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Abstract 

Propylene oxide (PO) is a very versatile industrial raw material. It is used in the production 
of many consumer goods. With the improving living standards and an increase in global 
population, the global demand for PO is steadily increasing. Currently implemented 
production methods with organic peroxides or chlorohydrin have several drawbacks such 
as pollution, high costs of production, and low demand for side products of the reaction. 
For decades researchers have studied the direct propylene epoxidation reaction using 
molecular oxygen as the oxidant. So far, the tested catalysts have fallen short of the 
industrially applicable conditions (activity, stability, and selectivity). 

In my work, I focused on copper-based catalysts, where amorphous silica was used as 
the support. I subsequently modified these catalysts with different alkali (Na, K, and Cs) 
and alkaline earth metals (Ca). The goal was to gain new understanding on the 
requirements and reaction pathway for molecular oxygen and propylene activation in the 
direct propylene oxidation reaction using molecular oxygen. Furthermore, we wanted to 
understand the underlying factors that determine catalyst selectivity and stability. To 
examine the viability of the materials in propylene epoxidation, the catalysts were tested 
in a fixed-bed quartz reactor at atmospheric pressure. Additional in-situ and ex-situ 
techniques were employed to acquire more information about the mechanism of the 
reaction. Active phase properties were studied with ex- and in-situ UV/vis, Diffuse 
Reflectance Infrared Fourier transform (DRIFT) spectroscopy, Temperature Programmed 
Desorption of CO2 (CO2-TPD), and pyridine saturation were employed to probe the 
acidic/basic properties of the surface. The materials were imaged with the help of scanning 
and transmission electron microscopy. Local structure and oxidation state of copper during 
reaction was observed with in-situ XAS. All the experimental data was complemented by 
theoretical techniques. 

We successfully synthesized highly dispersed modified and unmodified CuOx 
nanoparticles that were, on average, smaller than 1 nm. With unmodified catalysts we 
observed significant deactivation as a result of sintering. This was greatly reduced by alkali 
and earth alkaline modification, and in the case of Cs modification completely eliminated. 
We found that with our materials, Lewis acid sites have negligible impact on PO selectivity. 
Catalytic tests showed that only the modification with alkali metals increases PO 
selectivity. This modification generates additional basic sites of moderate strength on the 
catalyst surface. We propose these sites are oxygen species with a more electrophilic 
character, which are selective for propylene epoxidation. Different reduction dynamics were 
observed depending on the modifying adatom. This indicates altered kinetics of oxygen 
abstraction and replenishment. A similar amount of Cu+ was seen for the unmodified, Na+, 
and Ca2+ modified catalysts, which have very different selectivities. This shows that Cu+ 
amount is not the only factor determining PO selectivity. We found that, in general, alkali 
metal modification (Na) reduces the average Cu-O bond length, and earth alkaline metals 
(Ca) have the opposite effect.  

We propose that the Cu-O bond length reduction shows a reduction in the nucleophilic 
character of surface-bound oxygen species. Consequently, allylic hydrogen stripping (AHS) 
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is prevented and oxametallacycle (OMC) formation is promoted. From this we constructed 
a tentative reaction mechanism. This was additionally confirmed by theoretical techniques, 
which disclosed a drastic increase in the activation barrier (AB) of AHS. Additionally, a 
slight increase in the AB for OMC formation was noted, however it was energetically 
favorable compared to AHS. A decrease in the AB for ring closure and PO desorption was 
observed with alkali modification. 
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Povzetek 

Propilen oksid (PO) je vsestransko uporabna industrijska surovina. Najpogosteje je 
uporabljen v proizvodnji številnih potrošnih materialov. Zanimanje zanj se zaradi dviga 
življenjskega standarda in večjega števila prebivalcev ves čas povečuje. Trenutne 
proizvodne metode imajo številne pomanjkljivosti, kot so onesnaževanje, visoki stroški 
proizvodnje in majhno povpraševanje po stranskih produktih. Raziskovalci zato že 
desetletja intenzivno preučujejo neposredno epoksidacijo propena z uporabo molekularnega 
kisika kot oksidanta. Do sedaj preizkušeni katalizatorji ne dosegajo standardov za 
industrijsko uporabo (aktivnost, stabilnost in selektivnost).  

Pri delu sem se osredotočil na katalizatorje na osnovi bakra, pri katerih sem kot nosilec 
uporabil amorfni silicijev dioksid. V nadaljevanju sem jih modificiral z različnimi 
alkalijskimi (Na, K, Cs) in zemljoalkalijskimi kovinami (Ca). Cilj je bil sinteza morfološko 
definiranih, selektivnih in stabilnih katalizatorjev, ki bodo primerni za reakcijo neposredne 
oksidacije propilena z uporabo molekularnega kisika. Želel sem pojasniti in razumeti 
dejavnike, ki vplivajo na selektivnost za PO in stabilnost katalizatorja. Materiale, ki so 
uporabni za direktno epoksidacijo propena z molekularnim kisikom, sem testiral pri 
atmosferskem tlaku v cevnem kvarčnem reaktorju s strnjenim slojem katalizatorja.  

Za boljše razumevanje mehanizma reakcije sem uporabil različne in-situ in ex-situ 
tehnike. Morfološke lastnosti aktivne faze sem preučeval z ex- in in-situ UV/VIS 
spektroskopijo. Za preverjanje kislinsko/bazičnih lastnosti površine sem uporabil infrardečo 
(DRIFT) spektroskopijo, temperaturno programirano desorpcijo (H2O, CO2) (TPD) in 
kemisorpcijo s piridinom. Morfologijo materialov sem preučil z vrstičnim in presevnim 
elektronskim mikroskopom. Z uporabo in-situ XAS tehnike sem analiziral lokalno strukturo 
bakrovih atomov tekom reakcije epoksidacije. Vsi eksperimentalni podatki so bili 
podkrepljeni s teoretičnimi DFT izračuni. 

Uspešno sem sintetiziral modificirane in nemodificirane dispergirane CuOx nanodelce, 
ki so bili povprečno manjši od 1 nm. Pri nemodificiranih katalizatorjih sem opazil znatno 
deaktivacijo, ki je posledica sintranja. Slednja se je z modifikacijo katalizatorjev močno 
zmanjšala ali, v primeru modifikacije s Cs, celo popolnoma ustavila. 

Z DRIFT in s katalitskimi testi sem dokazal, da šibka Lewisova kisla mesta, prisotna 
na površini katalizatorjev, zanemarljivo vplivajo na selektivnost za PO. Pri modifikaciji z 
alkalijskimi kovinami se selektivnost za PO poveča, saj pride do nastanka novih zmernih 
bazičnih mest na katalizatorju. Sklepam, da so ta mesta kisikove specije, katerih 
elektrofilna narava spodbuja nastanek »oxametallacycle« (OMC) intermediata ter 
posledično PO. Različna hitrost redukcije katalizatorjev, ki sem jo izmeril s pomočjo XAS, 
nakazuje na spremenjeno kinetiko aktivacije kisika.  

Pri različnih katalizatorjih (nemodificiran, modificiran z Na in Ca) sem tekom reakcije 
opazil zelo različne selektivnosti in nastanek podobnih količin Cu+. To dokazuje, da slednja 
ni edini faktor, ki določa selektivnost za PO. Sočasno sem opazil korelacijo med količino 
Cu+ in deaktivacijo katalizatorja. Pri modifikaciji z alkalijskimi kovinami (Na) se 
povprečna dolžina vezi Cu-O zmanjša. Zmanjšanje dolžine vezi pripisujemo zmanjšanju 
nukleofilnosti površinsko vezanih kisikovih specij. Posledica tega je favoriziran nastanek 
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OMC in ne abstrakcija alilnega vodika (AAV). Pri zemljoalkalijskih kovinah (Ca) je opazen 
nasprotni učinek. 

Iz vseh eksperimentalnih podatkov sem sestavil okvirni mehanizem reakcije, ki sem ga 
podkrepil s teoretičnimi DFT izračuni. Slednji so pri katalizatorjih, ki so bili modificirani 
z alkalijskimi kovinami, pokazali drastično povečanje aktivacijske bariere (AB) za AAV. 
Hkrati se je rahlo povečala AB za nastanek OMC, vendar je bila še vedno nižja od AB za 
AAV. Prav tako sem pri modifikaciji z alkalijsko kovino opazil rahlo znižanje AB za 
zapiranje epoksidnega obroča in desorpcijo PO. 
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Chapter 1 

1 Introduction 

Propene (C3H6), commonly referred to as propylene (as it will also be referred to in this 
work), is the main resource for propylene oxide production. It is produced during oil refining 
as a result of cracking larger hydrocarbons. In the presence of oxygen and a catalyst, it can 
be oxidized to several oxygenates (Figure 1). Total oxidation is undesired as cheaper fuels 
with a higher energy density exist. For propylene partial oxidation to acrolein, isopropanol, 
acetone, and others, the chemistry is known and they are prepared with high efficiency. 
Among all the possible oxidation reactions of propylene, the transformation to propylene 
oxide (epoxidation) is the main topic of this doctoral dissertation. 

 

 

Figure 1: Reaction schematic of total and partial oxidation of propylene. 
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1.1 Propylene Oxide 
Propylene oxide (PO) is an organic compound, a colorless volatile liquid with a high 
commercial value ($10.5 billion market value in 2017, Olefin Derivatives: Global Markets 
to 2022, July 2018, BCC). It is a raw material in the manufacture of various products such 
as polyols, which are used for the production of polyurethane foams used in the housing 
and the automobile industry. This accounts for the majority, about 60 %[1], of the 
propylene oxide use. The rest is hydrolyzed to propylene glycol (about 20 % [1]), is used 
as a solvent, or finds its way into some niche uses (fixating agent in microscopy, fumigant, 
etc. [1]). Propylene glycol is further used as a feedstock for unsaturated polyester resins 
production [1], [2], in the food industry, and as antifreeze, among others. Since it is such a 
versatile raw material, PO was the fourth largest segment in the global market with a 
significant share of the market (over 13 %, about $10 billion) [BCC research]. Growth of 
the population accompanied with an increase in living standards is the driving force behind 
the rising demand for propylene oxide (products such as furniture and automobile seating, 
insulation foam, and food packaging). The latter reached almost 10 Mt in 2017 and 
projections show that by 2025, the annual PO demand will exceed 20 Mt [3]. 

There are several techniques for PO production; however all of them have 
environmental or economic issues (Figure 2).  

3.7%

4.9%

15.5%

32.7%

43.2%

 CHPO
 PO/SM
 PO/TBA
 HPPO
 CHP

 

Figure 2: Main industrial propylene oxide production processes and their schematic 
representation. 

The first production method developed and used was the chlorohydrin processes ( 

Figure 3). In 2008, the majority of PO was produced via the chlorohydrin process 
(over 43 %), but even though it is still profitable, no new chlorohydrin plants are opening. 
The problem lies in the side product of the reaction, the NaCl or CaCl2 brine 
(approximately 2.2 tons per 1.0 ton of PO [4]), which has limited use, and the disposal is 
not easy.  
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Figure 3: Schematic representation of the chlorohydrin process. 

