaction products were analyzed with a 

carbowax capillary column connected to an Al2O3/MAPD capillary column or fused silica 

restriction (25 m x 0.32 mm) each connected to a flame ionization detector. O2, CO2, N2, and 

CO were separated and analyzed using a Varian-3800 permanent gas analyzer connected to a 

thermal conductivity detector. Gas flow was controlled by separate mass flow controllers 

(Bronkhorst). Prior to catalytic treatment thermal pretreatment in helium at 350 °C for 2 h 

was conducted. Subsequently, gas mixture was switched from helium to a mixture of 

5 % propene and 5 % oxygen balanced by helium (total flow of 40 ml/min). During 

measurements, samples were heated to 350 °C at a heating rate of 5 °C/min and subsequently 

held at 350 °C for 12 h. 

5.3 In situ characterization of electronic structure of CuO/SBA-15 

samples  
In situ DR-UV-Vis spectroscopy was used to analyze electronic structure of CuO/SBA-15 

samples during pretreatment and catalytic treatment. Figure 5-2 depicts DR-UV-Vis spectra of 

CuO/SBA-15 samples measured before treatment (a), after thermal pretreatment (b), during 

catalytic treatment at 350 °C (c), and after catalytic treatment (d). Pretreatment led to 

increased absorption in the range from 20000 cm-1 to 35000 cm-1 of spectra of CuO/SBA-15 
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samples. Correspondingly, intensity of the Cu2+-O2--Cu2+ CT and the O2--Cu2+ CT absorption 

bands increased together with a decrease in absorption edge energy.[86,92,133] Absorption edge 

energies of all CuO/SBA-15 samples together with the Cu2+-O2--Cu2+ CT absorption bands 

showed a red shift as a consequence of pretreatment. 

 

Figure 5-2: In situ DR-UV-Vis spectra and absorption edge energies of CuO/SBA-15 samples measured 
before treatment (a), after thermal pretreatment in helium at 350 °C (b), during catalytic treatment at 
350 °C (c), and after catalytic treatment (d) in 5 % propene and 5 % oxygen balanced by helium. 

Evolution of DR-UV-Vis spectra of Cu1.1 and Cu19.4 during pretreatment in a temperature 

range from 22 °C to 350 °C was further analyzed. Therefore, Kubelka Munk values 

corresponding to various absorption bands were determined. Evolution of intensity of 

absorption bands of Cu1.1 and Cu19.4 in addition to the ion current m/z 18 corresponding to 

water are depicted in Figure 5-3. In the first 20 min of pretreatment drying of the samples 

occurred. Together with a peak in the ion current m/z 18 the intensity of absorption bands 

referring to O2-
SiO₂-Cu2+ CT and O2--Cu2+ CT transitions increased. After 25 min, intensity of 

O2-
SiO₂-Cu2+ CT absorption band of Cu1.1 reached a plateau while intensity of O2--Cu2+ CT 

further increased and reached a plateau at 50 min. However, intensity of the Cu2+-O2--Cu2+ CT 
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absorption band increased nearly linear with temperature. Between 30 min and 66 min which 

corresponded to a temperature range from 200 °C to 350 °C a broad peak of the ion current 

m/z 18 indicated water originating from hydroxyl groups or water connected to the silica. The 

temperature was well above 100 °C because of the hydrophilic properties of SBA-15. Pure 

SBA-15 released water between 200 °C and 350 °C during pretreatment in helium (Figure 5-4). 

Between 55 min and 66 min intensity of the O2--Cu2+ CT absorption band slightly decreased 

indicating complete drying of Cu1.1. 

 

Figure 5-3: Evolution of intensity of corresponding absorption bands of Cu1.1 (left) and Cu19.4 (right) 
during thermal pretreatment. Pretreatment was carried out in helium in a temperature range from 
22 °C to 350 °C with a heating rate of 5 °C/min and a holding time of 2 h. 

Cu19.4 showed a different behavior during pretreatment than Cu1.1. The ion current m/z 18 

exhibited a second peak at 40 min indicating water and hydroxyl groups being released from 

the silica support. The peak was much more pronounced for Cu19.4 than for Cu1.1. Most 

likely, a higher amount of water or hydroxyl groups was bond to the silica or copper oxide 

particles for samples with higher copper loading and, hence, effect of drying was more 

pronounced. Additionally, intensity of Cu2+-O2--Cu2+ CT and O2--Cu2+ CT absorption bands of 

Cu19.4 exhibited a strong increase during pretreatment even after reaching 350 °C. This 

indicated further changes in structural properties of Cu19.4 even after heating the samples to 

350 °C. Therefore, a holding time of 2 h at 350 °C during pretreatment was established. 

Evolution of intensity of absorption bands showed some similarities to that during catalytic 

treatment (chap. 4.3.1). Main differences were found heating the samples above 200 °C in 
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helium. During pretreatment further drying of the samples was observed while during 

catalytic treatment water was produced through catalytic activity. 

 

Figure 5-4: Ion current m/z 18 of pure SBA-15 during treatment in helium with a heating rate of 
5 °C/min. 

Figure 5-2 (c) depicts the spectra of CuO/SBA-15 samples during catalytic treatment at 350 °C. 

In comparison to spectra after pretreatment, spectra during catalytic treatment exhibited 

increased intensity and a red shift of the O2--Cu2+ CT absorption band. Chiefly, this could be 

observed for catalysts with lower copper loading. For a more detailed analysis, not normalized 

DR-UV-Vis spectra of CuO/SBA-15 samples during catalytic treatment were simulated using a 

sum of Gaussian functions. Relative area under Gaussian functions of CT absorption bands was 

determined and depicted in Figure 5-5. Results were similar to that of analysis during catalytic 

treatment without pretreatment. Relative area under O2-
SiO₂-Cu2+ CT absorption band 

decreased while relative area under Cu2+-O2--Cu2+ CT absorption band increased with copper 

loading. This indicated an increasing amount of nearest copper neighbors around the copper 

centers with copper loading while the amount of copper atoms connected to the support 

material decreased.[88] 
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Figure 5-5: Relative area under fitted Gaussian functions corresponding to the given CT absorption 
bands in DR-UV-Vis spectra of pretreated CuO/SBA-15 samples after 12 h time on stream in 
5 % propene and 5 % oxygen balanced by helium at 350 °C. Pretreatment was conducted at 350 °C in 
helium. 

Evolution of intensity of various absorption bands of Cu1.1 and Cu19.4 during catalytic 

treatment subsequent to pretreatment are depicted in Figure 5-6. Ion current m/z 18 of Cu1.1 

showed no water leaving the sample before the onset of catalytic activity indicating complete 

drying of the sample during pretreatment. In the first 30 min intensity of O2-
SiO₂-Cu2+ CT 

absorption band of Cu1.1 decreased. During pretreatment and catalytic treatment without 

pretreatment intensity of O2-
SiO₂-Cu2+ CT absorption band increased as a consequence of drying 

of the sample. This corresponded to a correlation between the O2-
SiO₂-Cu2+ CT absorption band 

and ion current m/z 18. Consequently, drying of the samples led to a decreased amount of 

oxygen atoms connected to the support material. Chiefly, Cu1.1 showed a high amount of 

nearest silica neighbors around the copper centers, hence, a strong connection to the support 

material. This was represented by a decrease in intensity of the O2-
SiO₂-Cu2+ CT absorption band 

while water and hydroxyl groups bond to the silica were released during pretreatment above 

200 °C. Heating Cu1.1 above 200 °C in catalytic conditions resulted in onset of catalytic 

activity. Here, evolution of intensity of absorption bands was similar to that during catalytic 

treatment without pretreatment. 

Evolution of intensity of absorption bands of pretreated Cu19.4 during catalytic treatment was 

different from that during catalytic measurement without pretreatment. In the first 30 min 

intensity of d-d, O2--Cu2+ CT, and Cu2+-O2--Cu2+ CT absorption bands increased but, 
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subsequently, decreased strongly with onset of catalytic activity. Intensity of O2-
SiO₂-Cu2+ CT 

absorption band remained constant in the first 50 min of the treatment and, subsequently, 

slightly decreased. In accordance with results of DR-UV-Vis measurements of Cu19.4 during 

catalytic treatment without pretreatment, changes in intensity of O2-
SiO₂-Cu2+ CT absorption 

band were negligible. Most likely, this resulted from a lesser amount of nearest silica 

neighbors around the copper centers of Cu19.4 compared to Cu1.1. However, changes in 

O2--Cu2+ CT and Cu2+-O2--Cu2+ CT absorption bands were significant and, additionally, vastly 

different than those during catalytic measurements without pretreatment. Hence, 

pretreatment had a significant effect on electronic structure of Cu19.4 and influenced the 

behavior during subsequent catalytic treatment. In total, effects of pretreatment on structural 

properties during catalytic treatment were much more pronounced for Cu19.4 than for Cu1.1. 

 

Figure 5-6: Evolution of intensity of corresponding absorption bands of Cu1.1 (left) and Cu19.4 (right) 
during catalytic treatment with preceding thermal treatment. Catalytic treatment was carried out in 
5 % propene and 5 % oxygen balanced by helium in a temperature range from 22 °C to 350 °C with a 
heating rate of 5 °C/min and a holding time of 12 h. 

Figure 5-2 (d) shows spectra of CuO/SBA-15 samples after pretreatment and subsequent 

catalytic treatment at room temperature. DR-UV-Vis spectra after treatment revealed 

irreversible changes in comparison to the spectra before pretreatment. Most of the observed 

structural changes occurred as a result of the pretreatment. However, subsequent catalytic 

treatment had an additional effect on catalyst properties mostly induced by water produced 

during catalytic treatment. 
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Decrease in absorption edge energies as a result of the pretreatment indicated particle 

growth.[120] During catalytic treatment, absorption edge energies decreased even further. In 

correspondence with quantum size effects increasing the temperature led to an increased 

particle size (Figure 4-6).[94] After catalytic treatment absorption edge energy increased while 

cooling down the samples. Thermal pretreatment can be a useful tool to gather various sized 

metal oxide particles on a support material.[134] Temperature and gas atmosphere have an 

impact on resulting structural properties.[135,136] Absorption edge energies before and after 

treatment were significantly different. Hence, pretreatment and catalytic treatment had an 

effect on particle size beyond that of heating and cooling down the samples. Additionally, the 

amount of nearest copper neighbors around the copper centers increased. Most likely, 

evolution of DR-UV-Vis spectra was induced by drying of the samples, accompanied by 

releasing hydroxyl groups and water bond to both, copper centers and silica. 

Regarding Cu1.1, the Cu2+-O2--Cu2+ CT absorption band showed mostly temperature-related 

effects while the O2-
SiO₂-Cu2+ CT absorption band of Cu19.4 showed no significant changes 

during treatment. Hence, analysis of O2--Cu2+ CT absorption band seemed to be most 

promising for further analysis of samples with various copper loadings. Therefore, in 

Figure 5-7 evolution of intensity of O2--Cu2+ CT absorption band is displayed for all CuO/SBA-15 

samples. Evolution of intensity of O2--Cu2+ CT absorption band during pretreatment was similar 

for CuO/SBA-15 samples with different copper loadings. The intensity of the absorption band 

increased for samples with lower copper loading in two steps. In the first 20 min of 

pretreatment drying of the samples occurred accompanied by an increase in intensity of the 

O2--Cu2+ CT absorption band. After 25 min, intensity of the O2--Cu2+ CT absorption band 

increased further and reached a plateau at 50 min. After 55 min of treatment, intensity of the 

O2--Cu2+ CT absorption band decreased slightly. Evolution of intensity of samples with higher 

copper loading was additionally characterized by a plateau between 30-50 min. This 

corresponded to releasing water bond to the silica indicated by a peak in the ion current 

m/z 18. 
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Figure 5-7: Evolution of intensity of O2--Cu2+ CT absorption band of CuO/SBA-15 samples during thermal 
pretreatment (left) and subsequent catalytic treatment (right). Catalytic treatment was carried out in 
5 % propene and 5 % oxygen balanced by helium in a temperature range from 22 °C to 350 °C with a 
heating rate of 5 °C/min. Pretreatment was carried out similarly but in pure helium. 

During catalytic treatment an increase of the ion current m/z 18 of CuO/SBA-15 samples 

indicated formation of water with onset of catalytic activity. Ion current profiles of samples 

with lower copper loading showed a sharp increase while profiles referring to samples with 

higher copper loading exhibited a shoulder. Ion current m/z 18 of Cu1.1 decreased rapidly 
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during holding time at 350 °C while the decrease was less pronounced for samples with higher 

copper loading. This corresponded to a decrease in catalytic activity during holding time. 

Intensity of O2--Cu2+ CT absorption band increased for all CuO/SBA-15 samples between 22 °C 

and 300 °C during catalytic treatment. Subsequently, the intensity of the O2--Cu2+ CT 

absorption band decreased with onset of catalytic activity. The decrease in intensity was small 

for Cu1.1 and somewhat stronger for Cu3.7 and Cu8.1. Cu11.8 and Cu19.4 showed a strong 

decrease in intensity of O2--Cu2+ CT absorption band resulting in a lower intensity at 350 °C 

than that at the beginning of catalytic treatment. 

In total, effects of thermal pretreatment on DR-UV-Vis spectra of CuO/SBA-15 samples were 

more pronounced for samples with higher copper loading. CuO/SBA-15 samples with higher 

copper loading had more water bond to both, copper centers and silica, which was released 

during pretreatment. This led to a change in electronic structure. Evolution of O2--Cu2+ CT 

absorption band correlated with the ion current m/z 18 during catalytic treatment of 

pretreated catalysts. 

5.4 Analysis of short-range structure of CuO/SBA-15 samples 

during pretreatment and catalytic treatment 

5.4.1 In situ X-ray absorption near edge structure (XANES) 

In situ XANES measurements were conducted to analyze oxidation state and short-range 

structure of CuO/SBA-15 samples during thermal pretreatment and subsequent catalytic 

treatment. Figure 5-8 shows XANES spectra of Cu19.4 during thermal pretreatment. Spectra 

measured between room temperature and 250 °C (dark red) showed no significant changes. 

Minor changes in XANES spectra occurred during heating the samples above 250 °C (black). 

Absorption maximum decreased slightly and a small shoulder corresponding to the 1s → 4p 

“shakedown” transition evolved.[99] Evolution of XANES spectra indicated a transition from 

CuO to Cu2O and reduction of the sample during pretreatment.[137] Similar but more 

pronounced changes can be induced by pretreatment in hydrogen.[134,138] During isothermal 

treatment at 350 °C (dark cyan) no further changes in XANES spectra were detected. In situ 

DR-UV-Vis measurements exhibited structural changes of CuO/SBA-15 samples primarily 

during drying of the samples between room temperature and 120 °C and above 200 °C when 

water and hydroxyl groups bond to the silica were released. Changes in XANES spectra 



Effect of thermal pretreatment on structural and functional properties of CuO/SBA-15 
samples in selective oxidation of propene 

83 

 

 
 

occurred solely during the phase above 200 °C which could be induced by removing water 

bond to the silica. This caused a structural transition from CuO to Cu2O.[99] 

 

Figure 5-8: In situ Cu K edge XANES spectra of Cu19.4 during thermal pretreatment in helium in a 
temperature range from 22 °C to 350 °C with a heating rate of 10 °C/min. 

Figure 5-9 depicts the evolution of XANES spectra during catalytic treatment of pretreated 

Cu19.4. XANES spectra at room temperature after pretreatment differed from those 

measured before pretreatment. Intensity of absorption maximum was lower and spectra 

exhibited a small shoulder referring to the 1s → 4p “shakedown” transition indicating 

Cu2O.[100] 

Evolution of spectra during catalytic treatment of pretreated Cu19.4 was similar to that of 

Cu19.4 without pretreatment. Between 22 °C and 250 °C (dark red) only minor changes in 

XANES spectra occurred. After 250 °C (black) intensity of the absorption maximum decreased 

and the broad shoulder referring to the 1s → 4p “shakedown” transition exhibited a red shift. 

Most likely, changes in XANES spectra were induced by onset of catalytic activity. Overall, 

changes in XANES spectra during catalytic treatment were less pronounced for measurements 

with pretreatment compared to measurements without pretreatment. 
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Figure 5-9: In situ Cu K edge XANES spectra of Cu19.4 during catalytic treatment subsequent to thermal 
pretreatment. Catalytic treatment was conducted in 5 % propene and 5 % oxygen balanced by helium 
in a temperature range from 22 °C to 350 °C with a heating rate of 10 °C/min. 