 
To avoid using chlorine, epoxidation of propylene using organic hydroperoxides has 

been implemented. The organic intermediates are ethylbenzene (PO/SM), isobutene 
(PO/TBA) (Figure 4), or cumene (CHP), which produce 32.7, 15.5, and 3.7 % of PO, 
respectively [Nexant report 2009]. In these cases, the reaction is always a two-step process. 

 

 

Figure 4: Schematic representation of the PO/TBA process. 

 
First, the intermediate molecule is peroxidized, and the product is then used to produce 
PO. The drawback when using isobutene or ethylbenzene (Figure 5) is that while the co-
products can be sold, they are produced in large quantities. Additionally, the market is 
much smaller than that for PO. Cumene has the advantage that dimethylphenylmethanol, 
the co-product in the process can be recycled to cumene by dehydration and hydrogenation 
(Figure 5). In 2008, Evonik (former Degussa) commercialized a process (HPPO) where 
hydrogen peroxide is used to directly epoxidize propylene (4.9 % PO produced in 2008), 
with water being the only side product. However, the high price of the commercially 
available hydrogen peroxide is comparable to that of PO, which is a major economic  
downside of this process [5], [6]. 

 

 
Figure 5: Schematic representation of the PO/SM (R=H) and CHP (R=CH3) processes. 

 
The several drawbacks of all the described processes have driven research into direct 

propylene epoxidation using molecular oxygen or an oxygen/hydrogen gas mixture. The 
main focus was gas phase reactions, although some liquid phase research has been done. 

 

1.2 Liquid Phase Catalysis 
To avoid the use of peroxide, chlorine and organic peroxides, direct oxidation using 
molecular oxygen or oxygen-containing gases has been extensively researched. Several 
soluble and insoluble catalysts were tested in the liquid phase, such as silver chelates using 
benzene as the solvent [7]. The reaction was carried out in stainless steel autoclave at a 
total pressure of 45 atm. A conceptual process for the epoxidation of propylene using 
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molten nitrate salts and a co-catalyst was patented by the OLIN Corp [8]. Similar 
experiments were also performed by Nijhuis et al. [9] where they studied the mechanism 
by which the molten salts aid in the epoxidation. They used several salts and eutectic 
mixtures, combined with blank experiments to elucidate the effect of salts. The results with 
molten salts were very similar to those of the blank reactor; however the reaction rate was 
noticeably higher. They attributed this to radical formation which allowed for shorter 
reaction times or lower pressures.  

Lately, work has been more focused on water/methanol mixtures using H2O2 or a H2/O2 
gas mixture. Jiang et al. [10] were studying the mechanism of epoxidation using a gas 
mixture of CO, O2. The reaction was run in a methanol/water mixture, with 18O labeled 
molecular oxygen. The catalysts they used were a mixture of Au-loaded titania (TiO2) and 
titanium silicalite (TS-1). They provided definitive evidence that the bridging oxygen in 
PO comes from O2 and not H2O. The work they did offered a novel epoxidation method 
that is environmentally much friendlier than the traditional methods used.  

Liu et al. [11] tested several TS-1, from nanosized to microsized and even extrudates 
with H2O2 being the oxidizing agent. The epoxidation was run in a continuous slurry reactor 
for 247 h, with methanol as the solvent (Figure 6). They achieved very good results, with 
the PO selectivity as high as 98.7 % with a yield of 96.4 %. Even though the catalysts 
slowly deactivated during the reaction, substantial catalytic activity can be regained after 
washing in H2O2.  

 

 

Figure 6: Schematic representation of a continuous slurry reactor used by Liu et al. 
Reproduced with permission from Ref. [11]. Copyright 2015 American Chemical Society. 

Kertalli et al. [12] used methanol as the solvent with a H2/O2 gas mixture and Pd 
catalysts. They tested pure Pd, Pd-Pt, and Pd-Au loaded TS-1 catalysts for their PO 
selectivity and H2O2 productivity. They found that combining Pd with Pt with an excess 
of oxygen has a positive impact on PO yield due to reduced propylene hydrogenation. 
Although the addition of Pt increased PO productivity, it also increased the decomposition 
rate of H2O2. On the other hand, combining Pd with Au increased H2O2 productivity, but 
due to propylene hydrogenation, the overall PO yield was smaller than with the Pd-Pt 
catalyst. 

Signorile et al. [13] tested three TS-1 catalysts containing different amounts and 
titanium species. They found that the samples had a varied amount of weak Brønsted sites 
(silanols and titanols, Figure 7), and only a weak correlation could be made between the 
abundance of these sites and byproduct formation. There was also no correlation between 
H2O2 conversion and non-framework, i.e. not tetrahedral Ti species. Moreover, these sites 
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could not be associated with PO degradation considering the by-products formed (methyl 
esters and propylene glycol). The only quantitative correlation was found between 
tetrahedral isolated Ti sites and catalytic activity. 

 

 

Figure 7: Different silanols as Brønsted acid sites as predicted by Signorile et al. 
Reproduced with permission from Ref. [13]. Copyright 2018 American Chemical Society. 

Despite the fact that very good conversions (over 50 % [12]) and selectivities (up to 
98.7 % [11]) can be achieved in the liquid phase, there are still several drawbacks. Hydrogen 
peroxide has a high price, using a H2/O2 mixture has associated risks: hydrogenation of 
propylene, broad range of explosion limits, etc.  
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1.3 Gas Phase Catalysis 
Producing propylene oxide with the techniques mentioned so far has several drawbacks. 
Many, if not most, of these problems can be avoided by direct epoxidation of propylene 
using molecular oxygen in the gas phase. Several materials were studied for their ability to 
oxidize propylene, either thermo- or photocatalytically [5]. In 1998, Hayashi et al. [14] 
reported that gold nanoparticles exhibit a very good PO selectivity (over 90 %) using a 
mixture of H2/O2. The H2/O2 mixture is required for in-situ formation of peroxo species, 
which are the selective oxidants enabling the epoxidation pathway. Since then, several 
studies have been done using this gas mixture [5], [15]–[18]. In this work, however, we will 
focus on direct epoxidation without the use of hydrogen and in turn attempt to modify the 
active site in order to favor the selective oxidizing species directly from molecular oxygen. 
The various types of catalysts will be discussed in the following sections. 

 

1.3.1 Silver containing catalysts 
Since silver was already used commercially to produce ethylene oxide, it was also a starting 
point for research in propylene oxidation. It was discovered early on that silver 
preferentially oxidizes the allylic hydrogen, resulting in acrolein as the main reaction 
product [19]. However, direct acrolein production pathways are of little interest since this 
chemistry can be selectively performed over multicomponent systems containing Mo-Bi-Fe 
oxides. 

Several studies were performed to elucidate the mechanistic principle that leads to lower 
PO selectivities when silver is used. Portela et al. [20] proposed that propylene adsorbs on 
diatomic oxygen and either desorbs as epoxide or stays bound in an open-chain form. The 
catalyst they used was unsupported Cr-doped Ag powder. Since total combustion and 
epoxidation proceed through the same intermediate, the selectivity is independent of the 
temperature. It is however dependent on the partial pressure of oxygen in the reaction 
mixture. Through intramolecular hydrogen transfer, hydroperoxides can form which leads 
to total propylene combustion. 

Using TPD, MS and IR spectroscopy, Henriques et al. [21] showed that the selectivity 
towards epoxides (ethylene/propylene) can be increased by reducing the amount of surface-
bound oxygen. When comparing two unsupported silver-based catalysts, they showed that 
the higher selectivity comes not from increased epoxide production, but from decreased 
CO2 production. The decomposition of the epoxides proceeds through formate and acetate 
intermediates. 

To improve the selectivity of the Ag-based catalysts, Lu and Zuo [22] tried modifying 
the catalyst with NaCl, BaCl2, LiCl, or NH4Cl. The highest improvement in PO yield was 
achieved by NaCl and BaCl2 modification. With the NaCl-modified catalyst, the best 
results achieved were at approximately 3.8 wt % with selectivity of 33.4 % at a conversion 
of 18.6 %, at 350 °C (Table 1). These results were achieved at a relative air concentration 
of 90 % (10 % propylene). Further increases in air concentration lead to a significantly 
lower PO selectivity (10 % at 350 °C). 
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Table 1: Effect of a chlorine promoter on the efficiency of a silver catalyst [22]. 

Catalyst1 Temperature [°C] 
250 280 310 350 390 

Ag-NaCl propylene conversion [%] 2.2 4.2 7.8 18.6 29.9 
  propylene oxide selectivity [%] 51.6 34.5 25 33.4 11.9 
Ag-BaCl2 propylene conversion [%] 2.2 3.4 5.3 24.6 30.6 
  propylene oxide selectivity [%] 0 15.5 19 26.1 14.7 
Ag-LiCl propylene conversion [%] 0 2.3 5.1 8.2 14.1 
  propylene oxide selectivity [%] 0 0 12.1 27.5 18 
Ag-NH4Cl propylene conversion [%] 0.8 1.2 2.1 3.2 4.6 
  propylene oxide selectivity [%] 35.8 17.1 0 0 0 
1 The loading of Cl− in the catalyst is kept constant and the loading of NaCl in Ag-NaCl is 
3.8 wt %. 
 
Zemichael et al. [23] were investigating the effect silver metal particle size has on 

propylene oxide selectivity. The reaction was run with molecular oxygen at atmospheric 
pressure, and the maximum PO selectivity was achieved at 483 K. They found that 
increasing the potassium promotor content (1.7 % of K) in their Ag/CaCO3 catalyst 
initially slightly decreases the silver particle size (from 70 nm to 20-40 nm). Further 
increasing the K loading produces a combination of smaller and larger particles. The 
selectivity for PO passes a maximum at K loading of 1.7 %. This indicates that for optimal 
PO selectivity, the promoted silver particles should be in the range of 20–40 nm. 

The electronic properties of silver have a significant impact on the selectivity in 
propylene epoxidation. For that reason Lu et al. [24] prepared an unsupported modified 
silver catalyst. For comparison purposes they also prepared Ag2O, AgCl, and pure Ag 
modified with several sodium and potassium salts. The reaction was run at atmospheric 
pressure and at 350 °C, except for the NaF-modified catalyst. They found that pure silver 
is the most active (32.5 % conversion), but only the NaCl-modified catalyst produced 
perceptible amounts of PO (29.1 % PO selectivity) (Table 2). Modifying the catalyst with 
NaF significantly increased the activity (40 % conversion at 250 °C) but lowered the 
selectivity (3.3 % PO selectivity). Using different potassium salts had a small impact on 
activity, but gave no increase in PO selectivity (0.9 % PO selectivity). 

Table 2: Propylene epoxidation over silver catalysts modified with different promoters [24]. 

Catalyst1 
  Propylene 

conversion [%] 
Selectivity [%] 

Epoxide Acetone 

NaF/Ag2 40 3.3 – 
NaCl/Ag 11.2 29.1 2.1 
NaBr/Ag 2.4 12.1 – 
KF/Ag 10.7 0.9 – 
KCl/Ag 6.2 – – 
KBr/Ag 3.5 –2.9 – 
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1Promoter loading: 5wt %. 
2Reaction temperature: 250 °C. All other experiments were performed at 
350 °C. 

 
Luo et al. [25] modified unsupported silver catalysts with metal chlorides to alter the 

nucleophilic properties of the oxygen species. The catalytic tests were run at atmospheric 
pressure and 350 °C, with air as the oxidant. From the several chlorides they tested (Cu, 
Fe, Mn, Au) only the CuCl modified catalyst showed any PO selectivity (30.6 %). 
Modifying the catalyst even with smaller amounts (less than 10 %) of copper chloride led 
to a significant drop in activity compared to pure Ag catalysts (33.2 % ⟹ 1.85 %). 
However, for optimal PO selectivity, the molar ratio of Ag/CuCl should be 1/0.5 or above. 
During the synthesis procedure also some AgCl and CuO were formed which could aid in 
propylene epoxidation. 

Modification of the active sites (Ag) by MoO3 was investigated by Jin et al. [26]. The 
catalytic reaction was run at 400 and 450 °C. They used a stainless steel reactor with 
15.6 % C3H6, 12.2 % O2 and balance N2, at a slightly elevated pressure (140 kPa). The 
optimal MoO3 wt % was found to be between 40 – 50 % (approximately 60 % PO 
selectivity). The optimal catalyst was further modified with several salts (NaCl, Ce(NO3)3, 
BaCl2 or CsNO3), where NaCl and Ce(NO3)3 were the best at increasing the PO selectivity. 
Overall, the best results were achieved with 50 wt % of MoO3 and 2 % of NaCl. Increasing 
the calcination temperature by 50 °C can increase the PO selectivity by as much as 47 % 
(catalyst modified with BaCl2), but lowers the conversion. 

Wang et al. [27] studied epoxidation in air with co-feeding of hydrogen gas. Using a 
Ag/TS-1 catalyst and a H2/O2 gas mixture, they wanted to generate H2O2 in-situ, which 
would greatly improve the PO yield. The reaction was run in a fixed-bed, quartz glass 
reactor at 150 °C. An impressive selectivity of 92.51 % was achieved; however, the 
conversion was only 1.37 %. The optimum nominal silver loading was 2 % with a silica to 
titania ratio of 64 for the TS-1 support. When they tried to increase the conversion, either 
by increasing the temperature, decreasing the gas hourly space velocity (GHSV), increasing 
the H2 concentration in the feed gas, the selectivity dropped off precipitously. The 
conclusion was that a higher Ag0 content does not help increase the PO selectivity. 

Lu et al. [28] synthesized modified silver catalysts, with alkali and precious metal 
promoters, supported on CaCO3. Besides the latter, they tested several other supports such 
as MgO, CeO2, γ-Al2O3, diamond, and SiC, however CaCO3 loaded with 56 wt % Ag, 
showed the highest PO selectivity. In general, high surface area supports gave a lower 
selectivity than those with a lower specific surface area. This indicates that larger silver 
particles favor PO formation. The catalyst was further modified with 1 wt % of various 
salts and tested in the catalytic reaction at 260 °C (Table 3). From all the promotors 
tested, only NaCl showed any noticeable increase in PO selectivity. KCl also showed a 
small increase in selectivity, but was significantly outperformed by NaCl. 

Table 3: Propylene epoxidation over silver catalysts modified with different promoters [28]. 

Catalyst Propylene 
conversion [%] 

Selectivity [%] 

 PO Acrolein 
Ag(14)–MoO3(1)/CaCO3 46.3 4.8 0 
Ag(56)–Cu(0.04)/CaCO3 41.8 2.5 0 
Ag(56)–Ce(NO3)3(1)/CaCO3 20.8 3.6 0 
Ag(56)–Ba(NO3)2(1)/CaCO3 17.5 4.2 0 
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Ag(56)–Ir(0.12)/CaCO3 5.1 2.8 0.3 
Ag(56)–K2CO3(1)/CaCO3 4.4 3.6 0 
Ag(14)–K2CO3(1)/CaCO3 3.9 3.9 0 
Ag(56)–Ir(0.12)/CaCO3

1 2.9 0 27.9 
Ag(14)–RhCl3(1)/CaCO3 1 0 22.7 
Ag(56)–NaCl(1)/CaCO3 1.4 39.2 0 
Ag(56)–NaCl(1)/CaCO3(5)–α-Al2O3 3.3 30.4 0 
Ag(56)–NaCl(1)/α-Al2O3 4.4 30.1 0 
Ag(56)–KCl(1)/CaCO3 1.4 15.3 0 
Ag(56)–NaCl(1)/CeO2 3.2 13.4 0 
Ag(14)–NaCl(1)/CaCO3 1.6 7.5 0 
Ag(56)–NaCl(1)/SiC 1.7 5.2 0 
1Prior to reaction, the catalyst was reduced in 20 mol % H2 in He at 350 °C for 
2 h. 

 
DFT studies on Cu(111) and Ag(111) surfaces performed by Torres et al. [29] have 

shown that the reaction of propylene with adsorbed oxygen can either lead to dehydration 
and total combustion, or to an intermediary, the oxametallacycle (OMC). They found that 
propylene adsorption orientation is an important factor in PO selectivity. By using rate 
constants which were derived from transition-state theory, they estimated PO selectivity. 
On Ag(111), at 227 °C, around 99 % of propylene molecules that adsorb to the surface will 
undergo allylic hydrogen stripping (AHS). On Cu(111), the situation is very different, and 
the predicted PO selectivity is over 50 %. This significant difference was attributed to the 
contrast in the basic character of the adsorbed oxygen species between Ag and Cu. The 
lower basicity on the copper surface favors oxametallacycle formation. 

Bere et al. [30] tested separate feeding of reactant gasses using an α-alumina membrane 
reactor. Propylene, N2, and H2O were fed through the inner, alumina tube, while O2 and 
additional N2 were fed into the outer stainless steel tube. Water was added since its steam 
can decrease the desorption energy of PO. The catalyst used was a Ag-Sr bimetal, 
impregnated into the pores of the alumina membrane, and the reaction was run at 240 °C 
(Figure 8). At lower catalyst loadings, the yield of PO was 3.7 %, however with increased 
metal content, the yield dropped due to combustion. A similar observation was noted, as 
by other researchers, that increasing the temperature does increase propylene conversion, 
but lowers PO selectivity. Separate gas sampling showed that most PO is found in the flow 
from the inner tube, however about 25 % can also be found in the outer tube. In the 
optimized system, propylene conversion was 6.5 %, with a PO selectivity of 57.4 %. 

 

 

Figure 8: Schematic representation of the porous membrane reactor used by Bere et al. 
[30]. 
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Yao et al. [31] studied the promotional effect of Y2O3 on Ag supported on α-Al2O3 
catalysts, and the effect of support surface area. The catalytic reaction was run at 
200 – 300 °C in a stainless steel fixed-bed reactor. Over the unmodified catalyst, no 
oxygenates were detected, only CO2 and H2O. When adding 0.1 % of K2O to the catalyst, 
PO selectivity increased to 4.3 %, which was drastically increased (46.8 %) when Y2O3 was 
added. The temperature effect was similar to what was already observed in the literature, 
optimum selectivity was achieved at 245 °C (46.8 %) and dropped off drastically at 285 °C 
(6.7 %). The surface area of the support also played a key role in selectivity. If the specific 
surface area was 0.6 m2/g, the selectivity for PO was only 19.1 %, whereas at 3.2 m2/g, it 
increased to 45.5 %. They concluded that Y2O3 does not only change the basic properties 
of the active oxygen species, but also acts as a sintering barrier, preventing the 
agglomeration of Ag. 

To see the size effect of silver nanoparticles on propylene oxide selectivity, Lei et al. 
[32] synthesized trimeric silver species and ~3.5 nm clusters on amorphous alumina films. 
On the silver trimers, up to 60 °C, acrolein was the primary product, with some PO. At 
60 °C total combustion began with lowered acrolein selectivity. This indicates total 
combustion shares the same pathway as acrolein production, or that acrolein reacts further 
to CO2 and H2O. Catalysis over nanoparticles differs noticeably, since PO is the major 
product up to 130 °C. The normalized activity per surface Ag atom remains very close to 
that of timers (~1 s-1). To illuminate the reason for the shift in selectivity, the authors 
performed DFT analysis. They found that the oxygen at the interface of silver and alumina 
is highly reactive. Reducing particle size increases the amount of this reactive oxygen which 
leads to allylic hydrogen abstraction and total combustion. 

In order to prevent Ag sintering and reduce the reactivity of surface oxygen, Zheng et 
al. [33] modified Ag catalysts with Cu. They used BaCO3 as the support, and loaded it 
with 3 % of Ag, the ratio of Ag : Cu was 95 : 5. The selectivity towards PO increased 5-
fold with Cu modification and lowered when other metals were used (Fe, Co, Ni, Mn, Mo, 
V, and Zn). If the Cu content was 5 times lower, the selectivity for PO dropped by more 
than 50 %, and if the content was increased 4 times, the selectivity dropped by more than 
70 %. Stability test showed that after 6 h of time on stream (TOS), the catalyst retained 
only ~40 % of initial activity, however PO selectivity remained stable. Using ICP-AES and 
XPS, the authors found that Cu enrichment of the surface is present in the catalysts. The 
surface ratio of Ag : Cu was 3.8 : 1.4, whereas bulk composition was 95 : 5. 

Pulido et al. [34] investigated direct propylene oxidation with molecular oxygen with 
single-crystal Ag(100) and Ag(111) catalysts. They found that the most stable location for 
oxygen atoms on a clean Ag(100) is in hollow sites, where it is coordinated to four Ag 
atoms. On a clean Ag(111) surface, the most stable site is on threefold coordinated fcc 
hollow sites. This results in much smaller Ag-O interaction energies on the latter surface 
than on Ag(100). Looking at the activation barriers (AB) for OMC formation showed an 
energy requirement of 75 kJ/mol on the Ag(111) surface. The same AB is 20 kJ/mol lower 
on the Ag(100) surface. Theoretical results indicate that total oxidation is the preferred 
pathway regardless of the surface crystal plane. Nevertheless, propylene oxide and other 
oxygenates are produced with a higher selectivity on the Ag(100) surface. This was also 
supported by catalytic tests, where the allylic route was favored on the Ag(111) catalyst, 
and formation of PO and other oxygenates was observed over the Ag(100) surface. 

While Cheng et al. [35] investigated nanocrystalline diamond-supported silver 
aggregates, they found no measurable activity for propylene epoxidation. This indicates 
that the metal-oxide interface sites are necessary for any measurable activity. Looking at 
unsupported Ag19 and Ag20 clusters and alumina-supported Ag19 showed that barriers for 
oxygen dissociation are small compared to that on crystalline surfaces (Figure 9). 
Additionally, the dissociation is favored at the interfacial sites. These two facts are likely 
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the reason nanoparticles are more active than crystalline silver. After dissociation, the 
oxygen on the Ag particle is more likely to epoxidize propylene, while the one on the 
support is likely to produce acrolein or combustion. Oxygen atoms at the metal-oxide 
interface are also more selective in epoxidation than the atoms on top of the Ag 
nanoparticle. The results presented by the authors are in good correlation with those 
reported previously by Lei et al. [32]. 

 

 

Figure 9: Ag19 and Ag20 clusters investigated by Cheng et al. Reproduced with permission 
from Ref. [35]. Copyright 2013 American Chemical Society.  