Cu K absorption edge energy was determined based on the maximum position of the 

absorption corresponding to the 1s → 4p transition.[98,99] The procedure was described in 

detail in chap. 3.7. Shift of the absorption edge energy was calculated with respect to copper 

foil. Figure 5-10 shows the evolution of Cu K edge energies of pretreated CuO/SBA-15 samples 

during catalytic treatment. Shift of absorption edge energy in reference to that of copper foil 

valued between 3.2 eV and 3.4 eV for various copper loadings at room temperature after 

pretreatment. Shift of absorption edge energy of CuO/SBA-15 samples was similar before 

treatment. Hence, changes in absorption edge energy induced by pretreatment were 

reversible by cooling down the samples.  

Evolution of Cu K edge energy shift during catalytic treatment subsequent to pretreatment 

was similar to that measured during catalytic measurements without pretreatment. Heating 

up the samples under catalytic conditions led to an increased absorption edge energy. 

Subsequently, absorption edge energy of all samples decreased between 150 °C and 350 °C 

with onset of catalytic activity. Hence, a reduction of the CuO/SBA-15 samples during propene 

oxidation occurred. Similar behavior was determined during catalytic treatment without 

pretreatment. Reduction of the samples with onset of catalytic activity corresponded to the 

propene oxidation mechanism proposed by Mars and van-Krevelen.[17] Thereby, reduction of 
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the metal center is induced by oxidation of propene by metal oxide oxygen. During isothermal 

treatment at 350 °C, Cu K edge energy of CuO/SBA-15 samples increased slightly.  

 

Figure 5-10: Evolution of shift of Cu K edge energy in reference to that of copper foil of various 
CuO/SBA-15 samples during catalytic treatment in 5 % propene and 5 % oxygen balanced by helium 
subsequent to thermal pretreatment. 

XANES spectra measured during catalytic treatment were simulated using reference spectra 

of Cu2O and CuO. Procedure of LC XANES analysis is further described in chap. 4.3.2. 

Figure 5-11 depicts the ratio of Cu2O/CuO of pretreated CuO/SBA-15 samples during catalytic 

treatment. After pretreatment, amount of structural motifs corresponding to Cu2O increased. 

LC XANES analysis exhibited a ratio of Cu2O/CuO of 0.52 and 0.54 for Cu8.1 and Cu11.8, 

respectively, and a ratio of 0.15 for Cu19.4. Hence, CuO/SBA-15 samples with lower copper 

loading showed a higher amount of structural motifs corresponding to Cu2O. Similar results 

were found during catalytic treatment without pretreatment. Most likely, higher amount of 

structural motifs corresponding to Cu2O was caused by better reducibility of CuO/SBA-15 

samples with lower copper loading. Heating the samples to 220 °C during catalytic treatment 

decreased the amount of structural motifs corresponding to Cu2O. Subsequently, the amount 

of structural motifs corresponding to Cu2O increased strongly with onset of catalytic activity. 

During isothermal treatment at 350 °C, ratio of Cu2O/CuO decreased with increased copper 

loading. Similar behavior was determined during catalytic measurements without 

pretreatment. During holding time at 350 °C amount of Cu2O of all samples decreased slowly. 

Overall, the amount of structural motifs corresponding to Cu2O during catalytic treatment was 

higher for catalysts which were undergoing thermal pretreatment. However, XANES analysis 

yielded similar Cu K absorption edge energies during catalytic treatment independent of 
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pretreatment. Cu K edge energy could be influenced by particle size and, hence, cannot serve 

as reliable source for the oxidation state.[105] Most likely, copper centers of CuO/SBA-15 

samples were reduced and a transition from CuO to Cu2O occurred during pretreatment and 

during catalytic treatment with onset of catalytic activity.  

 

Figure 5-11: LC XANES analysis of XANES spectra of pretreated CuO/SBA-15 samples during catalytic 
treatment in 5 % propene and 5 % oxygen balanced by helium. 

5.4.2 Analysis of in situ X-ray absorption fine structure (EXAFS) 

EXAFS of in situ XAS spectra of CuO/SBA-15 samples measured during pretreatment and 

subsequent catalytic treatment was analyzed. Analogous to chap. 3.7, data reduction was 

used to examine the χ(k) function from measured absorption spectra. χ(k) function was cut 

at 10.6 Å-1 due to low signal-to-noise ratio. Subsequently, pseudo radial distribution function, 

FT(χ(k)·k3), was extracted like described previously. Theoretical and experimental Cu K edge 

FT(χ(k)·k3) of CuO/SBA-15 samples after 1 min time on stream at 350 °C during pretreatment 

are depicted in Figure 5-12. FT(χ(k)·k3) exhibited peaks corresponding to first and second shell. 

While the amplitude of the first shell was similar for FT(χ(k)·k3) of CuO/SBA-15 samples with 

various copper loadings, the amplitude of the second shell was vastly different. As a 

consequence of that, the fitting procedure was adjusted individually. Structural motif of CuO 

was used as starting point for the refinement. One Cu-O backscattering path corresponding to 

the equatorial oxygen species was included in the fitting procedure. A second Cu-O 

backscattering path corresponding to two axial oxygen atoms was not feasible for refinements 

of spectra measured during pretreatment. Four equatorial and two axial oxygen atoms around 

a copper atom characterize the structural motif of CuO. Hence, elongated octahedrons are 

build up by layers of square planar [CuO4] units.[127] Conversely, the structure of Cu2O consists 

0 20 40 60
0,0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
1,0

Cu19.4
Cu11.8

Time / min

R
at

io
 C

u 2
O

/C
uO Cu8.1

0
50
100
150
200
250
300
350
400

Te
m

pe
ra

tu
re

 / 
°C



Effect of thermal pretreatment on structural and functional properties of CuO/SBA-15 
samples in selective oxidation of propene 

87 

 

 
 

of copper atoms linear surrounded by two oxygen atoms in a shorter distance than that of the 

four oxygen atoms in CuO.[127] Including only one Cu-O backscattering path in the fitting 

procedure corresponded to a mixture of structural motifs corresponding to CuO and Cu2O. 

Hence, heating the samples to 350 °C in helium led to a transition from CuO to Cu2O. A similar 

structural transition was determined during catalytic treatment in chap. 4.3.3. However, the 

transition from CuO towards Cu2O was indicated to be even more advanced during 

pretreatment than during catalytic treatment. One Cu-Cu backscattering path for simulation 

of spectra of Cu8.1 and Cu11.8 and two Cu-Cu backscattering paths for simulation of spectrum 

of Cu19.4 were introduced in the fitting procedure. This indicated a more advanced transition 

from CuO to Cu2O for samples with lower copper loading agreeing with results from XANES 

analysis. 

 

Figure 5-12: Theoretical (dotted) and experimental (solid) Cu K edge FT(χ(k)·k3) of CuO/SBA-15 samples 
with various copper loadings after 1 min time on stream at 350 °C during pretreatment in helium. 

Refinement results of EXAFS spectra measured during pretreatment are shown in Table 5-1. 

Coordination numbers of Cu-O and Cu-Cu backscattering paths were kept invariant. Disorder 

parameters of Cu-Cu backscattering paths of Cu19.4 were correlated to be the same. Cu-O 

distances of CuO/SBA-15 samples with various copper loadings were between 1.85 Å and 

1.89 Å. Compared to measurements at room temperature and during catalytic treatment, 

Cu-O distances were shortest during pretreatment. In the previous chapter Cu-O distance was 

used as an indicator for the transition from CuO to Cu2O.[99,139] Hence, results indicated a 
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higher amount of structural motifs corresponding to Cu2O in CuO/SBA-15 samples during 

pretreatment compared to that during catalytic treatment.  

A separate refinement procedure solely including the first shell of EXAFS spectra was 

conducted as a consequence of the difficulties in fitting procedure of Cu K edge FT(χ(k)·k3) of 

CuO/SBA-15 samples. The first shell corresponded to backscattering of equatorial oxygen 

atoms around the copper absorber and can be used as a tool to determine the structural 

transition from CuO to Cu2O. Figure 5-13 depicts the evolution of the Cu-O distance of 

CuO/SBA-15 samples during pretreatment. Cu-O distance was similar for all samples during 

the first 15 min of the treatment. Subsequently to heating the samples above 180 °C, Cu-O 

distance shortened with increasing temperature. During isothermal treatment at 350 °C Cu-O 

distance of Cu8.1 and Cu11.8 was invariant, while Cu-O distance of Cu19.4 slightly increased. 

Hence, structural transition from CuO to Cu2O was induced by increasing temperature during 

treatment in inert gas. Furthermore, structural transition of CuO towards Cu2O was even more 

pronounced using inert gas instead of a gas mixture of propene and oxygen. Overall, 

CuO/SBA-15 samples with lower copper loading showed shorter Cu-O distance compared to 

those with higher copper loading. This indicated a higher amount of structural motifs 

corresponding to Cu2O in samples with lower copper loading. A similar result was found during 

analysis of CuO/SBA-15 samples during catalytic treatment without pretreatment. Most likely, 

smaller particles in samples with lower copper loading resulted in better reducibility during 

treatments.  
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Table 5-1: EXAFS fit results of CuO/SBA-15 after 1 min time on stream at 350 °C 
during pretreatment in helium. Type, coordination number (CN), and static 
disorder parameter (σ2) of backscattering paths of atoms at distance to copper 
absorber were obtained. 

Backscattering paths Cu8.1 Cu11.8 Cu19.4 

Cu-O (equatorial) 
CN 4 4 4 

R / Å 1.87 1.85 1.89 

σ2 (Cu-O) / Å2 0.013 0.012 0.011 

Cu-Cu1 

CN 4 4 4 

R / Å 2.83 2.78 2.87 

σ2 / Å2 0.040 0.044 0.027 

CU-Cu2 

CN - - 2 

R / Å - - 3.75 

σ2 / Å2 - - 0.027 

E0 shift / eV 5.8 3.3 5.5 

Residual / Å 13.1 9.9 8.8 

 

 

Figure 5-13: Evolution of distance R of Cu-O backscattering path of Cu8.1 (triangle), Cu11.8 (reverse 
triangle), and Cu19.4 (hash) during pretreatment at 5 °C/min in helium. 

Subsequent to pretreatment, CuO/SBA-15 samples were cooled down to room temperature. 

Figure 11-5 depicts Cu K edge FT(χ(k)·k3) of CuO/SBA-15 samples after pretreatment. Shape 

of FT(χ(k)·k3) of CuO/SBA-15 samples during and after pretreatment was similar. However, 
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differences between FT(χ(k)·k3) of CuO/SBA-15 samples before and after treatment could be 

revealed by refinement (Table 11-3). Although no distinct changes were determined in the 

first peak corresponding to the Cu-O backscattering path, differences in the second shell were 

determined. Refinement procedure of spectra after pretreatment included similar 

backscattering paths than that before treatment. The only exception was the second Cu-O 

backscattering path which could not be implemented in the fitting procedure of spectra after 

pretreatment. Compared to the fitting procedure during pretreatment, a second Cu-Cu 

backscattering path was introduced for spectra of Cu8.1 and Cu11.8 after cooling down the 

samples. Additionally, distance of Cu-O backscattering path increased while cooling down the 

samples. This indicated a larger amount of structural motifs corresponding to CuO and, hence, 

transition from CuO to Cu2O was reversible to a certain extent. However, no second Cu-O 

backscattering path corresponding to the axial oxygen atoms in CuO could be implemented in 

the fitting procedure after pretreatment. Hence, results indicated that CuO/SBA-15 samples 

after pretreatment consisted of a mixture of CuO and Cu2O. In total, pretreatment in helium 

led to irreversible structural changes in the CuO/SBA-15 samples. Similar results were found 

for various supported copper species.[140] Agglomeration of copper oxide particles may result 

from pretreatment in addition to drying of the samples.[140] Results of in situ DR-UV-Vis 

spectroscopy indicated growth of copper oxide particles and increasing amount of copper 

neighbors around the copper centers. Hence, pretreated catalysts exhibited a different 

structural condition prior to catalytic treatment compared to those measured without 

pretreatment.  

Figure 5-14 depicts Cu K edge FT(χ(k)·k3) of CuO/SBA-15 samples during catalytic treatment 

subsequent to thermal pretreatment. Refinements of Cu K edge FT(χ(k)·k3) during catalytic 

treatment resulted in similar Cu-O and Cu-Cu distances than during pretreatment (Table 5-2). 

Cu-O distances were between 1.85 Å and 1.90 Å whereby Cu3.7 had the shortest Cu-O 

distance. This indicated a higher amount of structural motifs corresponding to Cu2O in the 

samples during catalytic treatment than at room temperature after pretreatment. 

Additionally, results indicated a higher amount of structural motifs corresponding to Cu2O 

during catalytic treatment subsequent to pretreatment than during catalytic treatment 

without pretreatment.  
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Figure 5-14: Theoretical (dotted) and experimental (solid) Cu K edge FT(χ(k)·k3) of CuO/SBA-15 samples 
with various copper loadings during catalytic treatment at 350 °C in 5 % oxygen and 5 % propene 
balanced by helium subsequent to pretreatment. Pretreatment was carried out at 350 °C in helium. 

In Figure 5-15 Cu-O distances of the Cu-O backscattering path obtained by solely refining the 

first shell of FT(χ(k)·k3) are displayed. Increasing the temperature to 220 °C led to a slight 

increase in distance between copper absorber and oxygen neighbors. Subsequently, Cu-O 

distance decreased with onset of catalytic activity. At 350 °C Cu-O distance had reached a 

minimum and increased during holding time. Hence, results indicated highest amount of Cu2O 

at 350 °C and decreased during holding time.  

Subsequently to cooling down the CuO/SBA-15 samples after catalytic treatment, XAS spectra 

were conducted, Cu K edge FT(χ(k)·k3) extracted (Figure 11-6), and refinement of first and 

second shell of FT(χ(k)·k3) was performed (Table 11-4). Refinement was executed similarly to 

that before catalytic treatment. One Cu-O and two Cu-Cu backscattering paths were 

implemented in the fitting procedure for all CuO/SBA-15 samples. Distances and disorder 

parameters of Cu-O and Cu-Cu backscattering paths were similar to those before catalytic 

treatment. Hence, most of the changes that occurred during catalytic treatment were 

reversible. However, surroundings around copper absorber of CuO/SBA-15 samples were 

distinctively different than before pretreatment. 
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Table 5-2: EXAFS fit results of CuO/SBA-15 at 350 °C during catalytic treatment 
subsequent to pretreatment. Type, coordination number (CN), and static 
disorder parameter (σ2) of backscattering paths of atoms at distance to center 
copper atom were obtained. 

Backscattering paths Cu3.7 Cu8.1 Cu11.8 Cu19.4 

Cu-O 

(equatorial) 

CN 4 4 4 4 

R/ Å 1.85 1.90 1.88 1.89 

σ2 (Cu-O) / Å2 0.011 0.010 0.013 0.013 

Cu-Cu1 

CN 4 4 4 4 

R / Å 2.70 2.89 2.80 2.72 

σ2 / Å2 0.02 0.028 0.03 0.013 

CU-Cu2 

CN - 2 2 2 

R / Å - 3.75 3.73 3.75 

σ2 / Å2 - 0.028 0.030 0.026 

E0 shift / eV 2.9 6.2 6.5 7.9 

Residual / Å 10.3 13.0 12.2 11.4 

 

 

Figure 5-15: Evolution of distance R of Cu-O backscattering path of Cu3.7 (square), Cu8.1 (triangle), 
Cu11.8 (reverse triangle), and Cu19.4 (hash) during catalytic treatment in 5 % propene and 5 % oxygen 
balanced by helium with a heating rate of 5 °C/min subsequent to pretreatment. 
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5.5 Effect of thermal pretreatment on catalytic performance 
Catalytic performance of CuO/SBA-15 samples was tested for propene oxidation. Catalytic 

testing was conducted via analyzing gas-phase composition by gas chromatography and, 

subsequently, calculating propene reaction rate, formation rate of oxidation products and 

product distribution. Similar to in situ DR-UV-Vis and in situ XANES measurements, 

CuO/SBA-15 samples were pretreated for 2 h at 350 °C in helium. Structural characterization 

showed significantly different behavior of catalysts during catalytic treatment after 

pretreatment compared to measurements without pretreatment. 

Figure 5-16 shows the formation of acrolein during heating CuO/SBA-15 samples under 

catalytic conditions. Formation rates of acrolein during catalytic testing of CuO/SBA-15 

samples with various copper loadings with and without pretreatment are depicted. Onset of 

catalytic activity of CuO/SBA-15 samples without pretreatment was determined at 

temperatures between 216 °C and 249 °C for various copper loadings. Accordingly, no 

formation of acrolein was determined by gas chromatography at 40 °C and 150 °C but small 

values at 260 °C. Subsequently, formation rate of acrolein increased significantly for samples 

with various copper loadings. Formation rate of acrolein evolved similarly during 

measurements with pretreatment. No catalytic activity regarding acrolein was determined 

before 260 °C. At 260 °C pretreated catalysts showed a slightly higher formation rate of 

acrolein than catalysts without pretreatment except for Cu1.1. Cu1.1 showed similar 

formation rate independent of pretreatment. 
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Figure 5-16: Formation rate of acrolein of CuO/SBA-15 samples during catalytic treatment with and 
without pretreatment. Catalytic treatment was carried out in 5 % propene and 5 % oxygen balanced 
by helium at 5 °C/min. Pretreatment was carried out in helium at 350 °C for 2 h. 