Ghosh et al. [36] synthesized highly dispersed silver nanoparticles (2-5 nm) on WO3 
nanorods. The catalysts were highly active (15.5 % propylene conversion) and selective (83 
% PO selectivity) in the propylene epoxidation reaction using molecular oxygen. They 
tested other supports such as Cr2O3 and MoO3, and also Cu on tungsten oxide; however 
Ag/WO3 outperformed all the others. The catalyst was very poor in propylene selective 
oxidation at atmospheric pressure and temperatures below 150 °C. Increasing both 
parameters significantly improved the yield of PO, where other oxygenates and CO2 were 
detected only as side products. Increasing the temperature from 200 to 400 °C increased 
the propylene conversion from 9 % to 27 %, accompanied by a drop in selectivity from 91 
% to 54 %. At a pressure of 1 MPa, the conversion was ∼7 % and the selectivity 39 %. At 
3-4 MPa, the conversion (∼25 %) increased but, again, at the expense of selectivity (55 % 
PO selectivity). Optimal conditions were achieved at a temperature of 250 °C and a 
pressure of 2 MPa. 

Lee et al. [37] modified Ag catalysts with an increasing Mo content. It was confirmed 
by XRD that some separate molybdenum phase was formed during synthesis, but the 
actual metal composition was very similar to the nominal. XPS analysis of the samples 
showed an increase in binding energy of the Ag 3d orbital. This stunts electron flow from 
the silver atom to the adsorbed oxygen, reducing its nucleophilic character. The reduced 
negative charge prevents total oxidation of adsorbed propylene or other preformed 
oxygenates. During the catalytic tests, PO selectivity correlated very well with the shift in 
binding energy. The selectivity also showed a high dependence on the Mo loading, which 
also correlated well with the results of XPS. At the optimal composition propylene 
conversion was ~12.5 %, and PO selectivity was approximately 60 %. Catalysts remained 
mostly stable 6 h of TOS, and the optimal composition was reusable for another cycle of 
catalysis.  

A series of core-shell, Ni-Ag/SBA-15 catalysts were synthesized by Yu et al. [38]. With 
this composition the authors expected an isomorphic effect, a contraction of the silver 
lattice parameter due to the presence of Ni. Nickel has the same fcc crystal structure but 
with a smaller lattice parameter. However, the opposite effect was observed by EXAFS, 
the Ag-Ag interatomic distance increased. Fitting of the Ag K-edge gave a coordination of 
8 which is expected with small particles with a lot of surface un-coordinated sites. This 
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was attributed to a tremendously high ratio of surface to bulk silver atoms, since surface 
atoms are loosely packed. Fitting of the Ni K-edge gave a coordination of 10-11, when 
taking into account the Ni-Ag pairs. These results indicate that Ni is in a quasi-bulk-like 
position where the surface Ni atoms are in close contact with Ag atoms. With an optimal 
composition of Ni1Ag0.4/SBA-15 the core-shell catalysts exhibited excellent stability even 
after 10 h of TOS. The selectivity of the latter was over 70 %, however propylene conversion 
was under 1 %. 

 

 

Figure 10: Schematic representation of Ni-Ag core-shell catalysts used by Yu et al. 
Reproduced with permission from Ref. [38]. Copyright 2018 Elsevier B.V. 

Lanthanide oxides were examined as possible supports for Ag nanocubes and 
nanospheres. Yu et al. [39] tested La, Gd, Eu, Yb, and Lu oxides supports, and compared 
them to a commercial Al2O3. From the tested materials, silver supported on Yb2O3 and 
Lu2O3 produced no PO, while the other three supports all outperformed the commercial 
Al2O3. At the reaction temperature 270 °C, La2O3-supported silver nanocubes showed the 
highest propylene oxide yield with 51 % PO selectivity. The PO production rate was ~6-
fold higher than the alumina-supported catalyst and ~100-fold higher than over La2O3-
supported nanospheres. To elucidate the properties that enable such a high PO production 
rate, some DFT calculations were performed. The polar surface of La2O3 decomposes 
molecular oxygen, which then migrates to the Ag(100) plane of the nanocube. This forms 
electrophilic atomic adsorbed oxygen which reacts with propylene to form the 
oxametallacycle intermediate. A lower combustion and AHS rates are likely due to longer 
interatomic distances of the Ag(100) surface which stunts the reaction of adsorbed oxygen 
with the allylic hydrogen. 

In summary, Portela et al. [20] found that partial pressure of oxygen contributes 
strongly to selectivity for PO, observed also by Henriques et al. [21], and Lu and Zuo [22]. 
In general, increasing oxygen content in the reaction mixture increases the conversion at 
the expense of selectivity for PO. This is most likely due to further combustion of the 
latter. Epoxidation is also very sensitive to temperature. Increasing it in all cases also 
increases propylene conversion, but is always accompanied by a decrease in PO selectivity. 
Lei et al. [32] found that highly dispersed silver particles prefer allylic hydrogen stripping, 
since the interfacial oxygen is more reactive and preferentially produces acrolein. A similar 
observation was noted by Cheng et al. [35] on Ag nanoparticles. Zemichael et al. [23] 
reported that the optimal silver particle size for epoxidation is between 20 and 40 nm. 
Modification of the Ag nanoparticles with other metals has shown to increase PO 
selectivity. Lu et al. [24] showed that the cation and anion part of the alkali salt used for 
catalyst modification affect the selectivity. Several other researchers noted a similar effect. 
Luo et al. [25] reported that catalyst modification by CuCl increased PO selectivity, while 
some other chlorides (Fe, Mn, Au) do not. Jin et al. [26] indicated that even modification 
by metal oxides such as MoO3 can increase PO selectivity. Yao et al. [40] noted a similar 
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effect due to catalyst modification with Y2O3, while also reporting a reduction in catalysts 
sintering. Bere et al. [30] used an engineering approach to increase PO selectivity by using 
a membrane reactor to separate the reactants. They noted an increase in PO selectivity 
which indicates that further combustion of oxygenates is an issue. Ghosh et al. [36] found 
that selectivity over Ag/WO3 increased with increased pressure, with the optimum at 2 
MPa. Most of the research on propylene epoxidation agrees that the OMC is a necessary 
intermediate for PO formation. Pulido et al. [34] found that the exposed crystal plane of 
Ag affects the active oxygen species and the activation barrier for OMC formation. Work 
done by Lee [37] showed that Mo modification of the catalysts reduces the negative charge 
on oxygen and promotes OMC formation over AHS. Yu et al. [38] discovered that core 
shell Ni-Ag nanoparticles also show increased PO selectivity, due to altered electronic 
properties of the surface silver atoms. In their work, Yu et al. [39] proved that some 
lanthanide oxide supports decompose oxygen and produce electrophilic oxygen species. 
These favor OMC formation and increase PO selectivity.  
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1.3.2 Copper-containing catalysts 
Copper, among other transition metal catalysts, has been extensively tested in propylene 
oxidation with molecular oxygen. The studies were focused more on acrolein and CO2 
pathways [41]–[46], and propylene oxide was rarely mentioned as a co-product [47]–[50]. 
The prevailing theory was that PO is formed by homogeneous reactions in the post-
catalytic space [47], [48]. 

Daniel and Keulks [48] tested several bimetallic (Cu-Mo, Fe-Mo, and Mn-Mo) oxide 
catalysts and found PO as a co-product in all cases. The allyl radical reacts with the 
surface-bound oxygen, to produce allyl peroxide radicals or hydroperoxides. Although, a 
reaction of a free radical species with gas phase oxygen is also possible. The authors 
suggested that propylene oxide most likely forms from homogeneous reactions on the 
surface of the catalyst. The peroxide/hydroperoxide or a hydroxyl radical species, formed 
as a degradation product, reacts with propylene. All of the mentioned catalysts also 
produce acrolein, which is formed after allylic hydrogen abstraction. It was observed that 
packing the post-catalytic space with quartz wool increased acrolein yield. This suggests 
homogeneous reactions of oxygenates (formed over the catalyst) with oxygen to produce 
CO, CO2, and water. 

Abstraction of the allylic hydrogen that leads to acrolein production could not be 
studied under low pressure conditions, since the adsorption enthalpy for propylene is very 
low. To avoid this issue styrene was used to study alkene epoxidation [51]. Vaughan et al. 
[52] prepared simplistic Cu/SiO2 catalysts and tested them in propylene epoxidation. Two 
different synthesis techniques were used to produce smaller and larger copper particles. 
Adding hydrogen gas to the reaction had no effect on selectivity or conversion for any of 
the catalysts. With differential tests, where propylene and acrolein were fed into the 
reactor, the authors wanted to determine why PO production drops off with increasing 
temperature. They found that in the absence of oxygen, copper can isomerize PO to 
propanal. The latter can undergo oxidative dehydrogenation to acrolein. In the tested 
catalysts, a NaCl promotor actually had a detrimental effect on PO selectivity. The authors 
concluded that the active phase is a highly dispersed form of metallic copper that achieves 
high selectivity (53 %) at low conversions (0.25 %). 

Wang et al. [53] tested several transition metals, dispersed over SBA-15, modified with 
different alkali and alkaline earth salts. The catalysts (Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, 
Mo, W, Ag, and Au) were prepared by incipient wetness impregnation with a metal loading 
of 1 wt %. Among all the catalysts, copper exhibited the highest conversion of propylene 
with low selectivity for PO. Modification with group 1 metals decreased the activity in all 
catalysts, regardless of the metal, while group 2 metals had minimal effect on the activity. 
The best ratio between activity and selectivity was achieved when potassium was used as 
the modifying adatom. Several K+ salts were further used to modify the CuOx/SBA-15 
catalyst such as KAc, KOH, KCl, K2CO3, and others. The highest PO selectivity achieved 
was 59 % at 0.4 % conversion, at 225 °C (Table 4). However, the selectivity dropped 
drastically (14 % PO selectivity, 13 % C3H6 conversion) when the reaction temperature 
was increased to 350 °C.  
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Table 4: Reaction conditions used by Wang et al. [53]: catalyst weight, 0.20 g; partial 
pressures of C3H6 and O2, 2.5 and 98.8 kPa, respectively; total flow rate, 60 mL min−1. 

Catalyst1 T (K) C3H6 conv. (%) Selectivity (%) 

   PO Acrolein Others2 CO CO2 

CuOx/SBA-15 

498 0.8 6.9 41 16 11 25 
523 2.7 4.1 25 6 14 51 
548 6.6 1.8 21 2.9 18 56 
573 14 0.6 17 1.3 20 62 
623 33 0.1 12 0.8 26 61 

K+-CuOx/SBA-
15 

498 0.4 59 8.7 3.5 4.2 24 
523 1 46 6.4 1.9 5.5 40 
548 2.1 35 4.9 1.1 9.1 49 
573 4.7 26 4 0.7 10 60 
598 7.2 20 3.4 0.5 13 63 
623 13 14 2.9 0.3 16 67 

1Copper content, 1.0 wt. %; K/Cu = 0.70. 
2Other products include allyl alcohol, acetone and acetaldehyde. 