Next to the formation of acrolein, propylene oxide was formed via epoxidation of propene. 

Formation of propylene oxide during catalytic treatment in a temperature range between 

room temperature and 350 °C is displayed in Figure 5-17. Formation rate of propylene oxide 

showed a similar evolution to that of acrolein for CuO/SBA-15 samples measured without 

pretreatment. Formation of propylene oxide increased strongly during heating of the samples 

from 260 °C to 350 °C. Catalytic treatment after pretreatment showed a vastly different 

evolution of the formation rate of propylene oxide. Measurements exhibited onset of 

formation of propylene oxide at 40 °C for Cu19.4 and at 150 °C for catalysts with lower copper 

loading. Subsequently, formation rate of propylene oxide increased linearly with increasing 

temperature. Hence, onset of catalytic activity regarding propylene oxide shifted to lower 

temperatures as a result of pretreatment of CuO/SBA-15 samples. Formation rate of 

propylene oxide increased with copper loading independent of pretreatment. Additionally, 

formation of propylene oxide started at lower temperatures for catalysts with higher copper 

loading. While pretreatment had only little impact on the formation rate of acrolein, the 

formation rate of propylene oxide exhibited significant differences in evolution for various 
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copper loadings. This indicated that formation of acrolein and propylene oxide needed 

different oxygen species and, most likely, different structural motifs that were influenced by 

pretreatment. Hence, effects of pretreatment on structural properties had an influence on 

catalytic activity. 

 

Figure 5-17: Formation rate of propylene oxide of CuO/SBA-15 samples during catalytic treatment with 
and without pretreatment. Catalytic treatment was carried out in 5 % propene and 5 % oxygen 
balanced by helium at 5 °C/min. Pretreatment was carried out in helium at 350 °C for 2 h. 

The formation rates of acrolein and propylene oxide as well as propene reaction rate during 

isothermal treatment at 350 °C are displayed in Figure 5-18. The top graphic shows the 

propene reaction rate of CuO/SBA-15 samples for various times on stream without and with 

pretreatment. Propene reaction rates of catalysts measured without pretreatment showed an 

increased reaction rate with decreased copper loading at the beginning of time on stream. 

After 3 h time on stream, propene reaction rate was independent of copper loading. In 

comparison, propene reaction rates of pretreated catalysts were overall higher and exhibited 

no decrease with increased copper loading. However, propene reaction rate decreased with 

time on stream similarly during measurements with and without pretreatment. Main 

difference was the higher activity of pretreated Cu19.4 after 3 h time on stream. 

The formation rate of acrolein of CuO/SBA-15 samples measured without pretreatment 

decreased with increased copper loading at the beginning of time on stream. After 3 h time 

on stream formation rate of acrolein was highest for Cu1.1 and similar for catalysts with higher 
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copper loading. Overall, formation rate of acrolein decreased with time on stream similarly to 

propene reaction rate. However, pretreated CuO/SBA-15 samples exhibited vastly different 

behavior. At the beginning of time on stream, formation rate of acrolein decreased with 

increased copper loading. Additionally, formation rate of acrolein decreased with time on 

stream but considerably less than that of catalysts that were not pretreated. The decrease in 

formation rate of acrolein correlated with copper loading. Hence, formation rate of acrolein 

of samples with higher copper loading decreased less with time on stream than that of 

samples with lower copper loading. After 3 h time on stream, the amount of acrolein produced 

increased with increased copper loading, hence, exhibited a contrary correlation to that 

determined at the beginning of time on stream. 

Formation rate of propylene oxide increased with increased copper loading during 

measurements with and without pretreatment. This also applied for various times on stream. 

With increased time on stream formation rate of propylene oxide increased independent of 

copper loading. Increase of formation rate of propylene oxide with time on stream of 

pretreated Cu19.4 was higher in comparison to the measurement without pretreatment.  



Effect of thermal pretreatment on structural and functional properties of CuO/SBA-15 
samples in selective oxidation of propene 

97 

 

 
 

 

 

Figure 5-18: Formation rates of acrolein and propylene oxide and propene reaction rate of CuO/SBA-15 
samples during catalytic treatment for various times on stream without (left) and with (right) 
pretreatment. Catalytic treatment was carried out in 5 % propene and 5 % oxygen balanced by helium 
at 350 °C. Pretreatment was carried out in helium at 350 °C for 2 h. 

5.6 Structure function correlations 
CuO/SBA-15 samples exhibited formation of acrolein and propylene oxide during propene 

oxidation with and without thermal pretreatment. However, pretreatment led to various 
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changes in structural properties and, hence, to a modification of catalytic behavior. Particle 

size, amount of bridging oxygen atoms, amount of Cu+, or ratio of structural motifs 

corresponding to CuO and Cu2O were identified as key factors of CuO/SBA-15 samples in 

propene oxidation. Those parameters influenced activity and selectivity in propene oxidation 

of CuO/SBA-15 samples during catalytic treatment without pretreatment (chap. 4.4). 

DR-UV-Vis measurements showed that pretreatment led to an increased particle size and 

amount of bridging oxygen atoms. Structure function correlations examined by analysis of 

catalytic performance of CuO/SBA-15 samples without pretreatment indicated that amount 

of bridging oxygen atoms was crucial for formation of propylene oxide via epoxidation. Similar 

to measurements without pretreatment, particle size and amount of bridging oxygen atoms 

increased collectively during pretreatment and subsequent catalytic treatment. Onset of 

propylene oxide formation shifted to lower temperatures for pretreated catalysts. This could 

be a consequence of higher amount of bridging oxygen atoms after pretreatment, hence, 

higher availability of necessary oxygen species at lower temperatures. During time on stream 

evolution of particle size, amount of bridging oxygen atoms, and selectivity towards propylene 

oxide was similar for CuO/SBA-15 samples during catalytic treatment with and without 

pretreatment. Selectivity towards propylene oxide of CuO/SBA-15 samples exhibited a nearly 

linear correlation with copper loading and with the amount of bridging oxygen atoms during 

catalytic treatment independent of pretreatment (Figure 5-19). Relative area under Gaussian 

functions corresponding to various absorption bands was gathered from not normalized DR-

UV-Vis spectra analogous to procedure introduced in chap. 4.3.1. Structural properties like 

amount of bridging oxygen atoms were changed during pretreatment. Despite changing 

structural properties of CuO/SBA-15 samples through pretreatment, correlation between 

amount of bridging oxygen atoms and selectivity towards propylene oxide could be confirmed. 
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Figure 5-19: Selectivity towards propylene oxide as a function of the relative area under Gaussian 
function corresponding to the Cu2+-O2--Cu2+ CT absorption band in DR-UV-Vis spectra of Cu1.1 (square), 
Cu3.7 (circle), Cu8.1 (triangle), Cu11.8 (pentagon), and Cu19.4 (hash) after 6 h (blue) and 12 h (dark 
green) time on stream. Catalysts were measured with (hollow symbols) and without pretreatment 
(filled symbols) at 350 °C in helium. Catalytic treatment was carried out in 5 % propene and 5 % oxygen 
balanced by helium at 350 °C. 

In contrast to the selectivity towards propylene oxide, selectivity towards acrolein was 

independent of copper loading. Selectivity towards acrolein was highest at the beginning of 

time on stream and decreased during the first hour of time on stream. Epoxidation to 

propylene oxide and allylic oxidation to acrolein needed different oxygen species. These 

different oxygen species could be provided by bridging oxygen atoms and terminal oxygen 

atoms of CuO/SBA-15 samples resulting in observed catalytic behavior.  

Another key factor of reactivity of CuO/SBA-15 samples is the structural motif of copper oxide 

in the samples.[21,141] Pretreatment of CuO/SBA-15 samples led to an increased amount of 

structural motifs corresponding to Cu2O. With decreased copper loading the amount of 

structural motifs corresponding to Cu2O increased. This correlated with the reducibility of the 

samples. Samples with lower copper loading had lower reduction temperatures during 

hydrogen TPR measurements. During catalytic treatment samples with lower copper loading 

had a higher amount of Cu2O resulting from a transition from CuO towards Cu2O. Additionally, 

XANES and EXAFS analysis indicated a transition from CuO to Cu2O during pretreatment. 

Hence, the structure of the catalysts was changed before subsequent catalytic treatment. A 

higher amount of Cu2O could be correlated with propene reaction rate (Figure 5-20) though 

not with selectivity. Hence, structural motif corresponding to Cu2O could be determining 
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catalytic activity while the amount of bridging and terminal oxygen atoms was crucial for 

selectivity towards propylene oxide and acrolein, respectively. 

 

Figure 5-20: Propene reaction rate of CuO/SBA-15 samples as a function of the ratio of Cu2O/CuO 
determined by LC XANES analysis of XANES spectra measured during catalytic treatment at 350 °C with 
(red circles) and without (blue squares) pretreatment at 350 °C in helium. Catalytic treatment was 
carried out in 5 % propene and 5 % oxygen balanced by helium under isoconversional conditions. 

5.7 Summary 
Pretreatment of CuO/SBA-15 samples led to various structural changes determined by in situ 

XANES, EXAFS, and DR-UV-Vis spectroscopy. Copper oxide particle size increased along with 

amount of bridging oxygen atoms during pretreatment. This was associated with drying of the 

samples. Structural transition from CuO towards Cu2O occurred during pretreatment and was 

partially reversible through cooling down the samples. However, structural properties were 

significantly changed through pretreatment and led to a different catalytic behavior in 

propene oxidation reaction. Onset of formation of propylene oxide shifted to lower 

temperatures for pretreated catalysts. Analysis of in situ DR-UV-Vis measurements and 

catalytic treatment of CuO/SBA-15 samples indicated a correlation between amount of 

bridging oxygen atoms and propylene oxide formation. Formation rate of acrolein decreased 

with time on stream during measurements with and without pretreatment. However, the 

decrease in formation rate of acrolein with time on stream was dependent on copper loading 

and pretreatment. Formation rate of acrolein of pretreated CuO/SBA-15 samples with higher 

copper loading decreased less with time on stream in comparison to that of samples measured 

without pretreatment. Additionally, catalytic activity was overall higher for pretreated 

catalysts. XANES and EXAFS analysis indicated that higher activity in propene oxidation could 

be an effect of a well-advanced transition from CuO to Cu2O during pretreatment. A higher 
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amount of structural motifs corresponding to Cu2O may enhance catalytic activity of 

CuO/SBA-15 samples in propene oxidation. 
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6 Structural characterization and catalytic testing of 

Ag/SBA-15 samples in selective oxidation of propene 

6.1 Introduction 
In the previous chapters structural and functional characterization of CuO/SBA-15 samples 

during propene oxidation was presented. The investigations focused on product distribution 

of electrophilic and nucleophilic oxidation as well as correlating structural features with 

catalytic performance. Besides copper, silver and gold catalysts have been established as 

epoxidation catalysts.[15] Industrial epoxidation of ethylene by oxygen employs silver catalysts. 

However, this approach could not yet be transferred to the epoxidation of propene. Either 

low conversion rates of propene or low selectivity towards propylene oxide have been limiting 

factors.[9,33] However, in the long term the most desirable route producing propylene oxide 

appears to be catalytic epoxidation of propene by gaseous oxygen via coinage metals.[16] Using 

nanostructured materials for supporting metal nanoparticles is a widely established method 

for generating active catalysts.[142–144] High surface area materials like SBA-15 have been 

successfully tested as supports for silver nanoparticles used as oxidation catalysts.[47,145]  

In this chapter preparation, characterization, and catalytic performance in propene oxidation 

of Ag/SBA-15 samples will be presented. Silver nanoparticles were deposited on 

nanostructured silica in various metal loadings. Synthesis aimed at small well dispersed 

particles with a narrow particle size distribution analogous to that of CuO/SBA-15 samples. 

Silver nanoparticles were structurally characterized by physisorption, diffuse reflectance UV-

Vis, TEM, and XRD measurements. Subsequently, Ag/SBA-15 samples were tested in propene 

oxidation focusing on product distribution of allylic oxidation to acrolein and epoxidation to 

propylene oxide. Additionally, in situ diffuse reflectance UV-Vis spectroscopy was conducted 

to analyze silver nanoparticles during propene oxidation conditions to obtain structure 

function correlations. 

6.2 Experimental 

6.2.1 Sample preparation 

Nanostructured SBA-15 was synthesized using the method reported by Zhao et al.[43] 16.2 g of 

triblockcopolymer (P123, Aldrich) were dissolved in a mixture of 293.6 g water and 8.8 g 

concentrated HCl. The mixture was stirred at 35 °C for 24 h in a closed bottle. 32 g of tetraethyl 
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orthosilicate were added and the mixture was stirred for another 24 h at 35 °C. Subsequently, 

the closed glass bottle with the reaction mixture was heated to 115 °C and held at that 

temperature for 24 h. The resulting suspension was filtered by vacuum filtration and washed 

with a mixture of ethanol and concentrated HCl (20:1). After that, the resulting white powder 

was dried at 105 °C for 2 h. Calcination was carried out in two steps. In the first step, the 

sample was heated to 180 °C and the temperature was held for 3 h. Subsequently, the sample 

was heated to 550 °C with a holding time of 5 h. 

Silver was deposited on nanostructured silica SBA-15 via the incipient wetness method. 

Therefore, the precursor silver nitrate (Roth, 99.9 %) was dissolved in water. The freshly 

prepared SBA-15 was treated with the prepared silver nitrate solution. Afterwards, the 

samples were dried and calcined in helium at 350 °C with a holding time of 4 h. The effective 

silver loading was determined by X-ray fluorescence analysis. Five Ag/SBA-15 samples with 

silver loadings in the range 1.1-20.4 wt.% were obtained. Samples are denoted as Ag1.1, 

Ag3.4, Ag7.6, Ag11.6, and Ag20.4 with numbers representing silver loadings of the samples. 

6.2.2 Sample characterization 

X-ray diffraction (XRD) 

XRD measurements were conducted on an X’Pert PRO multipurpose diffractometer 

(PANalytical, Θ-Θ geometry) using Cu Kα radiation. The diffractometer was equipped with a 

solid-state multiple-channel detector (PIXcel®). Wide-angle diffraction patterns in a range of 

5 - 80° 2Θ were measured in reflection mode using a silicon sample holder with the sample 

spread between two layers of Kapton foil. Small-angle scans were measured in transmission 

mode between 0.8 - 2.0° 2Θ. 

Nitrogen physisorption 

Nitrogen physisorption isotherms were measured at -196 °C on a BEL Mini II volumetric 

sorption analyzer (BEL Japan, Inc.). Prior to measurement samples were degassed under 

reduced pressure at 95 °C for 20 min and afterwards at 175 °C for about 20 h. Adsorption data 

were analyzed using the BELMaster software package. The specific surface area was calculated 

by applying the BET method. Pore size distribution was calculated based on the BJH method 

by analyzing the adsorption branch of the physisorption isotherms.  
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Temperature-programmed reduction (TPR) 

Reducibility measurements were carried out in a catalyst analyzer BELCAT-B-104 (BEL Japan, 

Inc.). Hydrogen consumption was measured with a thermal conductivity detector. Samples 

were placed in a fixed-bed reactor using silica wool. To prevent water from entering the 

thermal conductivity detector, the reaction gas was funneled through a silica glass tube 

containing molecular sieve with a pore diameter of 4 Å. 5 % hydrogen in argon (total flow 

40 ml/min) was used as reaction gas mixture. Standard TPR measurements consisted of 

various steps. Initially, the system was purged with reaction gas for 30 min at room 

temperature. Afterwards, the sample was heated to 500 °C at a heating rate of 5 °C/min, 

followed by holding at 500 °C for 15 min. 

X-ray fluorescence analysis (XRF) 

XRF measurements using an AXIOS X-ray spectrometer determined the gold content of the 

samples (2.4 kW model, PANalytical). The spectrometer was equipped with a Rh tube, a gas 

flow detector, and a scintillation detector. Samples were diluted with wax (Hoechst wax C 

micropowder, Merck) and pressed into 13 mm pellets. Quantification was performed by 

standardless analysis using the superQ 5 software package (PANalytical).  

Transmission electron microscopy (TEM) 

Transmission electron micrographs were conducted with a GATAN MS794 P CCD-camera 

installed in a FEI Tecnai G² 20 S-TWIN microscope. A LaB6 cathode was used and the 

acceleration voltage amounted to 200 kV.  

Diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis) 

DR-UV-Vis spectra were recorded in reflectance mode using a JASCO V-670 double beam 

spectrometer. Spectra were measured using an integration sphere coated with barium sulfate 

and were truncated to a range from 5000 cm-1 through 40000 cm-1. SBA-15 was used as 

reflectance standard. Samples were measured as is or diluted with pure SBA-15. Diffuse 

reflectance data were transferred into the Kubelka Munk function via Spectra Manager 2.0 

software. In situ DR-UV-Vis spectra were recorded in reflectance mode using a Praying Mantis 

in situ cell (Harrick Scientific Products, Inc.), and, subsequently, truncated to a range from 

12500 cm-1 through 40000 cm-1. Catalytic treatment was carried out in 5 % propene and 

5 % oxygen balanced by helium. Samples were heated from 22 °C to 350 °C at a heating rate 
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of 5 °C/min and a time on stream at 350 °C of 12 h. Pretreatment was carried out in pure 

helium. Therefore, samples were heated from 22 °C to 350 °C and held at 350 °C for 2 h. 

Catalytic testing 

Quantitative measurements of catalytic activity and selectivity were carried out using an on-

line gas chromatography system (Varian CP-3800) and a non-calibrated mass spectrometer 

(Pfeiffer OmniStar) coupled to a laboratory fixed-bed reactor. The fixed-bed reactor consisted 

of a silica tube (30 cm length, 9 mm inner diameter) which was placed vertically in a tube 

furnace. Ag/SBA-15 samples were diluted with boron nitride (Alfa Aesar, 99.5 %) to ensure a 

constant flow and a similar sample volume in the reactor as well as similar propene conversion 

for all measurements. The diluted samples were placed on a frit in the isothermal zone of the 

reactor. Hydrocarbons and oxygenated reaction products were analyzed with a carbowax 

capillary column connected to an Al2O3/MAPD capillary column or fused silica restriction (25 m 

x 0.32 mm) each connected to a flame ionization detector. O2, CO2, N2, and CO were separated 

and analyzed using a Varian-3800 permanent gas analyzer connected to a thermal 

conductivity detector. Gas flow was controlled by separate mass flow controllers (Bronkhorst). 

Reactant gas consisted of a mixture of 5 % propene and 5 % oxygen balanced by helium (total 

flow of 40 ml/min). During measurements, samples were heated to 350 °C at a heating rate of 

5 °C/min and subsequently held at 350 °C for 12 h. 

6.3 Structural characterization 

6.3.1 Nitrogen physisorption 

Nitrogen physisorption isotherms and pore size distributions of SBA-15 and Ag/SBA-15 

samples are depicted in Figure 6-1. Isotherms exhibited type H1 hysteresis loops with steep 

adsorption and desorption branches.[80,81] Adsorption isotherms of Ag/SBA-15 samples 

differed from those of SBA-15. However, all depicted isotherms can be assigned to type IV 

isotherms characteristic for mesoporous materials.[81] The overall specific surface area 

decreased and the hysteresis loops of the isotherms lowered in height with increased silver 

loading (Table 6-1). Amount of adsorbed nitrogen was normalized with respect to the weight 

of the sample taken. This led to a decreased amount of SBA-15 with an increased amount of 

silver loading and, hence, calculated surface area in m2·g-1 of Ag/SBA-15 samples decreased 

with increased silver loading. Additionally, decrease in surface area was caused by an 
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overlayer of silver nanoparticles in mesopores. The decrease in specific surface area of 

Ag/SBA-15 samples with increased metal loading was less pronounced compared to that of 

CuO/SBA-15 samples. This indicated a decreased amount of micropore blocking in Ag/SBA-15 

samples as a consequence of larger particles compared to those of CuO/SBA-15 samples.[82,83] 

Additionally, silver particles may be partly deposited on the surface area of the SBA-15 while 

no deposition of copper oxide particles outside of mesopores was determined. Deposition of 

nanoparticles outside of the mesopores of SBA-15 only marginal influenced specific surface 

area of mesoporous materials. 

 

Figure 6-1: Left: N2 physisorption isotherms of SBA-15 (star), Ag1.1 (square), Ag3.4 (circle), 
Ag7.6 (triangle), Ag11.6 (pentagon), and Ag20.4 (hash). Right: BJH-plots of SBA-15 and the Ag/SBA-15 
samples. 

Pore size distributions of SBA-15 and Ag/SBA-15 were determined via the BJH method.[54] The 

pore size distribution of SBA-15 showed a broadening towards higher pore sizes compared to 

that of the Ag/SBA-15 samples. All samples exhibited a narrow pore size distribution. Mean 

pore size is displayed in Table 6-1. Mean pore diameter of SBA-15 was higher than that of 

Ag/SBA-15 samples. Within the series of Ag/SBA-15 samples, the mean pore size diameter did 

not change continuously. However, samples with higher silver loading had a lower pore size 

than samples with lower silver loading. Hence, silver particles were deposited on the silica 

walls of the mesopores of SBA-15 resulting in the observed decrease in mesopore diameter. 

6.3.2 X-ray diffraction (XRD) 

Wide-angle XRD patterns of Ag/SBA-15 samples are displayed in Figure 6-2. All XRD patterns 

exhibited one broad peak corresponding to amorphous silica. XRD pattern of Ag20.4 showed 

additional peaks characteristic for crystalline silver. Size analysis of diffraction peaks from XRD 
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patterns of Ag20.4 was conducted in order to estimate particle size. Therefore, diffraction 

peak with highest intensity, 111, was simulated with a Pseudo-Voigt function determining 

integral breadth. Subsequently, Scherrer equation gave average crystallite size, D, calculated 

from Scherrer constant, K, diffraction peak position, and integral breadth, β.[58] 

 𝐷𝐷 =  
𝐾𝐾 ∙  𝑛𝑛
𝛽𝛽 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃  6-1 

Calculations gave an average crystallite size of 7 nm for Ag20.4. Pore size of Ag/SBA-15 

samples was determined with 8 nm. XRD patterns of Ag/SBA-15 samples with lower silver 

loading exhibited no diffraction peaks corresponding to crystalline silver. Hence, similar to 

CuO/SBA-15 samples crystallinity of Ag/SBA-15 samples was dependent on silver loading. A 

higher metal loading led to larger particles and increased crystallinity. Additionally, particle 

size and dispersion were affected by synthesis procedure and precursor.[146]  

 

Figure 6-2: Wide-angle XRD patterns of Ag/SBA-15 samples. Stars represent peak positions of 
crystalline silver reference. 

Small-angle XRD patterns of Ag/SBA-15 samples are depicted in Figure 6-3. XRD diagram of 

SBA-15 exhibited the characteristic diffraction pattern of a hexagonally ordered pore system. 

Three diffraction peaks, 10l, 11l, and 20l, were identified. Peak positions provided information 

about the dimension of the unit cell of SBA-15. Lattice parameters and wall thickness of 

SBA-15 and Ag/SBA-15 samples were calculated for a hexagonal crystal system analogous to 

chap. 3.4. Results are given in Table 6-1. SBA-15 showed a lattice parameter of 11.58 nm and 

a wall thickness of 2.98 nm. Compared to SBA-15, Ag/SBA-15 samples showed a decreased 

lattice parameter, hence, increased wall thickness. Wall thickness shifted to higher values with 

increased silver loading indicating deposition of silver particles in the mesopores of SBA-15. 
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Figure 6-3: Small-angle XRD patterns of Ag/SBA-15 samples. 

Table 6-1: Results of physisorption and small-angle XRD measurements of SBA-15 and Ag/SBA-15 
samples. Surface area and mean pore diameter were calculated via BET and BJH method, 
respectively. Lattice parameter was calculated from peak positions of small-angle XRD patterns and 
wall thickness was calculated as the difference between lattice parameter and mean pore diameter. 

Sample Surface area 

/ m2·g-1 
Mean pore 
diameter 

/ nm 

Lattice 
parameter  
/ nm 

Wall thickness  
/ nm 

SBA-15 697 8.6 11.58 2.98 

Ag1.1 649 8.2 11.20 3.00 

Ag3.4 619 8.2 11.23 3.03 

Ag7.6 566 8.2 11.30 3.10 

Ag11.6 519 8.1 11.34 3.24 

Ag20.4 480 8.1 11.50 3.40 

 

6.3.3 Transmission electron microscopy (TEM) 

Transmission electron micrographs of Ag1.1, Ag7.6, and Ag20.4 are shown in Figure 6-4. 

Chiefly, TEM images showed the highly ordered arrangement of SBA-15 pore channels. Pore 
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channels were preserved after impregnation and calcination. Dark spots represent silver 

particles in various sizes. Micrographs of Ag1.1 exhibited silver particles in sizes of few 

nanometers. Mostly, particles were deposited well dispersed in the silica pores and to a minor 

extent on the surface of the SBA-15. This corresponded to results from physisorption and XRD 

measurements. Agglomeration of silver nanoparticles during calcination may cause the larger 

crystalline particles.[147]  

 

 

 

Figure 6-4: TEM images of Ag1.1 (top), Ag7.6 (middle), and Ag20.4 (bottom). 

Micrographs of Ag7.6 showed silver particles in a particle size range from a few nanometers 

to, rarely, above 10 nm. This indicated that analogous to Ag1.1 silver particles filled mesopores 

and through agglomeration formed considerably larger particles on the surface of SBA-15. 
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Micrographs of Ag20.4 exhibited a significant amount of particles above 10 nm and, actually, 

above 50 nm. However, XRD and physisorption measurements indicated particles in the 

mesopores of the SBA-15 and a mean particle size below 8 nm. Most likely, with increased 

silver loading agglomeration during calcination increased but a significant amount of particles 

were, furthermore, deposited in the mesopores of SBA-15. In total, with increased silver 

loading mean silver particle size increased and particle size distribution broadened. High silver 

loadings led to silver particles well above 50 nm. 

6.3.4 Diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis) 

Normalized DR-UV-Vis spectra of Ag/SBA-15 samples are displayed in Figure 6-5. Shape of DR-

UV-Vis spectra of samples with various silver loadings were similar. This indicated a similar 

geometric and electronic structure of silver centers. All spectra showed an intense absorption 

band centered at 25000 cm-1. A second absorption band at 30000-40000 cm-1 characterized 

the spectra of Ag/SBA-15 samples. The absorption peak at 25000 cm-1 broadened with 

increased silver loading while height and shape of the second absorption band were 

independent of silver loading. At 25000 cm-1 absorption of plasmonic resonance of silver 

nanoparticles is found.[147,148] Silver nanoparticles below 100 nm exhibit surface plasmonic 

resonance when interacting with photons of visible light. Peak position of absorption 

maximum depended on size and shape of the silver particles and their chemical 

surroundings.[149] Larger silver particles showed a red-shift of the absorption band in DR-UV-

Vis spectra. Broadening of the plasmonic resonance absorption band with increasing silver 

loading indicated a broader particle size distribution and, overall, larger particles in samples 

with higher silver loading. Absorption below 20000 cm-1 indicated disc shaped silver particles 

instead of spheres.[150] However, no absorption maximum was found below 20000 cm-1 in 

spectra of Ag/SBA-15 samples. Hence, spherical particles with a narrow particle size 

distribution were assumed. Additionally, broadening of plasmonic resonance absorption band 

towards lower energy is associated with agglomeration during synthesis resulting in larger 

particles.[147,150,151] Further absorption bands corresponding to traces of Ag2O were not 

identified. Additionally, TPR measurements indicated no silver oxide in Ag/SBA-15 samples. 

No reduction was detected during hydrogen TPR indicating solely silver metal nanoparticles. 
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Figure 6-5: Normalized DR-UV-Vis spectra of Ag/SBA-15 samples. 

DR-UV-Vis absorption edge energies were determined similarly to method introduced in 

chap. 3.6.[93] Figure 6-6 displays absorption edge energies of Ag/SBA-15 samples. Nanometer 

scale particles show quantum size effects. Therefore, a correlation between absorption edge 

energy and particle size can be deduced.[94,95] Linear correlation between absorption edge 

energy and silver loading indicated a linear increase of particle size with increased silver 

loading for Ag/SBA-15 samples. Absorption edge energies of Ag/SBA-15 samples ranged 

between 2.40 eV and 2.57 eV classifying all samples as semiconductors.[96] Silver nanoparticles 

have been established as conductor materials in various applications as a consequence of their 

good conductivity.[152,153] 

 

Figure 6-6: DR-UV-Vis absorption edge energies of Ag/SBA-15 samples as a function of silver loading at 
room temperature. 
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6.4 Structural characterization of Ag/SBA-15 samples during 

propene oxidation by in situ diffuse reflectance UV-Vis 

spectroscopy  
Structural information of Ag/SBA-15 samples during catalytic treatment was obtained from in 

situ DR-UV-Vis measurements. Figure 6-7 depicts evolution of DR-UV-Vis spectra of Ag/SBA-15 

samples measured before treatment at room temperature (a), at 350 °C (b), after 12 h time 

on stream (c), and after catalytic treatment at room temperature (d). Heating the samples to 

350 °C led to increased absorption in the range from 15000 cm-1 to 30000 cm-1. Hence, 

intensity of the absorption band corresponding to surface plasmonic resonance of silver 

nanoparticles increased and, simultaneously, the absorption edge energy decreased. 

Additionally, the absorption peak broadened. This indicated a broader particle size 

distribution.[149] Subsequently holding the samples for 12 h under reaction conditions, led to 

changes in shape of the absorption spectra. Shape of absorption spectra of Ag/SBA-15 samples 

after 12 h time on stream was similar to that of spectra before treatment. Hence, changes that 

occurred during heating the samples to 350 °C were partly reversible by isothermal treatment 

at 350 °C. Measurements of CuO/SBA-15 samples exhibited contrary behavior. Changes that 

occurred during heating the samples to 350 °C were even more pronounced after isothermal 

treatment.  

Absorption edge energy of Ag/SBA-15 samples increased during isothermal treatment at 

350 °C. This agreed with DR-UV-Vis spectra after 12 h time on stream being similar to that 

before treatment. An increase in absorption edge energy was associated with a decrease in 

particle size. However, differently shaped particles and emerging absorption bands may also 

affect absorption edge energy. A decrease in particle size during isothermal treatment was 

rather unlikely. Broadening of the absorption band corresponding to plasmonic surface 

absorption was associated with various shaped particles. Absorption bands corresponding to 

structural motifs other than that of silver nanoparticles were not found. Solely Ag2O could 

form during propene oxidation conditions. However, Ag2O is unstable at reaction conditions 

above 200 °C.[154] Most likely, shape of silver particles altered during isothermal treatment 

resulting in the observed evolution of absorption edge energy. 
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Figure 6-7: In situ DR-UV-Vis absorption spectra and absorption edge energies of Ag/SBA-15 samples 
measured before (a), during isothermal treatment at 350 °C (b – beginning and c – after 12 h time on 
stream), and after catalytic treatment (d) in 5 % propene and 5 % oxygen balanced by helium. 

After catalytic treatment Ag/SBA-15 samples were cooled down to room temperature (d). 

Comparing spectra before and after treatment indicated similar electronic structure of 

Ag/SBA-15 samples. Conversely, analysis of DR-UV-Vis spectra of CuO/SBA-15 before and after 

catalytic treatment samples exhibited major changes. Most of the changes were induced by 

drying of the samples and to a certain extent reversed by catalytic treatment through water 

produced during propene oxidation. Figure 6-8 depicts spectra of Ag20.4 undergoing thermal 

pretreatment analogous to that introduced in chap. 5.3 and subsequent catalytic treatment. 

Spectra during pretreatment at 350 °C in helium showed a broadening of the absorption peak 

corresponding to the plasmonic resonance of silver nanoparticles. Additionally, absorption 

edge energy decreased indicating increased particle size during pretreatment. Spectra 

recorded after pretreatment exhibited similar changes indicating irreversible effects of 

pretreatment on electronic structure. However, changes in absorption peak and absorption 
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edge energy induced by pretreatment were reversible by catalytic treatment. This led to 

similar spectra before and after the treatment agreeing with the results obtained from DR-

UV-Vis spectra recorded during catalytic measurements without pretreatment. In total, effect 

of catalytic treatment on Ag/SBA-15 samples was reversible by cooling down the samples 

while treatment in pure helium led to irreversible changes. Most likely, analogous to CuO/SBA-

15 samples drying of the samples had a major effect on electronic structure. Reversible 

changes in DR-UV-Vis spectra were much more pronounced for CuO/SBA-15 samples than for 

Ag/SBA-15 samples. A significantly different behavior of CuO/SBA-15 and Ag/SBA-15 samples 

was most likely caused by a higher amount of hydroxyl groups and water bond to the copper 

oxide particles than bond to the silver metal particles. 

 

Figure 6-8: In situ DR-UV-Vis spectra of Ag20.4 measured before treatment (black), during (light blue 
dashed) and after (dark blue dotted) thermal pretreatment in helium at 350 °C, during catalytic 
treatment at 350 °C (green dashed), and after catalytic treatment (brown) in 5 % propene and 
5 % oxygen balanced by helium. 