 
Unsupported copper particles modified with vanadium showed a similar catalytic 

performance with a PO selectivity of 35 % at 0.78 % conversion. Yang et al. [54] found 
that the modification also increases copper dispersion from 0.48 % to 4.7 %. The selectivity 
for PO does not correlate with the increased dispersion but follows a bell curve, where the 
optimal V/Cu ratio is between 0.11-0.20. This indicates that the increase in Cu surface 
area could not account for higher PO yield. Additionally, the authors observed a gradual 
oxidation of the metallic copper to Cu+. This indicates that for propylene epoxidation using 
molecular oxygen, copper should be oxidized to Cu2O. Finally, with C3H6- TPR and H2-
TPR a reduction in the reactivity of the surface oxygen species was noted. Nucleophilic 
oxygen quickly reacts with the allylic hydrogen to produce acrolein. Vanadium modification 
changes these species from nucleophilic to electrophilic, which gives rise to higher PO 
selectivity. 

He et al. [55] synthesized CuOx/SiO2 catalysts and modified them Cs+. The primary 
products over the unmodified catalysts were PO, acrolein and COx, allyl alcohol is a 
product of PO isomerization. Increased contact time decreased the selectivity for PO and 
acrolein and increased the selectivity for COx, indicating that both propylene oxygenates 
can easily combust. With the Cs modification, the selectivity for PO was increased by 3-
fold, to 65 %. Longer residence times also resulted in higher selectivity towards COx, but 
a lower selectivity towards allyl alcohol. This indicates that Cs+ modification also inhibits 
the isomerization of PO. It also lowers the overall acidity of the synthesized catalysts, and 
alters the redox properties of the copper phase. The authors postulated that the decrease 
in acidity is what inhibits further isomerization of PO to other oxygenates. The lower 
reducibility also hinted at a decreased reactivity of the lattice oxygen, which prevents 
allylic hydrogen abstraction (Figure 11). Nevertheless, both propylene oxide and acrolein 
were formed simultaneously, even on the modified catalyst. 
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Figure 11: Reaction mechanism for the formations of primary products over the CuOx/SiO2 
catalysts proposed by He et al. Reproduced with permission from Ref. [55]. Copyright 2012 
Elsevier Inc. 

Marimuthu et al. [56] studied copper oxidation state switching by localized surface 
plasmon resonance. The catalysts used were supported Cu nanoparticles on a silica matrix. 
They found that in purely thermal conditions, the selectivity for propylene oxide remained 
below 20 %. Under photothermal conditions, with low light intensity (<550 mW/cm2) 
there was minimal change in the selectivity. However, once 550 mW/cm2 were reached, the 
selectivity increased ~2.5-fold. Under the epoxidation conditions, the copper nanoparticles 
immediately oxidized, and formed a Cu2O shell. With the help of XRD and UV-vis 
extinction analyses, the sudden rise in PO selectivity was attributed to a reduction of the 
Cu2O shell on the nanoparticles. The reduction is mediated by radiative energy injection 
from the metallic core to the oxide shell. The energy facilitates an enhanced rate of electron 
transfer from the valence to the conductive band of the Cu2O semiconductor. This weakens 
the Cu-O chemical bonds and eases the removal of the surface oxygen species. Increasing 
light intensity to the threshold (550 mW), and above, is accompanied by an increase in 
CO2 selectivity as a result of total combustion of propylene oxygenates.  

On the other hand, Kalyoncu et al. [57] tested a CuO-RuO2 binary oxide catalyst with 
and without NaCl promotion, and found that a combination of Cu+ and Ru+ is the 
selective phase. They tested several silica supports along with several Cu : Ru : Na 
combinations. The best performance is achieved by the 2 wt % Cu and 5 wt % Ru on 
commercial SiO2 modified by 1.75 wt % NaCl. The catalyst achieved a PO selectivity of 
35.6 % at 9.4 % propylene conversion. Interestingly, they only observed 8.1 % selectivity 
for PO, when potassium acetate was used as the modifying salt (Figure 12). The salt 
modification increases the PO selectivity while simultaneously decreasing the conversion 
of propylene. The authors proposed that the binary system retards the total reduction of 
the metal oxides. Modification with NaCl does cover some active sites, but alters the 
properties of the surface-bound oxygen species, evident from CO adsorption Fourier-
transform infrared spectroscopy (FTIR) studies. 
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Figure 12: Catalytic performance of the 2 wt % Cu and 5 wt % Ru on commercial SiO2 
catalyst modified by different alkaline metal salts (GHSV = 20,000 h-1, gas composition: 
C3H6 : O2 = 1:2, T = 300 °C). Reproduced with permission from Ref. [57]. Copyright 
Springer Science+Business Media New York 2014. 

A similar observation regarding copper (I) oxide has been observed by Yang et al. [58]. 
The authors prepared a TiCuOx on a Cu(111) surface to stabilize copper in the Cu+ 
oxidation state. With high resolution electron energy loss spectroscopy (HREELS) 
supported by DFT analysis, they confirmed the presence of the propylene oxametallacycle 
on the surface of TiCuOx. The peaks assigned to OMC binding were not observed on either 
the Cu(111) or Cu2O. From the TPD analysis, where propylene and O2 were co-exposed to 
the catalyst, the calculated PO selectivity was 69 %. The Cu+ in the TiCuOx phase was 
not reduced during CO adsorption studies, which indicates a lessened reactivity 
(nucleophilicity/basicity) of the surface oxygen species. The combined analyses (TPD, 
XPS, and HREELS) performed showed that PO chemisorbs to the surface of the 
synthesized catalyst. More importantly, it desorbs as propylene oxide, the epoxide ring 
closes and no isomerization takes place. This is not the case when the surface is either 
Cu(111) or Cu2O.  

Song and Wang [59] used DFT analysis to study the different oxygen species (O2–, O–, 
and O2

–) found on the Cu2O(111) catalyst (Figure 13). The most active species is the 
surface-bound O-. For this species, the activation barriers (AB) for the transition states 
that lead to OMC formation are significantly higher than those for AHS, which leads to 
acrolein formation. The most selective species is the surface-bound O2

–. It is less active 
than the O- species, but more than the lattice O2–. The AB for the transition states that 
lead to OMC formation are similar to those for AHS, which indicates PO is a likely product. 
With lattice O2–, the AB for the ring closing step that leads from OMC to adsorbed 
propylene oxide are too high to give any noticeable PO selectivity. With a proton probe 
analysis the authors found that the binding strength of the H-atom is −0.80, −1.60, and 
−0.37 eV for the O2

–, O–, and O2– species, respectively. From these results it is evident that 
the basicity of O- is pointedly higher than for the other two species.  



1.3. Gas Phase Catalysis 19 

 

Figure 13: Analysis of energetic span model with surface O2–, O–, and O2
– species on 

Cu2O(111). Reproduced with permission from Ref. [59]. Copyright 2018 American Chemical 
Society. 

Diekmann et al. [60] studied the effect of copper oxide particle size on propylene oxide 
selectivity. They prepared catalysts with an increasing copper loading from 1.1 % up to 
19.4 % using SBA-15 as the support. Increasing the loading also increased the particle size, 
but no crystalline copper was detected in the catalysts. The copper atoms were in 
octahedral (CuO6) coordination with some tetragonal distortion. All the tested catalysts 
produced acrolein as well as PO. The selectivity for acrolein was much higher than that 
for PO. The selectivity for the latter exhibited a nearly linear correlation with the amount 
of bridging oxygen atoms (Cu2+-O2--Cu2+). These species, identified and relatively 
quantified by UV-Vis-DR, increased with increasing copper loading. Larger copper oxide 
particles give higher PO selectivity whereas acrolein selectivity was independent of copper 
loading. Increasing the size of copper particles increased the availability of bridging 
(electrophilic) oxygen species selective for propylene epoxidation. 

To conclude, Vaughan et al. [52] found that copper oxide can isomerize PO to other 
oxygenates, thus lowering the apparent selectivity. They additionally postulated that 
dispersed copper, and not the larger copper oxide crystallites, is the active site for propylene 
epoxidation. Wang et al. [53] found that the low PO selectivity of pure copper oxide on a 
silica support can be increased by modification with potassium. Yang et al. [54] modified 
the metallic Cu catalysts with V and witnessed a gradual oxidation to Cu+. They assume 
this is the selective oxidation state for PO. They additionally saw a reduction in the 
nucleophilicity of the surface oxygen species as a result of the modification. A similar 
observation was noted by He et al. [55] with Cs+ modified catalysts. Lower reducibility of 
the catalysts indicated a lower reactivity, and consequentially a higher PO selectivity for 
the modified catalysts. The authors also saw a decrease in surface acidity, which they 
assumed lowers the amount of PO that isomerizes to other oxygenates. They also found 
that increased contact time increases the selectivity for COx as a result of total oxidation 
of oxygenates. Yang et al. [58] prepared TiCuOx species to prevent the oxidation or 
reduction of Cu+ sites. As in other publications, they noted a decrease in surface oxygen 
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basicity/nucleophilicity, which leads to higher PO yields. A similar thing was reported by 
Kalyoncu [57] et al. with their NaCl-modified CuO-RuO2 catalysts. The bimetallic nature 
prevented total reduction, while NaCl modification alters the electronic properties of the 
active sites. Marimuthu et al. [56], on the other hand, found that metallic copper gave a 
higher PO selectivity. They used the localized surface plasmon resonance effect to keep 
copper reduced. However, the mechanism of plasmon-mediated epoxidation reaction could 
be very different compared to regular photocatalytic one, explaining the relevance of 
metallic Cu for PO selectivity. Using DFT, Song et al. [59] calculated activation barriers 
for OMC formation and ring closure for different reactive oxygen species. They found that 
O2

- is the most selective species for PO formation. The O- species is the most reactive and 
favors AHS, and O2- has a high activation barrier for ring closure. Diekmann et al. [60] 
found that increasing copper loading increases the amount of bridging Cu-O-Cu species. 
These have an electrophilic oxygen which is selective for PO formation. 
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1.3.3 Various catalysts 
Besides copper- and silver-based materials, several other catalysts have been tested for the 
direct propylene oxidation reaction. Combinatorial studies performed on several metals [61] 
showed that there are several potential candidates for propylene epoxidation. 

Yoshida et al. [62] tested the photocatalytic capability of pure silica and MgO-loaded 
silica, in the selective propylene oxidation reaction. They found that even pure silica shows 
some selective photooxidation to acetaldehyde and propylene oxide. The silica used was 
prepared by evacuation at high temperatures (800 °C), which produced coordinatively 
unsaturated silica sites. The addition of magnesium promoted the yield of all oxygenates. 
Regardless of the loading technique (chemisorption of incipient wetness impregnation), the 
catalysts with a lowest MgO loading (1 %) exhibited the highest PO selectivity. The sites 
that promote PO selectivity are highly dispersed, tetrahedrally coordinated Mg sites. MgO 
crystallites or islands mostly promote the oxidation to acetaldehyde. 

A similar observation was noted by Yoshida et al. [63] with highly dispersed titania on 
silica. TiO2 is a well-known photocatalyst, very active under UV-light illumination. The 
reaction was carried out in batch mode, in a closed quartz vessel. Bulk TiO2 showed very 
good conversion of propylene (14.1 %) even after 1 h of irradiation, but the main product 
was COx (96.2 %, Table 5). The sol-gel and the impregnation methods used to prepare the 
catalyst produced highly dispersed tetrahedral titania species. The catalyst prepared by 
sol-gel showed excellent PO selectivity (57.5 %) and conversion of propylene (9.2 %) after 
2 h of irradiation. After 8 h of irradiation the catalyst prepared by impregnation gave a 
PO yield of 9.2 %, and no further oxidation of PO was observed. 

Table 5: Results of propylene photooxidation reported by Yoshida et al. [63]. 

Sample 
Irradiation 

 time 
[h] 

Propylene 
conversion 

[%] 

PO 
yield 
[%] 

Selectivity2 [%] 

PO 
P
A 

AC 
A
L 

AA 
AL
C 

H
C 

COx 

SiO2 2 0.7 0.2 27.1 1.4 26.7 8.9 16.8 6 8.8 4.3 
TiO2 1 14.1 0 0 0 1.3 0 0.8 0 1.7 96.2 

T/S(0.1)1 2 9.1 3.7 40.8 3.3 11.3 4.2 24.5 3.6 2.3 10 

T-S(0.34)1 2 9.2 5.3 57.5 2.7 5.8 1.2 21.1 0 5.1 6.6 

1 Number in parenthesis shows the molar % of titanium. 
2 (PO-Propylene oxide, PA-Propanal, AC-Acetone, AL-Acrolein, AA-Acetaldehyde, ALC-
Alcohol, HC-Hydrocarbons, COx-CO and CO2). 
 
Murata et al. [64] used similar reaction conditions (a batch reactor with a 200 W Xe 

lamp) to see the epoxidation capability of chromium on silica. They produced highly 
dispersed chromate species on amorphous silica, with the impregnation method. Diffuse 
reflectance UV/vis results showed no absorption bands in the region above 580 nm (catalyst 
with 0.1 wt % Cr), which would indicate d-d transitions in bulk CrxOy. The best performing 
catalyst achieved a propylene conversion of 16.7 % with a PO selectivity of 44 %, after 2h 
of irradiation. Using a cutoff filter had negligible effect on PO selectivity, but reduced the 
activity by approximately half. This shows that visible light is sufficient to epoxidize 
propylene to propylene oxide. Higher loading of chromium (1.5 wt %) did not increase the 
conversion, but did completely alter the selectivity (3.7 % PO selectivity, 61.5 % COx 
selectivity). When plotting the PO yield versus the relative photon absorption (altered by 
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cutoff filters), a linear correlation is observed. Excluding UV light did not affect the 
selectivity or the quantum yield of C3H6 epoxidation. 

Softer oxidants than molecular oxygen were also examined. Duma and Hönicke [65] 
performed direct propylene epoxidation using nitrous oxide (N2O). Several types of silica 
support were used, and the synthesized iron oxide nanoparticles measured less than 2 nm 
in diameter. All the samples were neutralized with Na acetate to reduce the acidity of the 
catalysts. The activity dependence on sodium loading followed a bell shape, with an 
optimum Na acetate concentration of 0.1 M (~70 % PO selectivity). The best support was 
found to have exclusively mesopores, approximately 5 nm in diameter. The selectivity for 
PO increased (~37 % PO selectivity) with increasing N2O concentration up to 15 %, after 
that the selectivity decreased due to further oxidation of PO. As with other catalysts, with 
increasing temperature, the reaction rate increased, but the selectivity for PO decreased. 
Regeneration tests showed that some carbonaceous species bind to the catalyst and cause 
deactivation. Cleaning the catalysts in an oxidative atmosphere resulted in a relatively 
stable PO yield across 50 cycles of catalyst reuse. With TOS, the selectivity for PO steadily 
increased, which indicates that most active oxidation sites deactivate first. The reaction 
initiated by a non-dissociative adsorption of N2O followed by a reaction with adsorbed 
propylene. 

The exact nature of the modifying basic metal was investigated by Wang et al. [66], 
who investigated the effect of alkali salts on the selectivity of iron-catalyzed propylene 
oxidation. They also used N2O as the oxidant and a highly dispersed iron on silica catalyst. 
For the FeOx/SBA-15 catalyst used, KCl modification presented the highest PO yield. The 
modification increased the selectivity for PO (72 % PO selectivity) and increased the 
activity (4.5 % C3H6 conversion) of the catalyst. The authors found that the reactivity of 
the lattice oxygen is decreased, which suppresses AHS. Additionally, the dispersion of the 
iron species is enhanced, where the coordination of iron atoms is changed into a surface 
tetrahedral configuration. Finally, the surface acidity introduced by iron species is 
eliminated, which enables higher PO yields. The authors investigated further by co-
modifying the catalysts with boron, and removing the halogen [67]. Boron addition further 
increased the selectivity (79 % PO selectivity for K+ modification) and the activity (4.8 % 
C3H6 conversion for K+ modification) of the catalysts, regardless of the modifying alkali 
adatom (K+, R+, or Cs+). The drop in selectivity was less sensitive to an increase in 
temperature, where at 13 % propylene conversion, the PO selectivity remained at 55 %. 
Moens et al. [68] also used an iron catalyst modified with different alkali and alkaline earth 
metals. A similar conclusion was reached that both the anion and the cation are important 
in the modifying salt. The optimal catalyst composition in their case was 0.15 wt % Fe on 
silica loaded with 1.8 wt % of Rb2SO4. After 80 min of reaction, this catalyst achieved a 
propylene conversion of 16.8 % and a PO selectivity of 59 %. The selective sites were highly 
dispersed iron species in a distorted tetrahedral coordination. When the iron content was 
increased, it led to the formation of larger FexOy species which favor deep oxidation of 
propylene. If PO was fed into the reactor, pure silica isomerized it completely to other 
oxygenates (acrolein, propanal, and acetaldehyde). This was significantly reduced by 
Rb2SO4 addition (only 28.9 % PO conversion), likely due to the neutralization of acid sites. 
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Figure 14: Reaction pathways for the oxidation of C3H6 over the 1 wt % FeOx/SBA-15 
with and without modification by KCl (K/Fe = 5) proposed by Wang et al. Reproduced 
with permission from Ref. [66]. Copyright 2005 American Chemical Society. 

Lu et al. [69] used copper-vanadium bimetallic catalysts. The catalysts were 
subsequently modified with NaCl to boost PO selectivity. Higher valence states of copper 
were found to be non-selective, so H2 was co-fed into the reactor. They worked in a flow 
reactor with air as the oxidant. Keeping Cu in a low valence leads to ~70 % PO selectivity 
and a stable catalyst for 9 h. Amano and Tanaka [70] used a pure vanadium oxide catalyst 
with a silica support. The catalysts were modified with several alkali metals (Li+, Na+, K+, 
and Rb+), but rubidium showed the highest increase in selectivity. The optimal Rb/V ratio 
was found to be 1.5 at 0.5 wt % vanadium loading. With this composition, the authors 
reported a C3H6 conversion of 1.39 % and a PO selectivity of 28.1 %, after 600 min of TOS 
(Table 6). A flow reactor was used and 10 % oxygen as the oxidant. UV/vis DR spectra 
of the unmodified material showed a band at approximately 400 nm assigned to ligand to 
metal charge transfer (LMCT) in VO5/VO6 species. When the Rb/V ratio was 1.0 or above, 
this band disappeared and PO yield increased. This indicates that the one-to-one rubidium-
vanadium species are selective for PO. 

Table 6: Results of photo-oxidation of propylene over Rb+-modified silica-supported 
catalysts (Rb–VS) samples reported by Amano and Tanaka [70]. (V2O5 loading 0.5 wt %.). 

Sample Rb/V TOS [min] 
C3H6 conversion 

[%] 

Selectivity [%] 

PO C3
1 Ethanal CO2 

VS 0 180 0.38 14 19 52 15 

Rb–VS 

0.5 60 0.59 28 7.7 31 33 
1 60 1.4 31 6.2 16 47 

1.5 60 1.56 31 6.8 15 47 
 600 1.39 28 8.1 15 49 
3 60 1.5 19 4.6 10 66 
6 60 1.02 8.9 4.8 6.2 80 

SiO2 – 180 0.01 72 0 Trace 28 
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1 Oxygenated C3 products; acrolein, acetone, and propanal. 

 
Song et al. [71] examined molybdenum-based catalysts in a fixed bed reactor with a 

mixture of propylene and propane. Air was used as the oxidant, and a test was performed 
where NO was co-fed into the reactor. The PO produced originates from propylene, and 
propane only acts as an inert gas. The selectivity and the conversion were highly dependent 
on the reaction temperature. Increasing the temperature from 300 to 305 °C increased the 
conversion from 7 % to 22.9 % and lowered the PO selectivity from 28.2 % to 10.5 %. 
Adding NO to the reactant gasses and increasing the pressure to 4.5 atm had a significant 
effect on PO yield. At 300 °C, the conversion of C3H6 increased to 18.2 % and the selectivity 
lowered slightly to 24.0 %. The authors used a two-level reactor with a separately heated 
post-catalytic bed space. With this, they found that activity of the oxidation reaction is 
minimally dependent on the temperature of the catalytic bed, but very sensitive to the 
temperature of the post-catalytic bed space. This could indicate a formation of radicals 
and a possible gas-phase radical chain reaction. Pang et al. [72] modified MoO3 catalysts 
with a Bi2SiO5 separate phase. In a flow reactor using O2 as the oxidant, the authors 
achieved a conversion 21.99 % and a PO selectivity of 55.14 %. The optimal Mo/Bi ratio 
was found to be 5. Running the catalytic reaction for 10 h showed an increase in selectivity 
from ~50 % to ~56 %, which remained stable for 170 h. Catalyst activity decreased with 
TOS from ~23 % to ~16.5 % after 180 h. The decrease in activity was attributed to a slow 
agglomeration of the MoO3 phase, and consequentially a decrease in the number of active 
sites. A possible synergistic effect was proposed, where the Mo phase activates propylene 
by stripping the allylic hydrogen. The Bismuth-containing phase activates oxygen which 
in turn reacts with the generated allylic radical to produce a superoxide allylic radical. The 
latter enters a chain reaction that ends in PO formation. To improve the stability of these 
catalysts, Xu et al. [73] pretreated the BixSi1–xO2 with acid before loading it with Mo. In 
the catalytic reaction, they used similar conditions as Pang et al. [72]. The acid 
pretreatment affected the activity of the catalyst and had a negligible influence on the 
selectivity of the catalyst. Long term testing of the catalyst showed that in 220 h of TOS 
propylene conversion drops to 17.1 % from 20.2 %, at constant PO selectivity (~56 %). 
After regeneration in air, the catalyst regained most of its activity and had a C3H6 
conversion of 19.2 % in the second cycle after 5 h of TOS. The catalysts were then further 
modified with Ti by Lei et al. [74]. This further increased the activity of the catalysts and 
their selectivity for PO. Under certain conditions (Ti/Mo = 0.3, Mo/Bi = 3, 0.1 g catalyst 
and 2 g quartz sand, C3H6/O2/N2 = 2/4/19 mL min−1, T = 400 °C, reaction pressure 0.15 
MPa), a conversion of 20.5 % with a PO selectivity of 64.7 % could be reached. It was 
found that Ti addition promotes the dispersion of the Mo phase. Additionally, the stronger 
acidity of the catalyst is suppressed and moderate acid sites are generated. By comparing 
the NH3 desorption curves of the modified and unmodified samples, it is evident that a 
Ti/Mo ratio 0.3 gives the optimal acidity conditions. A lower reduction extent, seen in H2-
TPR measurements, of the modified samples indicates a reduced reactivity of lattice 
oxygen. This nucleophilic oxygen oxidizes the allylic hydrogen. Titanium sites were also 
proposed to be the active sites for allylic radical generation. This increases the generation 
of superoxide allylic radicals which react to PO, thus increasing the activity and the 
selectivity of the catalyst. 
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Figure 15: Synergistic effect between MoO3 and Bi2SiO5 in propylene epoxidation proposed 
by Pang et al. Reproduced with permission from Ref. [72]. Copyright 2014 WILEY‐VCH 
Verlag GmbH & Co. KGaA, Weinheim. 