6.5 Catalytic performance of Ag/SBA-15 samples in propene 

oxidation 
Catalytic activity of Ag/SBA-15 samples was determined via gas-phase analysis during propene 

oxidation. Reaction products were analyzed continuously by gas chromatography during 

catalytic treatment. Subsequently, propene reaction rate as an indicator for catalyst activity 

and formation rate as well as selectivity of oxidation products were calculated. Figure 6-9 

shows the propene reaction rate, formation rate of acrolein, and formation rate of propylene 
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oxide of Ag1.1 during catalytic treatment at 350 °C. At the beginning of time on stream 

formation rate of acrolein was highest and decreased with time on stream. Conversely, 

formation rate of propylene oxide was lowest at the beginning and increased in the first 3 h 

of time on stream. Highest propene reaction rate of Ag1.1 was detected after 150 min time 

on stream at 350 °C. Subsequently, propene reaction rate decreased. During catalytic testing 

of CuO/SBA-15 samples propene reaction rate and formation rate of acrolein exhibited similar 

behavior. Contrary to that, propene reaction rate and formation rate of propylene oxide 

increased simultaneously during measurements of Ag/SBA-15 samples. Formation rate of 

propylene oxide and acrolein showed contrary behavior during catalytic treatment of 

Ag/SBA-15 and CuO/SBA-15 samples due to different oxygen species required for epoxidation 

and allylic oxidation to propylene oxide and acrolein, respectively. CuO/SBA-15 samples 

exhibited acrolein as main product, hence product of oxidation via nucleophilic oxygen. 

Conversely, Ag/SBA-15 samples exhibited acrolein as main product solely during the first 2 h 

time on stream. Afterwards, catalytic activity of Ag/SBA-15 samples was defined by 

epoxidation and total oxidation, hence, products of oxidation via nucleophilic oxygen.  

 

Figure 6-9: Propene reaction rate and formation rates of acrolein and propylene oxide of Ag1.1 during 
catalytic treatment. Catalytic treatment was carried out in 5 % propene and 5 % oxygen balanced by 
helium at 350 °C. 

Propene reaction rate of Ag/SBA-15 samples with various silver loadings during catalytic 

treatment at 350 °C is displayed in Figure 6-10. Lowest activity of all samples was determined 
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at the beginning of time on stream. Subsequently, activity increased and reached a maximum 

after 3 h. With higher silver loading the differences between various times on stream were 

less pronounced. Overall, propene reaction rate of Ag/SBA-15 samples decreased with 

increased silver loading. A similar result was obtained for CuO/SBA-15 samples. Most likely, 

higher surface area of smaller silver particles induced by lower silver loading was decisive for 

higher activity.[25,128] Activity of CuO/SBA-15 samples in propene oxidation was independent 

of copper loading after 3 h time on stream. Conversely, activity of Ag/SBA-15 samples 

decreased with increased silver loading for various times on stream.  

 

Figure 6-10: Propene reaction rate of Ag/SBA-15 samples during catalytic treatment for various times 
on stream. Catalytic treatment was carried out in 5 % propene and 5 % oxygen balanced by helium at 
isoconversional conditions. 

Figure 6-11 depicts the selectivity towards acrolein of Ag/SBA-15 samples during catalytic 

treatment at 350 °C. Acrolein selectivity showed a vastly different behavior during time on 

stream compared to that of propene reaction rate. At the beginning of time on stream, 

acrolein selectivity decreased with increased silver loading. However, after 3 h time on stream 

acrolein selectivity was independent of silver loading. This corresponded to the catalytic 

behavior of Ag1.1 displayed in Figure 6-9. After 3 h time on stream propene reaction rate 

reached a maximum while acrolein formation rate decreased considerably in the first 3 h and 

reached a minimum after 3 h time on stream. The decrease in selectivity towards acrolein 

correlated with silver loading. Catalysts with higher silver loading showed a lesser decrease of 

acrolein selectivity than catalysts with lower silver loading. 

Selectivity towards propylene oxide of Ag/SBA-15 samples during catalytic treatment is 

depicted in Figure 6-12. Conversely to selectivity towards acrolein, selectivity towards 
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propylene oxide increased during the first 3 h time on stream. Subsequently, selectivity 

towards propylene oxide remained constant. This corresponded to the contrary behavior of 

formation of acrolein and propylene oxide during catalytic treatment shown in Figure 6-9. 

Additionally, selectivity towards propylene oxide increased with increased silver loading for 

various times on stream. A correlation between propylene oxide selectivity and metal loading, 

hence, particle size was obtained for Ag/SBA-15 and for CuO/SBA-15 samples. Regarding 

copper catalysts, a correlation between particle size and propylene oxide selectivity was found 

for catalysts with and without pretreatment which modified structural characteristics. 

 

Figure 6-11: Selectivity towards acrolein of Ag/SBA-15 samples during catalytic treatment for various 
times on stream. Catalytic treatment was carried out in 5 % propene and 5 % oxygen balanced by 
helium at isoconversional conditions. 

Ag/SBA-15 and CuO/SBA-15 samples exhibited different catalytic behavior. Activity of silver 

catalysts was overall higher than that of copper catalysts. This corresponded to the behavior 

of silver catalysts in various catalytic applications.[155] However, activity of catalysts is 

considerably dependent on particle size and surface area.[156] Structural characterization 

indicated that mean particle size of Ag/SBA-15 samples was larger than that of the 

CuO/SBA-15 samples. Additionally, particle size distribution of Ag/SBA-15 samples was 

indicated to be slightly broader than that of CuO/SBA-15 samples. Structural characterization 

of Ag/SBA-15 samples was dominated by larger particles. Small particles in Ag/SBA-15 samples 

may induce high activity in propene oxidation while larger particles inhibited effects of smaller 

particles during characterization. Furthermore, in situ DR-UV-Vis measurements indicated 

that silver particles altered during isothermal treatment. Particle size and shape evolved 
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during time on stream. Most likely, this caused the observed evolution of propene reaction 

rate showing highest activity of Ag/SBA-15 samples after 3 h time on stream.  

Selectivity towards acrolein of CuO/SBA-15 samples was overall higher than that of Ag/SBA-15 

samples. Ag/SBA-15 samples exhibited an acrolein selectivity above 5 % solely at the 

beginning of time on stream. Subsequently, selectivity towards acrolein decreased vastly 

while that of CuO/SBA-15 samples increased with time on stream. In contrast to selectivity 

towards acrolein, selectivity towards propylene oxide evolved similarly for CuO/SBA-15 and 

Ag/SBA-15 samples. Selectivity towards propylene oxide increased with increased time on 

stream and metal loading. Different behavior of catalysts regarding acrolein and propylene 

oxide corresponded to different oxygen species needed for allylic oxidation to acrolein and 

epoxidation to propylene oxide. Precisely, copper oxide catalysts provided needed oxygen 

species through metal oxide oxygen. Conversely, silver catalysts needed to form various 

oxygen species from molecular oxygen on the catalyst surface. The formation of various 

oxygen species on silver surfaces for catalytic oxidation is widely discussed. Most likely, 

catalysts built subsurface oxygen species for epoxidation of ethylene as well as propene.[157,158] 

In contrast to copper catalysts, silver catalysts are active and industrially established 

epoxidation catalysts for ethylene.[9,157,159,160] However, this approach could not be transferred 

to the epoxidation of propene.[9,33] Theory of subsurface oxygen led to the assumption that a 

suitable volume to surface ratio is needed to optimize formation of propylene oxide. 

Regarding silver catalysts, it was also shown that silver particle size hugely affects selectivity. 

Similar to the results shown here, silver catalysts supported on amorphous alumina exhibited 

an increasing selectivity towards propylene oxide with growing silver particles.[76] A similar 

correlation between selectivity and particle size was found for gold catalysts.[31] In contrast to 

silver metal catalysts, both metallic Cu and cationic Cu+ species are active epoxidation species 

in copper catalysts.[15,39] Eventually, epoxidation mechanism may be slightly different for 

various coinage metal catalysts. 
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Figure 6-12: Selectivity towards propylene oxide of Ag/SBA-15 samples during catalytic treatment for 
various times on stream. Catalytic treatment was carried out in 5 % propene and 5 % oxygen balanced 
by helium at 350 °C under isoconversional conditions. 

6.6 Conclusions 
Silver nanoparticles were supported on nanostructured silica, SBA-15, via incipient wetness 

method. Ag/SBA-15 samples with a silver loading between 1.1 wt.% and 20.4 wt.% containing 

well dispersed silver particles were synthesized. Physisorption and XRD measurements of 

Ag/SBA-15 samples revealed that pore structure of SBA-15 was maintained and silver particles 

were mainly deposited in mesopores of SBA-15. Crystalline silver was found for Ag/SBA-15 

samples with higher silver loading. Analyzing diffraction peaks indicated a mean crystallite size 

of 7 nm for Ag20.4. Additionally, wall thickness of SBA-15 shifted to higher values with 

increased silver loading. Hence, silver particles were deposited on the mesopore silica walls of 

SBA-15. TEM measurements detected silver particles in a broad particle size range for samples 

with higher silver loading. Initially, small particles with sizes of few nanometers deposited in 

the mesopores were determined agreeing with physisorption and XRD measurements. 

Furthermore, larger isolated particles with sizes above 10 nm were detected outside of the 

mesopores of SBA-15. This indicated that incipient wetness method produced small well 

dispersed particles for Ag/SBA-15 samples with low silver loading. However, with higher silver 

loading particles agglomerated considerably during calcination and led to a broader particle 

size distribution. In contrast to that, incipient wetness method produced well dispersed small 

particles without agglomeration effects for CuO/SBA-15 samples of various copper loadings. 

Different impregnation methods like direct hydrothermal synthesis[48], excess solvent 
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impregnation[46], or immobilizing silver nanoparticles from a colloidal solution[161] are 

promising candidates for Ag/SBA-15 samples in a wide metal loading range. 

Electronic structure of Ag/SBA-15 samples was analyzed by DR-UV-Vis spectroscopy. DR-UV-

Vis spectra of all samples exhibited similar features corresponding to surface plasmonic 

resonance of silver nanoparticles. Absorption peak corresponding to surface plasmonic 

resonance broadened and DR-UV-Vis absorption edge energy decreased with increased silver 

loading. Hence, mean particle size increased with increasing silver loading agreeing with 

results from TEM measurements. Accordingly, an increasing particle size with increased metal 

loading was found for CuO/SBA-15 samples (Figure 6-13). 

 

Figure 6-13: DR-UV-Vis absorption edge energy of Ag/SBA-15 and CuO/SBA-15 samples.  

Under reaction conditions of propene oxidation with gaseous oxygen, all Ag/SBA-15 samples 

formed acrolein and propylene oxide. Activity of Ag/SBA-15 samples in propene oxidation 

exhibited a vastly different evolution than that of CuO/SBA-15 samples. Highest activity of 

Ag/SBA-15 samples was found after 3 h time on stream and decreased subsequently. Overall 

the activity of Ag/SBA-15 samples was significantly higher compared to that of CuO/SBA-15 

samples (Figure 6-14). Selectivity towards propylene oxide was dependent on metal loading 

for copper and silver catalysts. In situ DR-UV-Vis measurements showed that lower silver 

loading was accompanied by smaller particle size during catalytic treatment. Accordingly, 

selectivity towards propylene oxide increased with increasing particle size (Figure 6-14).  

0 5 10 15 20
2.0

2.5

3.0

3.5

4.0
CuO/SBA-15

D
R

-U
V-

Vi
s 

ab
so

rp
tio

n 
ed

ge
 e

ne
rg

y 
/ e

V

Metal loading / wt.%

Ag/SBA-15



Structural characterization and catalytic testing of Ag/SBA-15 samples in selective 
oxidation of propene 

121 

 

 
 

 

Figure 6-14: Propene reaction rate and selectivity towards propylene oxide of CuO/SBA-15 and 
Ag/SBA-15 samples during selective oxidation of propene in 5 % propene and 5 % oxygen balanced by 
helium at 350 °C under isoconversional conditions. 

Higher activity and lower selectivity of Ag/SBA-15 samples with lower silver loading were most 

likely caused by smaller particle sizes. Hence, these samples exhibited a higher surface area 

and surface to volume ratio. Importance of subsurface oxygen is widely discussed for silver 

catalysts in epoxidation of propene and ethylene and may be the key factor for catalytic 

performance of Ag/SBA-15 samples in propene oxidation. Similar to CuO/SBA-15 samples, 

Ag/SBA-15 samples are suitable model catalysts for the selective oxidation of propene to 

acrolein and propylene oxide enabling structure function investigations. However, increasing 

silver loading during incipient wetness method led to a broadened particle size distribution 

resulting in difficulties obtaining structure function correlations. This was also reflected by 

significantly different catalytic behavior between samples with various silver loadings. 
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7 Structural characterization and catalytic testing of 

Au/SBA-15 samples in selective oxidation of propene 

7.1 Introduction 
CuO/SBA-15 and Ag/SBA-15 samples were synthesized and tested in propene oxidation. 

Results were presented in the previous chapters. Besides copper and silver catalysts, gold 

catalysts are suitable for selective propene oxidation.[15] However, for many years catalytic 

studies led to the belief that gold is rather inactive as catalyst, especially in oxidation 

catalysis.[162] Most likely, gold particle sizes were above nanometer scale and, hence, resulted 

in poor catalytic performance. Haruta et al. revealed catalytic activity of gold nanoparticles of 

rather small particle sizes.[29,30] Accordingly, gold nanoparticles supported on mesoporous 

materials were identified as feasible oxidation catalysts. Catalysis of propene oxidation with 

molecular oxygen yielded poor conversion rates and moderate propylene oxide selectivity.[163] 

Introducing hydrogen in the mixture of oxygen and propene increased selectivity towards 

propylene oxide.[164] However, propene conversion rate was rather low and dependent on 

particle size of gold nanoparticles.  

In this chapter investigation of Au/SBA-15 samples as catalysts in propene oxidation in 

comparison to Ag/SBA-15 and CuO/SBA-15 samples will be presented. Gold nanoparticles 

were deposited on SBA-15 with the incipient wetness method using hydrogen 

tetrachloroaurate as precursor. Structural characterization was performed with physisorption, 

XRD, DR-UV-Vis measurements, and scanning electron microscopy. Catalytic testing in 

propene oxidation was conducted with a gas mixture of propene and oxygen as well as a 

mixture of hydrogen, oxygen, and propene. This enabled a deeper insight into catalysis of gold 

nanoparticles and led to a general discussion of catalysis employing coinage metals focusing 

on the unique position of gold. 

7.2 Experimental 

7.2.1 Sample preparation 

Nanostructured SBA-15 was synthesized using the method reported by Zhao et al.[43] 16.2 g of 

triblockcopolymer (P123, Aldrich) were dissolved in a mixture of 293.6 g water and 8.8 g 

concentrated HCl. The mixture was stirred at 35 °C for 24 h in a closed bottle. 32 g of tetraethyl 

orthosilicate were added and the mixture was stirred for another 24 h at 35 °C. Subsequently, 
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the closed glass bottle with the reaction mixture was heated to 115 °C and held at that 

temperature for 24 h. The resulting suspension was filtered by vacuum filtration and washed 

with a mixture of ethanol and concentrated HCl (20:1). Afterwards, the resulting white powder 

was dried at 105 °C for 2 h. Calcination was carried out in two steps. In the first step, the 

sample was heated to 180 °C and the temperature was held for 3 h. Subsequently, the sample 

was heated to 550 °C with a holding time of 5 h. 

Gold was deposited on nanostructured silica SBA-15 via the incipient wetness method. 

Therefore, the precursor hydrogen tetrachloroaurate (Alfa Aesar, 99.9 %) was dissolved in 

water. Freshly prepared SBA-15 was treated with the prepared gold solution. Afterwards, the 

samples were dried and calcined in 5 % hydrogen balanced by argon at 400 °C with a holding 

time of 4 h. The effective gold loading was determined by X-ray fluorescence analysis. Four 

Au/SBA-15 samples with gold loadings in the range 0.7-5.0 wt.% were obtained. Samples are 

denoted as Au0.7, Au2.0, Au2.8, and Au5.0 with numbers representing gold loadings of the 

samples. 

7.2.2 Sample characterization 

X-ray diffraction (XRD) 

XRD measurements were conducted on an X’Pert PRO multipurpose diffractometer 

(PANalytical, Θ-Θ geometry) using Cu Kα radiation. The diffractometer was equipped with a 

solid-state multiple-channel detector (PIXcel®). Wide-angle diffraction patterns in a range of 

5 - 80° 2Θ were measured in reflection mode using a silicon sample holder with the sample 

spread between two layers of Kapton foil. Small-angle scans were measured in transmission 

mode between 0.8 - 2.0° 2Θ. 

Nitrogen physisorption 

Nitrogen physisorption isotherms were measured at -196 °C on a BEL Mini II volumetric 

sorption analyzer (BEL Japan, Inc.). Prior to measurement samples were degassed under 

reduced pressure at 95 °C for 20 min and afterwards at 175 °C for about 20 h. Adsorption data 

were analyzed using the BELMaster software package. The specific surface area was calculated 

by applying the BET method. Pore size distribution was calculated based on the BJH method 

by analyzing the adsorption branch of the physisorption isotherms.  
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Temperature-programmed reduction (TPR) 

Reducibility measurements were carried out in a catalyst analyzer BELCAT-B-104 (BEL Japan, 

Inc.). Hydrogen consumption was measured with a thermal conductivity detector. Samples 

were placed in a fixed-bed reactor using silica wool. To prevent water from entering the 

thermal conductivity detector, the reaction gas was funneled through a silica glass tube 

containing molecular sieve with a pore diameter of 4 Å. 5 % hydrogen in argon (total flow 

40 ml/min) was used as reaction gas mixture. Standard TPR measurements consisted of 

various steps. Initially, the system was purged with reaction gas for 30 min at room 

temperature. Afterwards, the sample was heated to 500 °C at a heating rate of 5 °C/min, 

followed by holding at 500 °C for 15 min. 

X-ray fluorescence analysis (XRF) 

XRF measurements using an AXIOS X-ray spectrometer determined the gold content of the 

samples (2.4 kW model, PANalytical). The spectrometer was equipped with a Rh tube, a gas 

flow detector, and a scintillation detector. Samples were diluted with wax (Hoechst wax C 

micropowder, Merck) and pressed into 13 mm pellets. Quantification was performed by 

standardless analysis using the superQ 5 software package (PANalytical).  

Scanning electron microscopy (SEM) 

Scanning electron micrographs were conducted with a GeminiSEM500 NanoVP (Zeiss). 

Acceleration voltage amounted to 10 kV and samples were prepared on a silicon sample holder. 

Diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis) 

DR-UV-Vis spectra were recorded in reflectance mode using a JASCO V-670 double beam 

spectrometer. Spectra were measured using an integration sphere coated with barium sulfate 

and were truncated to a range from 5000 cm-1 through 40000 cm-1. SBA-15 was used as 

reflectance standard. Au/SBA-15 samples were measured as is or diluted with pure SBA-15. 

Diffuse reflectance data were transferred into the Kubelka Munk function via Spectra Manager 

2.0 software.  

Catalytic testing 

Quantitative measurements of catalytic activity and selectivity were carried out using an on-

line gas chromatography system (Varian CP-3800) and a non-calibrated mass spectrometer 
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(Pfeiffer OmniStar) coupled to a laboratory fixed-bed reactor. The fixed-bed reactor consisted 

of a silica tube (30 cm length, 9 mm inner diameter) which was placed vertically in a tube 

furnace. Au/SBA-15 samples were diluted with boron nitride (Alfa Aesar, 99.5 %) to ensure a 

constant flow and a similar sample volume in the reactor as well as similar propene conversion 

for all measurements. The diluted samples were placed on a frit in the isothermal zone of the 

reactor. Hydrocarbons and oxygenated reaction products were analyzed with a carbowax 

capillary column connected to an Al2O3/MAPD capillary column or fused silica restriction 

(25 m x 0.32 mm) each connected to a flame ionization detector. O2, CO2, N2, and CO were 

separated and analyzed using a Varian-3800 permanent gas analyzer connected to a thermal 

conductivity detector. Gas flow was controlled by separate mass flow controllers (Bronkhorst). 

Reactant gas consisted of a mixture of 5 % propene and 5 % oxygen balanced by helium or a 

mixture of 5 % propene, 5 % hydrogen, and 5 % oxygen balanced by helium (total flow of 

40 ml/min). During measurements, samples were heated to 350 °C at a heating rate of 

5 °C/min and subsequently held at 350 °C for 12 h. 

7.3 Structural characterization 

7.3.1 Nitrogen physisorption 

Nitrogen physisorption isotherms and pore size distributions of SBA-15 and Au/SBA-15 

samples are depicted in Figure 7-1. Isotherms exhibited type H1 hysteresis loops with steep 

adsorption and desorption branches.[80,81] All depicted isotherms can be assigned to type IV 

isotherms characteristic for mesoporous materials.[81] Adsorption isotherms of Au/SBA-15 

samples differed only marginal from those of SBA-15. The overall specific surface area of 

Au/SBA-15 samples decreased and the hysteresis loops of the isotherms lowered in height 

compared to that of SBA-15 (Table 7-2). However, no continuous decrease of absorbed 

nitrogen with increased gold loading was determined. Amount of adsorbed nitrogen was 

normalized with respect to the weight of the sample taken. This led to a decreased amount of 

SBA-15 with an increased amount of gold loading and, hence, calculated surface area in m2·g-1 

of Au/SBA-15 samples decreased with increased gold loading. Additionally, decrease in 

surface area was caused by an overlayer of gold nanoparticles in mesopores. The decrease in 

specific surface area of Au/SBA-15 samples compared to SBA-15 was less pronounced 

compared to that of CuO/SBA-15 and Ag/SBA-15 samples. This indicated insufficient or no 

micropore blocking at all in Au/SBA-15 samples as a consequence of larger particles compared 
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to those of CuO/SBA-15 and Ag/SBA-15 samples.[82,83] Most likely, gold particles were mainly 

deposited outside of the mesopores instead of deposition in the mesopores of SBA-15.  

 

Figure 7-1: Left: N2 physisorption isotherms of SBA-15 (star), Au0.7 (square), Au2.0 (circle), 
Au2.8 (triangle), and Au5.0 (pentagon). Right: BJH-plots of SBA-15 and the Au/SBA-15 samples. 

Pore size distributions of SBA-15 and Au/SBA-15 samples were determined via the BJH 

method.[54] Pore size distribution of Au0.7 showed a broadening towards lower pore sizes 

compared to that of the other Au/SBA-15 samples. All samples exhibited a narrow pore size 

distribution. Mean pore size is displayed in Table 7-2. Mean pore diameter of SBA-15 was 

similar to that of Au/SBA-15 samples with higher gold loading. Mean pore size diameter of 

Au/SBA-15 samples with lower gold loading was slightly lower compared to that of the other 

samples. However, differences in mean pore size between SBA-15 and Au/SBA-15 samples 

were marginal. In total, physisorption results indicated that gold particles were partly 

deposited on the silica walls of the mesopores of SBA-15. Most likely, deposition of gold 

particles in the mesopores was more pronounced for Au/SBA-15 samples with lower gold 

loading resulting in the observed decrease in mesopore diameter. Increased gold loading 

resulted in an extended amount of particles deposited outside of the mesopores instead of 

deposition in the mesopores of SBA-15. 

7.3.2 X-ray diffraction (XRD) 

Wide-angle XRD patterns of Au/SBA-15 samples are displayed in Figure 7-2. All XRD patterns 

exhibited a broad peak corresponding to amorphous silica. Additionally, XRD patterns of 

Au/SBA-15 samples exhibited peaks corresponding to crystalline gold. Intensity of peaks 

increased with increased gold loading. Size analysis of diffraction peaks from XRD patterns was 

conducted in order to estimate particle size. Therefore, diffraction peak with highest intensity, 
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111, was simulated using a Pseudo-Voigt function determining integral breadth. 

Subsequently, Scherrer equation gave average crystallite size, D, calculated from Scherrer 

constant, K, diffraction peak position, and integral breadth, β.[58] 

 𝐷𝐷 =  
𝐾𝐾 ∙  𝑛𝑛
𝛽𝛽 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃  7-1 

Average crystallite sizes of Au/SBA-15 samples are summarized in Table 7-1. Particle sizes 

above 20 nm were determined for all Au/SBA-15 samples. Crystallite size of Au0.7 was highest 

with 149 nm. However, diffraction peaks of XRD patterns of Au0.7 showed rather small peaks 

and, hence, least crystallinity. Hence, analysis might not be as accurate as calculations for the 

other samples. Except for Au0.7, determined crystallite size increased with increased gold 

loading. This agreed with the result obtained for various CuO/SBA-15 and Ag/SBA-15 

samples.[146] A higher metal loading led to larger particles and increased crystallinity.  

 

Figure 7-2: Wide-angle XRD patterns of Au/SBA-15 samples. Stars represent peak positions of 
crystalline gold reference. 

Table 7-1: Crystallite size of nanoparticles of Au/SBA-15 samples calculated via 
Scherrer equation.  

Sample Mean crystallite size / nm 

Au0.7 149 

Au2.0 22 

Au2.8 28 

Au5.0 55 
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Small-angle XRD patterns of Au/SBA-15 samples are depicted in Figure 7-3. All XRD patterns 

exhibited the characteristic diffraction peaks 10l, 11l, and 20l, of a hexagonally ordered pore 

system. Peak positions provided information about the dimension of the unit cell of SBA-15. 

Lattice parameters and wall thickness of SBA-15 and Au/SBA-15 samples were calculated for 

a hexagonal crystal system analogous to chap. 3.4. Results are given in Table 7-2. SBA-15 

showed a lattice parameter of 11.50 nm and a wall thickness of 3.10 nm. Compared to SBA-15, 

Au/SBA-15 samples showed a slightly decreased wall thickness with increased gold loading. 

This agreed with previous results indicating only a small amount of gold particles deposited in 

the mesopores of SBA-15. 

 

Figure 7-3: Small-angle XRD patterns of Au/SBA-15 samples. 
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Table 7-2: Results of physisorption and small-angle XRD measurements of SBA-15 and Au/SBA-15 
samples. Surface area and mean pore diameter were calculated via BET and BJH method, 
respectively. Lattice parameter was calculated from peak positions of small-angle XRD patterns and 
wall thickness was calculated as the difference between lattice parameter and mean pore diameter. 

Sample Surface area 

/ m2·g-1 
Mean pore 
diameter 

/ nm 

Lattice 
parameter  
/ nm 

Wall thickness  
/ nm 

SBA-15 696 8.4 11.50 3.10 

Au0.7 665 8.2 11.30 3.10 

Au2.0 675 8.3 11.35 3.05 

Au2.8 687 8.4 11.42 3.02 

Au5.0 654 8.4 11.45 3.05 

7.3.3 Scanning electron microscopy (SEM) 

Scanning electron micrographs of Au5.0 are shown in Figure 7-4. SEM Images show a wheat-

like macrostructure of SBA-15 formed from single rope-like domains.[43] Chiefly, SEM images 

showed the highly ordered arrangement of SBA-15 pore channels. Hexagonal pore channels 

were preserved after impregnation and calcination. Pore diameter was determined with a 

diameter of around 8 nm agreeing with results from BJH analysis. SEM micrographs show gold 

nanoparticles as bright spots. Gold nanoparticles were dispersed on the SBA-15 surface 

outside of the mesopores. Nanoparticle sizes were determined between 50 nm and well 

above 150 nm. This agreed with the previous characterization indicating a broad particle size 

distribution and particles deposited outside of the mesopores of SBA-15 instead of deposition 

in the mesopores. 
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Figure 7-4: SEM images of Au5.0 obtained at different magnifications. 

Figure 7-5 shows SEM micrographs of Au2.0. Similar to SEM images of Au5.0, pictures of Au2.0 

show gold particles as bright spots on the surface of SBA-15. Particle sizes between 10 nm to 

20 nm were determined. Occasionally, SEM images exhibited particles with sizes above 50 nm. 

Compared to Au5.0, mean particle size of Au2.0 was lower. This corresponded to 

physisorption and XRD analysis. Smallest gold particles found in SEM images of Au5.0 had a 

diameter of about 40 nm while that of Au2.0 had a diameter of 10 nm. Smaller gold particles 

of Au2.0 may be deposited in the mesopores of SBA-15. In total, particle sizes of Au/SBA-15 

samples were significantly larger than that of CuO/SBA-15 and Ag/SBA-15 samples.  

Haruta et al. determined particle sizes of gold nanoparticles synthesized via incipient wetness 

method above 30 nm.[49] Other metals like platinum, rhodium, or palladium formed smaller 

nanoparticles undergoing same synthesis route like gold nanoparticles.[165] Agglomeration of 

gold nanoparticles during calcination might be induced by chloro ligands. Chloro ligands lead 

to polymerization via Au-Cl-Au units.[165] Au/SBA-15 samples need to be washed before 

calcination to minimize polymerization.[166] However, attempts at washing the samples before 

calcination led to a gold loading below 0.1 wt.%. Most likely, the precursor hydrogen 

tetrachloroaurate was removed through washing. Hence, other synthesis methods like 
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deposition-precipitation or chemical deposition are promising candidates for deposition of 

small gold nanoparticles.[167] Additionally, different gold precursors like KAu(en)2 and 

Me2Au(acac) may also lead to smaller gold particles.[15,168]  

 

Figure 7-5: SEM images of Au2.0 obtained at different magnifications. 

7.3.4 Diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis) 

Normalized DR-UV-Vis spectra of Au/SBA-15 samples are displayed in Figure 7-6. Shape of DR-

UV-Vis spectra of samples with various gold loadings was similar. All spectra showed an 

intense absorption band centered at 20000 cm-1. Additionally, broad absorption in the range 

from 25000 cm-1 to 40000 cm-1 characterized the spectra of Au/SBA-15 samples. The 

absorption peak centered at 20000 cm-1 corresponded to the absorption of plasmonic 

resonance of gold nanoparticles.[169] Gold nanoparticles exhibit surface plasmonic resonance 

when interacting with photons of visible light. Surface plasmonic resonance was responsible 

for the purple color of calcined Au/SBA-15 samples.[170] Absorption maximum of DR-UV-Vis 

spectra of Au0.7 exhibited a blue shift compared to those of other Au/SBA-15 samples. Peak 

position of the absorption maximum depended on size and shape of the gold particles and 

their chemical surroundings. Smaller gold nanoparticles resulted in a blueshift of the 

absorption maximum in DR-UV-Vis spectra.[171] Further absorption bands indicating various 

gold motifs other than gold nanoparticles were not determined. TPR measurements were 

additionally conducted to exclude any gold(III)oxide phase. Thermograms exhibited no 

reduction peaks indicating solely metal gold nanoparticles. 
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Figure 7-6: Normalized DR-UV-Vis spectra of Au/SBA-15 samples. 

DR-UV-Vis absorption edge energies were determined similarly to the method introduced in 

chap. 3.6.[93] Figure 7-7 displays absorption edge energies of Au/SBA-15 samples. Au0.7, 

Au2.0, and Au2.8 showed similar absorption edge energies while that of Au5.0 was slightly 

lower. Since nanometer scale particles show quantum size effects, a correlation between 

absorption edge energy and particle size can be deduced.[94,95] Hence, DR-UV-Vis results 

exhibited largest particle size for Au5.0 and similar particle sizes for Au/SBA-15 samples with 

lower gold loading. Absorption edge energies of Au/SBA-15 samples ranged between 2.00 eV 

and 2.16 eV classifying all samples as semiconductors.[96] In total, no continuous trend 

regarding particle size and gold loading could be determined for various gold loadings. 

Structural characterization exhibited that Au5.0 contained larger particles than Au0.7 or 

Au2.0. Because small gold particles were not detected for Au5.0 it seems that only a marginal 

amount of gold was deposited in the mesopores. This might influence catalytic behavior of 

the Au/SBA-15 samples. Additionally, a broader particle size distribution compared to that of 

CuO/SBA-15 and Ag/SBA-15 samples was estimated.  
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Figure 7-7: DR-UV-Vis absorption edge energies of Au/SBA-15 samples as a function of gold loading at 
room temperature. 

7.4 Catalytic performance of Au/SBA-15 samples compared to 

CuO/SBA-15 and Ag/SBA-15 samples 
Au/SBA-15 samples were tested under catalytic conditions for selective oxidation of propene. 

Amount of propene and oxidation products were continuously analyzed by gas 

chromatography during catalytic treatment. Thereof, propene reaction rate, formation rate of 

oxidation products, and product distribution were determined. Figure 7-8 shows the propene 

reaction rate and formation rate of acrolein of Au2.0 during catalytic treatment at 350 °C. At 

the beginning of time on stream propene reaction rate and formation rate of acrolein were 

lowest and increased during the first 40 min of time on stream. Subsequently, propene 

reaction rate and formation rate of acrolein remained constant. In contrast to catalytic 

measurements of CuO/SBA-15 and Ag/SBA-15, Au/SBA-15 samples yielded no propylene oxide 

during catalytic treatment in 5 % propene and 5 % oxygen.  
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Figure 7-8: Propene reaction rate and formation rate of acrolein of Au2.0 during catalytic treatment. 
Catalytic treatment was carried out in 5 % propene and 5 % oxygen balanced by helium at 350 °C. 