Seubsai et al. [75] synthesized trimetallic Sb2O3–CuO–NaCl/SiO2 catalysts for selective 
propylene oxidation. The best performing combination had a Sb:Cu:Na ratio of 2:3:1 by 
weight, and achieved a PO selectivity of 43 % at 0.66 % propylene conversion (Figure 16). 
The co-existence of Sb2O3 and CuO crystalline phases is essential for PO production, and 
NaCl acts as a promotor reducing further oxidation or isomerization of the products. 
Sodium chloride presumably occupies the most active sites on the catalyst surface and 
consequently reduces propylene conversion. Testing the catalyst for 10 h did show some 
deactivation, from 0.95 % C3H6 conversion at the start, to 0.65 % at 10 h. The catalyst 
could be regenerated, however, by a dilute HCl treatment followed by calcination. The 
dilute HCl supposedly dissolves the sintered Sb2O3 and CuO crystallites, which are then 
re-dispersed during the calcination step. To improve the stability and selectivity, Seubsai 
et al. [76] combined CuO with RuO2 and modified it with NaCl, TeO2, Cs2O, and TiO2. 
The best performance was achieved at a Ru/Cuௗratio ofௗ3 and modified with NaCl, however 
the catalyst deactivated rapidly. The deactivation was a result of the loss of Cl- due to 
steam formed during the reaction. The best stability/activity/selectivity was measured 
when TeO2 was used as the promotor. NH3-TPD analysis revealed a reduction in strong 
acid sites when the promotor was added, which is the likely reason for increased PO 
selectivity. Optimizing the reaction conditions led to a PO selectivity of 47 % at ~0.35 % 
C3H6 conversion, and the catalyst remained stable for 12 h of operation. 
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Figure 16: Percent PO selectivities (A) and propylene conversions (B) as a function of Sb–
Cu–Na concentrations on the SiO2 support at 250 °C. All catalysts had a total metal 
loading of 18 wt % and were calcined at 500 °C. Reproduced with permission from Ref. 
[75]. Copyright 2015 The Korean Society of Industrial and Engineering Chemistry. 
Published by Elsevier B.V. 

Lee et al. [77] used a CeZrO2-supported tungsten oxide catalyst. Increasing the Ce molar 
content from 0.05 to 0.5 increased the activity of the catalyst significantly (up to 24.7 %), 
but lowered the PO selectivity from 31.6 % to 0 %. The catalyst with a pure ZrO2 support 
exhibited no propylene oxidation capacity, while a CeO2 support converted 27.5 % 
propylene. The selectivity for PO in the latter case was only 11.7 %, which indicates either 
PO or propylene react with ceria lattice oxygen to form COx. The authors inferred that 
the acid sites on the catalyst promote PO formation, whereas basic sites promote AHS. In 
their case, they found a very good correlation between acid/base ratio and selectivity 
towards PO. Overall their best performing catalyst was 7 wt % of tungsten oxide on a 
mixed CeZrO2 support, where the molar ration of Ce : Zr was 0.05 : 095. This catalyst 
converted 3.8 % of propylene with a PO selectivity of 46.8 %. 
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1.4 Mechanism of Propylene Epoxidation 
In the epoxidation reaction, the oxygen addition into the double bond is an electrophilic 
addition process, while allylic hydrogen stripping (AHS) is a nucleophilic process (Figure 
17). This means that the electronic properties of the oxidizing agent are very important. 
There are several theories as to what determines the selectivity in the direct propylene 
epoxidation reaction using molecular oxygen. From the different acid/base properties of 
the catalyst, the geometry of the active site, and so on. However, the consensus among the 
scientific community is that the necessary intermediate is the oxametallacycle (OMC) [78]–
[85]. In the following section, the formation of this crucial intermediate is discussed.  
 

 

Figure 17: In the figure the HOMO orbitals (left) and the electron density (right) of 
propane a), propylene b) and propylene oxide c) are shown. The allylic hydrogens are the 
ones bound to the methyl group. In the electron density images, the areas colored red 
indicate areas of higher electron density, whereas areas colored blue indicate the opposite. 

a) 

b) 

c) 
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The calculation method was M06-2x/aug-cc-pVTZ; the isosurfaces shown are electronic: 
density 0.01 e/bohr^3; HOMO: 0.02; the charges shown are AIM charges.  

 
During propylene oxidation, allylic hydrogen stripping is a persistent problem. Xu and 

Friend [78] studied oxidation of propylene to acetone over a rhodium catalyst. They found 
that on Rh the allylic C-H bond is not activated. With high oxygen surface coverage (over 
0.45 monolayers), selective oxidation is preferred, while combustion is favored over low 
oxygen covered surfaces. They proposed an OMC intermediate must be formed on the 
surface, on one or two Rh atoms. When the intermediate is formed, an intermolecular 
hydrogen transfer must occur. The elimination of β-hydrogen and hydrogenation of the α-
carbon is promoted due to the stabilization effect of the electronegative oxygen. This was 
confirmed by isotopic labeling of the allylic hydrogen atoms and the hydrogen atoms bound 
to α-carbon. Formation of the OMC on a Rh surface was also studied by Brown and 
Barteau [79]. They found that upon epoxide adsorption, the temperature-programmed 
desorption curves are similar to those of alcohols and not aldehydes. The desorption 
products included also CO and H2 indicating decomposition of adsorbed PO. There were 
no C1 or C2 hydrocarbons detected among the desorbed products.  

 

Figure 18: Structure of two oxametallacycle intermediates as proposed by Medlin et al. 
(OMMP1 left and OMMP 2 right). Red-Oxygen, black-Carbon, white-Hydrogen, and gold-
Copper. 

Medlin et al. [80] combined a theoretical and an experimental approach. They 
calculated the stability of different OMC intermediates on late-transition metals. The 
binding energy of the adsorbed intermediate generally decreases from left to right and from 
top to bottom. Two possible OMC isomers were proposed by the authors, the OMMP1 
and the OMMP2 (Figure 18). The calculations showed that the OMMP2 isomer is more 
stable for all metals included in the study. This correlated well with experimental tests 
performed by several authors. On reduced Pd, Pt, Cu, and Ni, hydrogenolysis of propylene 
oxide predominantly led to the formation of ketones and secondary alcohols. These 
reduction products are preferred when OMMP2 is the intermediate formed. When the 
metals (Ni and Cu) are oxidized, the product spectrum mostly includes aldehydes and 
primary alcohols. This indicates the formation of the OMMP1 isomer. The authors propose 
that the oxygen shifts the electron density, resulting in a more electrophilic catalyst. This 
type of material favors cleavage of the C-O bond on the more substituted carbon. 

Lately, several studies were focused on oxygen and its capacity to form the OMC 
intermediate. Dai et al. [84] focused on atomic versus molecular oxygen in the direct 
propylene epoxidation reaction over group IB metal catalysts. Looking at AHS they found 



1.4. Mechanism of Propylene Epoxidation 29 

that atomic oxygen has lower activation barriers compared to molecular oxygen. This leads 
to lower PO selectivity if atomic oxygen is the oxidizing species. The activation barriers 
for OMC formation are noticeably lower when molecular oxygen is the oxidizing agent 
(Figure 19). Firstly, an OMC is formed with two oxygens, which eases the O-O bond 
cleavage and formation of a standard OMC. Deeper analyses revealed that a lower 
propylene activation barrier (in the molecular oxygen mechanism) leads to a better 
selectivity for OMC formation. Additionally, a good correlation was observed between 
hydrogen affinity for the oxidizing agent and the reaction barrier for AHS. 

 

 

Figure 19: Reaction scheme of propylene oxidation by atomic and molecular oxygen 
proposed by Dai et al. Reproduced with permission from Ref. [84]. Copyright the Owner 
Societies 2017. 

Zhao and Wang [85] analyzed the effect of promotors on molecular oxygen and the 
OMC formation over metallic Ag. They found that alkali addition mostly increases the 
activation barriers of all reaction steps, including OMC formation (primary chemistry) and 
epoxide ring closure (secondary chemistry). Chlorine addition, however, increases the 
activation barrier for AHS while simultaneously decreasing it for the primary and secondary 
chemistry. They found that alkali addition increases the electron density on oxygen and 
stabilizes its binding. This is most likely the underlying reason for little change in the 
predicted selectivity for OMC formation. Chlorine, on the other hand, reduces the electron 
density on oxygen, which in turn reduces the probability for AHS. Sodium addition to the 
catalyst has a strong stabilization effect on OMC that leads to increased selectivity for 
secondary chemistry. This is negated by the fact that Na addition has little effect on 
primary chemistry. 

In summary, the OMC intermediate can form on several transition metals or their 
oxides. On metallic Rh, it forms and leads to PO formation when the oxygen coverage is 
high [78]. However, CO and H2 was detected in PO-TPD, which indicates some 
decomposition also occurs [79]. Medlin et al. [80] found that on some late transition metals 
the OMC is very stable. According to the Sabatier principle, the binding strength cannot 
be too strong, since it would prevent ring closure and PO desorption. The authors also 
noted that if Ni and Cu are oxidized, a more electrophilic catalyst is formed. According to 
findings by other researchers, a more electrophilic oxygen favors OMC formation and not 
AHS. Dai et al. [84] confirmed this by calculating the activation barriers (AB) for AHS 
and OMC formation on atomic versus molecular oxygen. The more electrophilic species, 
molecular oxygen has a lower AB for OMC formation, while atomic oxygen favors AHS. 
Zhao and Wang [85] investigated the effect NaCl modification of metallic Ag catalysts has 
on activation barriers. They found that each ion has a different effect on AB for OMC 
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formation and ring closure. Therefore, there is no simple dopant to increase the AB for 
AHS while simultaneously decreasing the AB for OMC formation and ring closure. 
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Chapter 2 

2 Alkali and Earth Alkali Modified 
CuOx/SiO2 Catalysts for Propylene 
Partial Oxidation: What Determines 
the Selectivity? 

This chapter provides an overview of CuOx/SiO2 catalysts efficiency in direct propylene 
oxidation using molecular oxygen. The efficiency of different modifying alkali and alkaline 
earth metal adatoms is investigated. The morphological properties of materials are 
investigated with several in- and ex-situ techniques.  