In Figure 7-9 the product distribution and reaction rate of propene during propene oxidation 

of Au/SBA-15 samples is illustrated. The fraction of total oxidation products CO and CO2 

amounted to approximately 30 % to 40 %. Propene reaction rate of Au2.0 was highest of the 

Au/SBA-15 samples. Selectivity towards acrolein was highest for Au0.7. However, differences 

between Au/SBA-15 samples were marginal. Besides acrolein, acetaldehyde was formed in 

significant amounts solely by Au0.7 and Au2.8.  

Differences in propene reaction rates of Au/SBA-15 samples with various gold loadings were 

most likely induced through various particle sizes. Au2.0 showed highest absorption edge 

energy which indicated lowest particle size of the Au/SBA-15 samples. Similarly, analysis of 

XRD patterns indicated lowest mean gold crystallite size. Hence, highest activity of Au2.0 may 

be induced by smaller particles compared to Au/SBA-15 samples with different gold loading. 

However, particle size distribution was rather broad with particles below 20 nm to above 

150 nm as shown by SEM images. Therefore, obtaining structure function correlations was 

hardly feasible. Highest propene reaction rate was accompanied by a decrease in selectivity 

towards acrolein. This was also found for CuO/SBA-15 and Ag/SBA-15 samples and is typical 

catalyst behavior.[25,131] Overall, propene reaction rates of Au/SBA-15 samples were 

significantly lower than those of CuO/SBA-15 and Ag/SBA-15 samples.  
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Figure 7-9: Propene reaction rate and product distribution of Au/SBA-15 samples after 60 min time on 
stream. Selectivities towards acrolein, acetaldehyde, other products (acetone, acetic acid), and total 
oxidation products (CO, CO2) are shown. Catalytic treatment was carried out in 5 % propene and 
5 % oxygen balanced by helium at 350 °C under isoconversional conditions. 

Because catalytic treatment of Au/SBA-15 samples using a mixture of propene and oxygen 

exhibited no propylene oxide as oxidation product, catalytic treatment using a mixture of 

propene, hydrogen, and oxygen was conducted. Product distribution is shown in Figure 7-10. 

In addition to acrolein, acetaldehyde, and propylene oxide, Au/SBA-15 samples formed 

acetone, allyl alcohol, acrylic acid, propionaldehyde, propionic acid, and isopropyl alcohol 

during catalytic treatment in a mixture of oxygen, hydrogen, and propene. Hence, product 

variation increased compared to catalytic treatment solely using a mixture of propene and 

oxygen. Adding hydrogen to the gas mixture decreased dissociation energy of the oxygen 

splitting.[49] Oxygen radicals can be reduced to nucleophilic oxygen species O2- by hydrogen. 

Hence, implementing hydrogen in the gas mixture led to an increased amount of nucleophilic 

oxygen species. Furthermore, an increased amount of oxygen radicals, hence, electrophilic 
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oxygen species can increase the epoxidation reaction. Reaction mechanism of epoxidation of 

propylene via heterogeneous catalysis is still under debate. Adding hydrogen to the gas 

mixture might lead to the formation of hydrogen peroxide on the catalyst surface. In the next 

step adsorption and epoxidation of propylene might occur.[172] Hence, hydrogen enabled 

further reaction passes which was reflected by an extended amount of oxidation products.  

Selectivity towards acrolein was highest for Au2.0 and similar for Au/SBA-15 samples with 

various gold loadings. Additionally, Au0.7 formed significant amounts of acetaldehyde and 

acetic acid. Similarly, acetaldehyde was formed by CuO/SBA-15 samples during oxidation of 

propene. Acetic acid is formed by oxidation of acetaldehyde.[173] Acetaldehyde can 

additionally be formed as a product of propylene oxide and water.[174] Water was produced in 

a significant amount as reaction product of oxygen and hydrogen. Selectivity towards 

propylene oxide increased with increased metal loading similar to that of CuO/SBA-15 and 

Ag/SBA-15 samples. Hence, gold loading influenced selectivity towards propylene oxide. 

However, structural characterization exhibited a broad particle size distribution with gold 

particles mostly being deposited outside of the mesopores of SBA-15. In contrast to 

CuO/SBA-15 and Ag/SBA-15 samples, Au/SBA-15 samples showed no continuously increased 

gold particle size with increased gold loading. Hence, examining a correlation between particle 

size and propylene oxide selectivity was difficult. Additionally, a small amount of gold particles 

with a particle size below 8 nm might be deposited in the mesopores of the SBA-15. Smaller 

particles may determine catalytic performance while being undetectable by electron 

microscopy. 
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Figure 7-10: Product distribution of Au/SBA-15 samples after 10 min time on stream. Selectivities 
towards acrolein, acetaldehyde, propylene oxide, acetic acid, other products (acetone, allyl alcohol, 
acrylic acid, propionaldehyde, propionic acid, isopropyl alcohol), and total oxidation products (CO, CO2) 
are shown. Catalytic treatment was carried out in 5 % propene, 5 % oxygen, and 5 % hydrogen balanced 
by helium at 350 °C. 

CuO/SBA-15 and Ag/SBA-15 samples were suitable model catalysts for propene oxidation. 

Particle size correlated with metal loading and, subsequently, structure function correlations 

were obtained. Analysis of Au/SBA-15 samples with a similar preparation route showed a 

broader particle size distribution and a higher amount of crystalline particles. Additionally, 

mean particle size did not increase continuously with metal loading. Hence, examining 

structure function correlations was difficult. Synthesis route via incipient wetness method was 

suitable for depositing copper and silver nanoparticles. However, different impregnation 

methods seemed to be more promising for deposition of well dispersed nanometer scale gold 

particles on SBA-15.[167] 

Au/SBA-15 samples showed different behavior regarding structural characteristics and 

catalytic behavior compared to CuO/SBA-15 and Ag/SBA-15 samples. Most likely, this was 

induced by the unique properties of gold. Gold exhibits several unique characteristics 

distinguishing gold from the other coinage metals. Those unique characteristics include 

physical, chemical, and relativistic properties. Gold has the atomic configuration 

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.7 2.0 2.8 5.0

Se
le

ct
iv

ity

Gold loading / wt.%

CO₂ CO Acrolein
Acetaldehyde Propylene oxide Acetic acid
Other products



138 Structural characterization and catalytic testing of Au/SBA-15 samples in selective 
oxidation of propene 

 

 

[Xe]4f145d106s1 and is, therefore, a congener of copper and silver. Hence, similar behavior of 

copper, silver, and gold would be assumed. However, gold has access to a wider range of 

oxidation states compared to silver and copper. Oxidation state of +1 and of +3 are common 

in gold and unlike copper and silver even +5 was observed.[168] Additionally, gold metal is 

chemical noble and has a unique resistance towards oxidation. Trends that are normally 

shown within a given group are not uniformly found in Group 11.[175] Gold is the most 

electronegative metal with a greater electron affinity than that of oxygen. Therefore, even 

stabile auride anions were found, for example, in CsAu which exhibited saltlike character.[176] 

High electron affinity of gold might have a huge impact on oxidation catalysis. Electron affinity 

of gold is twice of that of silver while electron affinities of silver and copper are similar.[177,178] 

The reason for those significant differences lies, most likely, in relativistic effects. Gold exhibits 

a significantly lower relativistic contraction of the 6s orbitals compared to surrounding 

elements in the periodic table.[179] This adds to the “lanthanide contraction” which results in 

elements of the third transition series being more similar in size to that of the second 

transition series.[178] Furthermore, binding energy of the 6s electrons is rather high in gold 

accounting for the high electronegativity and nobility of gold. Those features create a unique 

combination of properties resulting in observed gold characteristics. Additionally, influence of 

chemical properties of gold on synthesis of supported gold nanoparticles, their particle size, 

and their catalytic behavior was estimated as significant.[168] 

7.5 Summary 
Au/SBA-15 samples with various gold loadings were prepared via incipient wetness method. 

XRD measurements revealed crystalline gold for all Au/SBA-15 samples. Crystallinity was 

higher compared to that of CuO/SBA-15 and Ag/SBA-15 samples. Additionally, physisorption 

measurements exhibited only minor deposition of gold nanoparticles in the mesopores of 

SBA-15. This agreed with high crystallinity and large particle sizes of gold particles suggesting 

particle deposition on the surface of SBA-15 outside of the mesopores. Structural 

characterization was completed by SEM showing gold particle sizes in a wide range from 

20 nm to above 150 nm, hence, too large to fit in SBA-15 mesopores. DR-UV-Vis spectra of 

Au/SBA-15 samples exhibited features corresponding to surface plasmonic resonance of gold 

nanoparticles. Absorption edge energy did not decrease continuously with increased gold 

loading. However, highest gold loading led to lowest absorption edge energy, hence, largest 
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gold particle sizes. Overall, increasing gold loading led to increased particle size but no 

continuous trend between particle size and gold loading was obtained. Compared to 

CuO/SBA-15 and Ag/SBA-15 samples, Au/SBA-15 samples exhibited significantly larger and 

more crystalline particles deposited mostly outside of the mesopores of SBA-15. Hence, gold 

particles agglomerated considerably during calcination. 

Catalytic performance in propene oxidation of Au/SBA-15 samples was characterized by low 

activity compared to CuO/SBA-15 and Ag/SBA-15 samples. Catalytic treatment with a mixture 

of oxygen and propene led to a high selectivity towards acrolein but no formation of propylene 

oxide was determined. Catalytic measurements using a mixture of propene, oxygen, and 

hydrogen resulted in formation of acrolein, propylene oxide, and further oxidation products. 

Selectivity towards propylene oxide increased with metal loading similar to that of 

CuO/SBA-15 and Ag/SBA-15 samples. Overall, structural and functional characterization 

exhibited major differences between gold and silver as well as copper samples. Those 

differences can be assigned to unique properties of gold including nobleness, high 

electronegativity, and resistance against oxidation. Most likely, influence of those properties 

on synthesis and catalytic activity of Au/SBA-15 samples led to the presented differences 

between SBA-15 samples containing various coinage metals. 
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8 Conclusions 

8.1 Introduction 
Heterogeneous catalysis in the past was often approached by trial and error attempts to find 

new and active catalysts. Those approaches lack the knowledge of the contribution of 

individual structural motifs to catalyst performance. A different approach is needed for 

gaining a deeper insight into reaction mechanisms and catalyst requirements for higher 

activity and selectivity. Hence, a rational catalyst design creating specific catalysts for specific 

tasks is preferable. A main pillar enabling rational catalyst design is elucidating structure 

function correlations. Thus, specific catalysts with a high amount of suitable reaction sites can 

be developed. In situ analysis has a high significance in obtaining structure function 

correlations. Determining functional properties of single structural motifs of the catalyst is 

critical for a rational catalyst design approach.  

Objective of this work was investigating structure function correlations of supported coinage 

metals in propene oxidation. Therefore, SBA-15 supported coinage metal catalysts were 

prepared and characterized. CuO/SBA-15 and Ag/SBA-15 samples were prepared in a range of 

1-20 wt.% while Au/SBA-15 samples were prepared in a range of 0.7-5.0 wt.%. The support 

material was characterized via physisorption, XRD, and EM. Structural characterization of 

metal species on the support material was conducted with XRD, DR-UV-Vis spectroscopy, EM, 

and XAS. Structural characterization focused on analyzing the different behavior of various 

metals supported on SBA-15 prepared with a similar synthesis route. In situ characterization 

was conducted to obtain information on changes in structural properties during catalytic 

treatment. Overall, this work presented two major aspects. First, the CuO/SBA-15 system was 

investigated with regards to the oxidation of propene to acrolein and propylene oxide. 

Structural characterization was conducted for a better understanding of the copper oxide 

species present. Furthermore, in situ characterization was employed for a deeper insight into 

structural features of the catalysts during electrophilic and nucleophilic oxidation of propene. 

Second, the approach taken on copper oxide particles supported on SBA-15 was transferred 

to the other coinage metals. Structural characterization of CuO/SBA-15, Ag/SBA-15, and 

Au/SBA-15 samples together with catalytic testing was conducted to correlate structural 

properties with catalytic performance. 
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8.2 Structural characterization of coinage metals supported on 

SBA-15 
Coinage metals supported on SBA-15 were prepared via incipient wetness method. The 

various coinage metal species were investigated with several analytical methods. Main goal 

was elucidating structural properties of the various supported metal species. Additionally, 

structural differences of the supported metal particles induced by various coinage metals 

were examined. Suitability of the supported coinage metal samples as model catalysts was 

discussed. Subsequent to incipient wetness impregnation, support material SBA-15 was 

analyzed via physisorption, XRD, and EM. The measurements revealed that the pore structure 

of SBA-15 was maintained after mechanical and chemical treatment during incipient wetness 

method. However, various differences regarding pore radii, surface area, and wall thickness 

of SBA-15 were determined for samples of different coinage metals. This was a result of 

various particle sizes and particle distributions of metal particles. Accordingly, decrease in 

surface area of the SBA-15 samples was dependent on used coinage metal. Overall, BET and 

BJH analysis of physisorption isotherms indicated an increased particle size with increased 

metal loading. The decrease of BET surface area of supported metal samples compared to that 

of pure SBA-15 was less pronounced in the sequence of copper, silver, and gold samples. This 

was attributed to a decreased amount of particles in the mesopores for Ag/SBA-15 and even 

more for Au/SBA-15 samples. Metal particles deposited in the mesopores reduced the BET 

surface area. Correspondingly, EM measurements indicated large particles outside of the 

mesopores for Ag/SBA-15 samples with a metal loading above 8 wt.% and for Au/SBA-15 

samples of various metal loadings. Contrary, EM exhibited no observable particles for 

CuO/SBA-15 samples. This corresponded to small well dispersed copper oxide particles. EDX 

mapping confirmed well dispersed copper oxides deposited on the SBA-15.  

Structural characterization of the metal species deposited on SBA-15 was conducted with XRD 

and DR-UV-Vis spectroscopy. XRD analysis agreed with physisorption and EM and exhibited 

no crystalline copper oxide for CuO/SBA-15 samples. This indicated small and well dispersed 

copper oxide particles. Ag/SBA-15 samples exhibited crystalline metal species solely for the 

sample with a metal loading of 20.4 wt.%. Contrary, Au/SBA-15 samples exhibited diffraction 

peaks indicating crystalline species for all samples with metal loadings between 0.7-5.0 wt.%. 

Various coinage metal particles were deposited on SBA-15 via incipient wetness method. 

Hence, preparation route was similar but resulting particle sizes depended on used coinage 
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metal. Actually, incipient wetness method produced small well dispersed particles for copper, 

and somewhat for silver samples with metal loadings below 8 wt.%. However, employing 

higher silver loadings and gold of various loadings led to large crystalline particles observable 

via EM.  

DR-UV-Vis spectra of CuO/SBA-15 samples exhibited features of various CT transitions and d-d 

transition corresponding to Cu2+. CuO/SBA-15 samples of various copper loadings shared a 

similar structural motif of octahedral [CuO6] units. However, increasing copper loading led to 

an increased distortion of [CuO6] units and an increased amount of nearest neighbors around 

a copper center. DR-UV-Vis spectra of Ag/SBA-15 and Au/SBA-15 samples exhibited features 

corresponding to surface plasmonic resonance of silver and gold nanoparticles, respectively. 

Overall, absorption edge energy decreased with increased metal loading indicating larger 

particles with higher metal loading. CuO/SBA-15 samples with lower copper loading had lower 

reduction temperatures in hydrogen TPR. No reducible species, hence, oxidic silver or gold 

particles were found during TPR of Ag/SBA-15 and Au/SBA-15 samples.  

Structural characterization revealed major differences between the SBA-15 samples of 

different coinage metals. Chiefly, supported gold species was considerably different from 

those of their copper and silver counterpart. Most likely, gold particles agglomerated 

considerably during calcination. Observed differences between coinage metals can be 

assigned to unique properties of gold including nobleness, high electronegativity, and 

resistance against oxidation.  

CuO/SBA-15 samples were analyzed via XAS to elucidate short-range structure. Analysis of 

XANES exhibited a decreased Cu K edge energy with increased copper loading indicating a 

decreased oxidation state. Structural motif of distorted [CuO6] units as presumed by DR-UV-

Vis analysis was confirmed by EXAFS analysis. EXAFS refinements exhibited strong distortion 

in structure indicated by varying coordination numbers for axial and equatorial oxygen atoms 

and varying Cu-O distances in z-direction. Overall, CuO/SBA-15 samples showed similar 

structural motifs but in detail different copper loadings tailored key factors like particle size, 

dispersion, and amount of nearest copper neighbors around a copper center. Hence, 

CuO/SBA-15 samples showed modified structural features but unmodified and simple 

chemical composition. Thus, ideal preconditions of model catalysts were found regarding 

CuO/SBA-15 samples. 
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8.3 Comparison of catalytic performance of supported coinage 

metals in propene oxidation 
Coinage metals supported on SBA-15 were tested as catalysts in propene oxidation. All 

catalysts formed acrolein during propene oxidation in a gas mixture of propene and oxygen. 

Ag/SBA-15 samples showed highest activity followed by CuO/SBA-15 samples. Au/SBA-15 

samples exhibited only minor activity in propene oxidation. Most likely, low activity of 

Au/SBA-15 samples was induced by large crystalline particles. Overall, increased particle size 

induced by higher metal loading led to decreased activity. Formation rate of acrolein was 

highest for CuO/SBA-15 samples. Most likely, copper oxide provided nucleophilic oxygen 

species necessary for acrolein formation via lattice oxygen. Silver and gold catalysts lacked the 

ability to provide nucleophilic lattice oxygen. However, nucleophilic oxygen species need to 

stem from oxygen adsorbed on the catalyst surface during catalytic treatment. Ag/SBA-15 

samples showed lowest acrolein selectivity among the supported coinage metals. Au/SBA-15 

samples showed high acrolein selectivity but due to low propene reaction rate acrolein 

formation rate was rather small. 

Besides propene oxidation to acrolein, oxidation of propene to propylene oxide was 

investigated. Formation of propylene oxide was carried out via epoxidation mechanism. 

Therefore, an electrophilic oxygen species attacks the double bond of propene. Employed 

catalysts need to provide a different oxygen species compared to allylic oxidation to acrolein. 

However, electrophilic oxygen species can also lead to total oxidation to CO2. Hence, besides 

providing electrophilic oxygen, stabilizing propylene oxide is a necessary property for suitable 

catalysts. CuO/SBA-15 and Ag/SBA-15 samples oxidized propene to propylene oxide with 

molecular oxygen. Contrary, catalytic treatment of Au/SBA-15 samples with a mixture of 

oxygen and propene led to a high selectivity towards acrolein but no formation of propylene 

oxide was determined. Catalytic measurements of Au/SBA-15 samples using a mixture of 

propene, oxygen, and hydrogen resulted in formation of acrolein, propylene oxide, and 

further oxidation products. Selectivity towards propylene oxide depended for all investigated 

samples on metal loading, hence, particle size. Figure 8-1 displays a linear correlation between 

metal loading and propylene oxide selectivity for CuO/SBA-15, Ag/SBA-15, and Au/SBA-15 

samples. However, Au/SBA-15 samples produced propylene oxide solely with hydrogen in the 

gas mixture. Hence, a direct comparison of the various samples in propylene oxide selectivity 

is hardly feasible. This agrees with the assumption that reaction mechanism for propene 
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oxidation is eventually different for the presented samples. Regarding Ag/SBA-15 samples, 

importance of subsurface oxygen is widely discussed for epoxidation of propene as well as 

ethylene and may be the key factor for catalytic performance of Ag/SBA-15 samples in 

propene oxidation. Considering the dependency of propylene oxide selectivity on particle size, 

providing subsurface oxygen could be equally dependent on particle size. Analysis of 

functional properties exhibited major differences between Au/SBA-15 and Ag/SBA-15 as well 

as CuO/SBA-15 samples. A similar result was found during structural characterization. This was 

assigned to unique properties of gold compared to the other coinage metals. Differences 

determined during structural characterization of Au/SBA-15 samples might induce the 

different catalytic performance. 

 

Figure 8-1: Selectivity towards propylene oxide of CuO/SBA-15, Ag/SBA-15, and Au/SBA-15 samples 
during selective oxidation of propene. Catalytic treatment of CuO/SBA-15 and Ag/SBA-15 samples was 
conducted in 5 % propene and 5 % oxygen balanced by helium at 350 °C while catalytic treatment of 
Au/SBA-15 samples was conducted in 5 % propene, 5 % oxygen, and 5 % hydrogen balanced by helium 
at 350 °C. 

8.4 Structure function correlations of CuO/SBA-15 samples 
Besides comparison of the behavior of different coinage metals supported on SBA-15, the 

further investigation of the CuO/SBA-15 model system for oxidation of propene was a major 

aspect of this work. Therefore, structural characterization of the samples before and during 

catalytic treatment was conducted. Suitability of CuO/SBA-15 samples as model system was 

shown during structural characterization. In situ measurements were implemented for 

enabling structure function correlations. Additionally, a thermal pretreatment was conducted 
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to change structural properties of the CuO/SBA-15 samples without changing chemical 

composition like done by reductive treatment in hydrogen or similar pretreatments. This 

enabled deeper insight into propene oxidation via CuO/SBA-15 samples. 

In situ XAS measurements were conducted to gather information on short-range structure and 

oxidation state of the copper species. Analysis of in situ XANES and EXAFS revealed a structural 

transition from CuO to Cu2O during catalytic activity and during pretreatment. Structural 

transition from CuO towards Cu2O during pretreatment was partially reversible through 

cooling down the samples. However, the amount of structural motifs corresponding to Cu2O 

was increased after pretreatment. In situ DR-UV-Vis measurements showed that lower copper 

loading was accompanied by smaller particle size. A higher amount of structural motifs 

corresponding to Cu2O under catalytic conditions was detected for samples with lower copper 

loading, hence, lower particle size. TPR confirmed that lower copper oxide particle size was 

accompanied by lower reduction temperature. Better reducibility might promote transition 

from CuO to Cu2O. A correlation between the amount of structural motifs corresponding to 

Cu2O and propene reaction rate of CuO/SBA-15 with various copper loadings and with and 

without pretreatment was found. With time on stream fraction of Cu2O and catalytic activity 

decreased strongly for all samples while particle size increased. Hence, a higher amount of 

structural motifs corresponding to Cu2O may enhance catalytic activity of CuO/SBA-15 

samples in propene oxidation. 

In situ DR-UV-Vis measurements conducted during catalytic treatment and pretreatment 

showed that copper oxide particle size increased along with amount of bridging oxygen atoms. 

Selectivity towards propylene oxide increased with the amount of bridging oxygen atoms 

during catalytic treatment with and without pretreatment. Furthermore, onset of formation 

of propylene oxide shifted to lower temperatures for pretreated catalysts. Most likely, this 

was a consequence of the increased amount of bridging oxygen atoms and the higher amount 

of structural motifs corresponding to Cu2O induced by pretreatment. Selectivity towards 

acrolein was independent of copper loading. This was confirmed during catalytic 

measurements subsequent to pretreatment. Hence, CuO/SBA-15 samples with various copper 

loadings provided an equal amount of nucleophilic oxygen species for propene oxidation. 

However, pretreatment had an impact on acrolein selectivity. The decrease in formation rate 

of acrolein with time on stream was dependent on copper loading and pretreatment. 

Formation rate of acrolein of pretreated CuO/SBA-15 samples with higher copper loading 
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decreased less with time on stream in comparison to that of samples measured without 

pretreatment. In Figure 8-2 a schematic representation of the suggested oxidation of propene 

via CuO/SBA-15 samples is displayed. Here, CuO/SBA-15 samples are assumed to undergo a 

transition from octahedral structural motif of CuO towards linear structural motif of Cu2O. 

Electrophilic oxygen species leading to propylene oxide might be provided by bridging oxygen 

atoms or by an oxygen species formed during refilling of the lattice oxygen. Refilling of oxygen 

vacancies was presumed analogous to the Mars-van-Krevelen mechanism. Thereby, gas-phase 

oxygen is adsorbed and transferred into nucleophilic lattice oxygen via electrophilic 

intermediates. Nucleophilic lattice oxygen is needed to oxidize propene to acrolein. This leads 

to a reduction of the catalyst which can be reoxidized at a different reaction site. Electrophilic 

and nucleophilic oxygen species could be provided by bridging oxygen atoms and terminal 

oxygen atoms of CuO/SBA-15 samples, respectively, resulting in observed catalytic behavior. 

 

Figure 8-2: Schematic representation of the suggested propene oxidation towards acrolein and 
propylene oxide via CuO/SBA-15 samples. Nucleophilic and electrophilic oxygen species were needed 
for oxidation of propene to acrolein and propylene oxide, respectively. 
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Figure 3-6: Normalized DR-UV-Vis spectra (solid) of CuO/SBA-15 samples. Dashed lines 

represent sum of fitted Gaussian functions corresponding to the given absorption bands. ..29 
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Figure 3-8: Normalized Cu K edge XANES spectra of CuO/SBA-15 samples and crystalline CuO 
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Figure 3-9: Left: First derivates of Cu K edge XANES spectra of CuO/SBA-15 samples. Right: 

Peak positions of corresponding transitions determined from first derivate of Cu K edge XANES 
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represent copper and oxygen atoms, respectively. ...............................................................43 
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absorption bands in DR-UV-Vis spectra of CuO/SBA-15 samples after 12 h time on stream in 

5 % propene and 5 % oxygen balanced by helium at 350 °C. .................................................50 

Figure 4-6: DR-UV-Vis absorption edge energies of CuO/SBA-15 samples at room temperature 

and during catalytic treatment in 5 % propene and 5 % oxygen balanced by helium at 350 °C.

 .............................................................................................................................................51 

Figure 4-7: Cu K edge XANES spectra of Cu19.4 during catalytic treatment in 5 % propene and 

5 % oxygen balanced by helium in a temperature range from 25 °C to 350 °C with a heating 

rate of 5 °C/min. Dark red, black, and cyan spectra represent spectra in various temperature 

ranges from 25 °C to 240 °C, 240 °C to 350 °C, and holding time at 350 °C, respectively. ......52 

Figure 4-8: Evolution of shift Cu K edge energy in reference to that of copper foil and ion 

current m/z 56 of Cu19.4 during catalytic treatment in 5 % propene and 5 % oxygen balanced 

by helium. ............................................................................................................................53 

Figure 4-9: Evolution of shift of Cu K edge energy in reference to that of copper foil of Cu1.1 

(square), Cu3.7 (circle), Cu8.1 (triangle), Cu11.8 (inverted triangle), and Cu19.4 (hash) during 

catalytic treatment in 5 % propene and 5 % oxygen balanced by helium. .............................53 

Figure 4-10: LC XANES analysis of Cu K edge XANES spectra of Cu19.4 during catalytic 

treatment in 5 % propene and 5 % oxygen balanced by helium. ...........................................55 

Figure 4-11: LC XANES analysis of Cu K edge XANES spectra of CuO/SBA-15 samples during 

catalytic treatment in 5 % propene and 5 % oxygen balanced by helium. .............................55 



166 Table captions 
 

 

Figure 4-12: EXAFS χ(k)·k3 extracted from Cu K edge absorption spectra of Cu1.1 and Cu19.4 

at 350 °C after 1 min time on stream during catalytic treatment in 5 % propene and 5 % oxygen 

balanced by helium at 350 °C. ..............................................................................................56 
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11 Appendix 

11.1 Transmission electron microscopy (TEM) images of 

CuO/SBA-15 samples 

 

Figure 11-1: Stereographic TEM image of Cu1.1. 

 

Figure 11-2: Stereographic TEM image of Cu19.4. 
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11.2 Refinements of in situ X-ray absorption fine structure (EXAFS) 

of CuO/SBA-15 samples 

 

Figure 11-3. Theoretical (dotted) and experimental (solid) Cu K edge FT(χ(k)·k3) of CuO/SBA-15 samples 
with various copper loadings after 60 min time on stream at 350 °C. Catalytic treatment was carried 
out in 5 % propene and 5 % oxygen balanced by helium. 
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Table 11-1: Results of EXAFS refinements of CuO/SBA-15 samples after 60 min 
time on stream at 350 °C. Type, coordination number (CN), and static disorder 
parameter (σ2) of backscattering paths of atoms at distance to copper absorber 
were obtained. σ2 of Cu-O backscattering paths were correlated to be the same.  

Backscattering paths Cu1.1 Cu3.7 Cu8.1 Cu11.8 Cu19.4 

Cu-O1 
(equatorial) 

CN 2.5 2.4 2.5 3.1 3.5 

R/ Å 1.91 1.89 1.90 1.90 1.91 

Cu-O2 
(axial) 

CN 2 2 2 2 2 

R/ Å 2.80 2.79 2.81 2.76 2.80 

σ2 (Cu-O) 0.012 0.012 0.012 0.013 0.013 

Cu-Cu1 

CN 4 4 4 4 4 

R / Å 2.95 2.91 2.91 3.02 2.97 

σ2 / Å2 0.028 0.023 0.036 0.037 0.025 

E0 shift / eV 9.6 6.5 7.5 8.5 8.7 

Residual / Å 5.3 9.1 7.9 7.3 10.4 
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Figure 11-4. Theoretical (dotted) and experimental (solid) Cu K edge FT(χ(k)·k3) of CuO/SBA-15 samples 
with various copper loadings at room temperature after catalytic treatment at 350 °C. Catalytic 
treatment was carried out in 5 % propene and 5 % oxygen balanced by helium. 
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Table 11-2: EXAFS fit results of CuO/SBA-15 samples at room temperature after 
catalytic treatment at 350 °C. Type, coordination number (CN), and static 
disorder parameter (σ2) of backscattering paths of atoms at distance to copper 
absorber were obtained. σ2 of Cu-O backscattering paths were correlated to be 
the same.  

Backscattering paths Cu1.1 Cu3.7 Cu8.1 Cu11.8 Cu19.4 

Cu-O1 
(equatorial) 

CN 2.8 3.5 3.1 4.1 4.3 

R/ Å 1.90 1.92 1.91 1.91 1.90 

Cu-O2 
(axial) 

CN 3.2 2.5 2.9 1.9 1.7 

R/ Å 2.56 2.71 2.75 2.63 2.67 

σ2 (Cu-O) 0.0042 0.0099 0.0066 0.0112 0.0095 

Cu-Cu1 

CN 4 4 4 4 4 

R / Å 2.84 2.92 2.88 2.89 2.92 

σ2 / Å2 0.0133 0.023 0.023 0.020 0.022 

Cu-Cu2 

CN 2 2 2 2 2 

R / Å 3.55 3.71 3.82 3.70 3.74 

σ2 / Å2 0.0133 0.023 0.027 0.020 0.022 

E0 shift / eV 4.2 9.0 10.1 7.1 7.2 

Residual / Å 11.4 10.1 4.8 8.2 8.4 
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Figure 11-5: Theoretical (dotted) and experimental (solid) Cu K edge FT(χ(k)·k3) of CuO/SBA-15 samples 
with various copper loadings at room temperature after pretreatment. Pretreatment was carried out 
at 350 °C in helium. 

Table 11-3: EXAFS fit results of CuO/SBA-15 at room temperature after 
pretreatment. Type, coordination number (CN), and static disorder parameter 
(σ2) of backscattering paths of atoms at distance to copper absorber were 
obtained. 

Backscattering paths Cu3.7 Cu8.1 Cu11.8 Cu19.4 

Cu-O 
(equatorial) 

CN 4 4 4 4 

R/ Å 1.92 1.89 1.90 1.91 

σ2 (Cu-O) / Å2 0.011 0.011 0.011 0.009 

Cu-Cu1 

CN 4 4 4 4 

R / Å 2.90 2.86 2.87 2.88 

σ2 / Å2 0.026 0.027 0.026 0.022 

Cu-Cu2 

CN 2 2 2 2 

R / Å 3.72 3.77 3.73 3.77 

σ2 / Å2 0.026 0.027 0.026 0.022 

E0 shift / eV 6.3 7.6 6.9 7.7 

Residual / Å 10.7 8.7 11.8 8.2 
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Figure 11-6: Theoretical (dotted) and experimental (solid) Cu K edge FT(χ(k)·k3) of CuO/SBA-15 samples 
with various copper loadings at room temperature after catalytic treatment and pretreatment. 
Pretreatment was carried out at 350 °C in He. Catalytic treatment was performed at 350 °C in 
5 % propene and 5 % oxygen in helium. 
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Table 11-4: EXAFS fit results of CuO/SBA-15 at room temperature after catalytic 
treatment and pretreatment. Type, coordination number (CN), and static 
disorder parameter (σ2) of backscattering paths of atoms at distance to copper 
absorber were obtained. 

Backscattering paths Cu3.7 Cu8.1 Cu11.8 Cu19.4 

Cu-O 
(equatorial) 

CN 4 4 4 4 

R/ Å 1.91 1.90 1.91 1.91 

σ2 (Cu-O) / Å2 0.0096 0.0097 0.0091 0.0088 

Cu-Cu1 

CN 4 4 4 4 

R / Å 2.87 2.90 2.87 2.87 

σ2 / Å2 0.025 0.027 0.025 0.024 

Cu-Cu2 

CN 2 2 2 2 

R / Å 3.75 3.75 3.74 3.79 

σ2 / Å2 0.025 0.027 0.025 0.024 

E0 shift / eV 6.0 6.2 4.7 7.5 

Residual / Å 8.2 10.2 6.9 6.7 
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