I investigated the surface area of the support, how it is affected by copper loading, and 
if it changes after alkali and alkaline earth metal modification. The mesoporous ordering 
of the support is confirmed by XRD at low angles and TEM imaging. The active copper 
phase is examined by UV/Vis diffuse reflectance under reducing, oxidizing and relevant 
reaction conditions. The acidic properties of the catalyst are studied by pyridine adsorption 
and DRIFT spectroscopy. Basic properties were probed by CO2-TPD combined with 
DRIFT spectroscopy. With in-situ XANES we looked at the oxidation state of the catalysts 
during reaction conditions and their morphological properties. All of the results were 
correlated with catalyst activity and selectivity obtained from catalytic runs. 

The synthesis technique used produced highly dispersed copper nanoclusters (less than 
1 nm in diameter), with the actual loading very close to the nominal. Some sintering and 
subsequent deactivation is favorable under reducing (reaction) conditions. This is also seen 
from in-situ UV/Vis. Modification with any adatom increased stability, but only alkali 
metal modification increased PO selectivity. The latter modification generated additional 
basic sites of intermediate strength. Alkaline earth metal modification slightly increases 
acrolein selectivity. Different reduction dynamics observed indicate the modification alters 
the kinetics of oxygen abstraction and replenishment. A similar amount of Cu+ during 
reaction conditions indicates its amount is not the only or a major determining factor 
governing PO selectivity. From the results, a tentative reaction mechanism was 
constructed.  

 
Regarding my contribution: I performed all the syntheses and the catalytic tests. I also 
performed the N2 sorption, UV/Vis diffuse reflectance, DRIFT spectroscopy, CO2-TPD, 
and pyridine adsorption experiments. I additionally assisted with the acquisition of 
experimental X-ray absorption spectroscopy data and helped with interpretation of the 
results. Finally, I wrote the paper with the co-authors. 
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Fig. S1: Operando UV/Vis DRS protocol. Spectra were recorded over catalyst samples 
exposed to: [1] and [2] pre-treatment in 20 % O2/He at 350 °C for 30 min, [3] 100 min of 
propylene oxidation reaction (16.7 % C3H6, 16.7 % O2 and 66.6 % of He at 350 °C), [4] 
catalyst oxidation in 20 % O2/He at 350 °C for 30 min, [5] catalyst reduction by exposure 
to pure C3H6, and [6] catalyst re-oxidation for 115 min in 20 % O2/He at 350 °C. 
 
  



2.2. Supplementary Information 1 49 

0 200 400 600 800

In
te

n
si

ty
 [

a.
u.

]

Temperature [°C]

Section 2

Section 1 Section 3 Section 4

 

 

Fig. S2: CO2-TPD profile of 5CuNa catalyst highlighting 4 temperature sections used for 
generation of difference DRIFT CO2 spectra. Sections are based on the positions of 
deconvoluted CO2 desorption peaks and as such represent each peak as individually as 
possible: Section 1 between 0 and 60 °C, Section 2 between 60 and 94 °C, Section 3 between 
94 and 250 °C, and Section 4 between 250 and 690 °C.  
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Fig. S3: XRD pattern in the 2 range from 10 ° to 60 ° of the 10Cu catalyst showing no 
crystalline copper containing phases is present in the material. Expected positions for most 
intense diffraction peaks of CuO and Cu2O phases are marked. 
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XAS measurement details 

 

A Si (111) double crystal monochromator with about 1 eV resolution at Cu K-edge was 
used. The intensity of the monochromatic X-ray beam was measured by three 30 cm long 
ionization detectors, filled with the following gas mixtures: (first) 1250 mbar N2, 750 mbar 
He; (second) 250 mbar Ar, 750 mbar He, 1000 mbar N2; (third) 700 mbar Ar, 1000 mbar 
N2, 300 mbar He. Sample pellets, enclosed in a tubular oven reactor, were placed in the 
beam between first two ionization detectors. The absorption spectra were measured in the 
energy region from -150 eV to +1200 eV relative to the Cu K-edge. In the XANES region 
equidistant energy steps of 0.3 eV were used, while for the EXAFS region equidistant k 
steps of 0.03 Å-1 were adopted, with an integration time of 2 s/step. The exact energy 
calibration was established with simultaneous absorption measurement on a 7 micron thick 
Cu metal foil placed between the second and the third ionization chamber. Absolute energy 
reproducibility of the measured spectra was ±0.01 eV. The quantitative analysis of XAS 
spectra is performed with the Demeter (IFEFFIT) program package (Ravel, B.; Newville, 
M. J. Synchrotron Radiat. 2005, 12 (4), 537–541.). The relative K-shell contribution in the 
absorption spectra was obtained by the standard procedure by removing the extrapolated 
best-fit linear function determined in the pre-edge region (-150 eV -30 eV), and by 
conventional normalization extrapolating the post-edge spline background determined in 
the range from 150 to 900 eV in order to set the Cu K-edge jump to 1. 
The reference spectra CuO small nano and CuO large nano were kindly provided by Dr. 
Maxim Zabilskiy, recorded at the European Synchrotron Radiation Facility (Dutch-Belgian 
beamline BM26A, pr. CH-5057). 
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Fig. S4: Cu K-edge XANES spectra of 5CuNa catalyst, measured at room temperature in 
an O2/He atmosphere. Black dots: experiment; dashed magenta line: best fit with linear 
combination of the two reference XANES profiles (CuO small nano: nanocluster reference, 
where the average particle size is below 1 nm; CuO large nano: nanocluster reference, where 
the average particle size is above 1 nm) plotted below. 
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If the sample contains the same cation in two or more sites with different local structure 
and valence state, the measured XANES spectrum is a linear combination of individual 
XANES spectra of the different cation sites. The relative amounts of the cation at each 
site can be precisely determined by the linear combination fit (LCF) [86] with the XANES 
spectra of proper Cu reference compounds. The procedure was applied to Cu K-edge 
XANES spectra measured during the propylene oxidation reaction. These spectra can be 
completely described by the linear combination of the three XANES spectra: a) spectrum 
measured on the sample at RT in He/O2 atmosphere, where copper is present in the form 
of Cu2+ oxide nanoclusters, b) the last operando XANES spectrum measured during the 
propylene oxidation reaction when equilibrium state in the catalyst was reached and c) the 
spectrum of CuO nanoparticles. The fit result is illustrated in Figure S4. In this way we 
were able to determine the relative amount of Cu2+ and Cu+ species in the catalyst in 
intermediate states during the propylene oxidation reaction with the accuracy of 2 %. 
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Fig. S5: Cu K-edge XANES spectra of 5CuNa catalyst, measured in operando during 
catalytic propylene oxidation reaction after 150 min. Black dots: experiment; dashed 
magenta line: best fit with linear combination three reference XANES profiles (the sample 
measured before catalytic reaction at RT; the last operando XANES spectrum measured 
during the propylene oxidation reaction when quasi-equilibrium state in the catalyst was 
reached, and the spectrum of CuO nanoparticles) plotted below.  
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Fig. S6: Propylene oxide concentration after passing through the catalyst at 350 °C for the 
sodium modified and unmodified 5 wt. % of Cu containing catalysts. The protocol for the 
catalytic reaction was identical as described in section 2.3. After 200 minutes of propylene 
oxidation reaction (C3H6, O2 and He in the feed stream), PO was injected continuously 
with the use of a syringe pump at the rate of (0.47 µmol/min) into the gas stream (grey 
area). PO produced by the 5CuNa catalyst was subtracted for easier comparison. 
The unmodified 5Cu catalyst consumes approximately 90 % of co-fed PO, whereas 5CuNa 
only 75 %. The reduction of the nucleophilic character of oxygen species in the CuOx by 
alkali modification results in a decreased reactivity towards PO and its further oxidation 
to CO2 and H2O. The results of the experiment with co-fed PO clearly show that the 
selectivity of the catalyst under the employed reaction conditions is strongly influenced by 
the secondary PO oxidation reactions.  
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Fig. S7: Effect of alkali and earth alkali electronegativity on the PO selectivity in the 
propylene oxidation reaction with O2. Data points represented by full symbols were 
calculated based on the data provided in the following references: [1] Y. Wang, H. Chu, 
W. Zhu, Q. Zhang, Catal. Today 131 (2008) 496-504; [2] J. He, Q. Zhai, Q. Zhang, W. 
Deng, Y. Wang, J. Catal. 299 (2013) 53-66. 
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Table S1: Semi-quantitative elemental analysis of copper and alkali/earth alkali dopants 
in different CuOx/SiO2 catalysts as determined by SEM-EDS analysis. 
 

Sample 
Content, 
wt. % Cu:dopant, 

mol:mol 

aCarbon 
deposition, 

wt. % Cu Na Ca K 
2.5CuNa 3.1±0.2 0.5±0.1 0 0 1:0.45 0.5 
5CuNa 5.2±0.2 0.8±0.1 0 0 1:0.43 0.3 
5Cu 5.3±0.2 0 0 0 / 0.7 
5CuNa/2 5.2±0.2 0.4±0.1 0 0 1:0.21 0.5 
5CuNax2 5.1±0.6 1.1±0.2 0 0 1:0.60 0.6 
5CuCa 5.1±0.5 0 0.5 ± 0.2 0 1:0.16 0.6 
5CuK 5.1±0.4 0 0 0.7±0.2 1:0.22 1.6 
10CuNa 9.0±0.3 0.5±0.1 0 0 1:0.15 0.8 
10Cu 9.9±0.6 0 0 0 / 3.8 

aAfter reaction. 
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Table S2: The PO weight time yields obtained over different CuOx/SiO2 catalysts. 

 

Catalyst 
Weight time yield, 

gPO/h×kgcat 
Initial Steady state 

2.5CuNa 30 38 
5CuNa 39 53 
5Cu / / 
5CuNa/2 39 44 
5CuNax2 73 80 
5CuCa / / 
5CuK 54 77 
10CuNa 43 40 
10Cu / / 
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3 Effect of Na, Cs and Ca on Propylene 
Epoxidation Selectivity over 
CuOx/SiO2 Catalysts Studied by 
Catalytic Tests, in-situ XAS and DFT 

In Chapter 3, we further investigated the mechanism of alkali and alkaline earth 
modification of subnanometer CuOx clusters dispersed over amorphous mesoporous silica. 
With in-situ EXAFS analysis we took a closer look at the local structure of copper atoms 
during catalysis. In general, a slight reduction in Cu-O bond length was observed when the 
catalyst was modified with an alkali metal. We expanded the proposed reaction mechanism 
(suggested in Chapter 2) and analyzed the reaction steps with DFT calculations. 

We propose that the reduction in Cu-O bond length, indicative of stronger binding of 
oxygen, is the underlying reason for increased PO selectivity. The shorter bond signifies a 
less nucleophilic (less basic) oxygen species, which prevents allylic hydrogen stripping. 
EXAFS measurements show a structural change (re-dispersion or flattening) of the CuOx 
nanoparticles during catalysis. The oxidation state changes from Cu2+ after synthesis to a 
mixture of Cu2+ and Cu+ during reaction. Catalyst deactivation can be correlated to the 
amount of Cu+. The theoretical studies show that modification with alkali and alkaline 
earth metals decreases propylene binding strength. Regardless of the modification, the 
activation barrier for molecular oxygen dissociation is lowered. This correlates well with 
in-situ XAS, where the unmodified catalyst is reduced much faster than the modified 
catalysts. Alkali modification (Na and Cs) increases the activation barrier for AHS as well 
as for OMC formation. However, the barrier for OMC formation is still lower than for 
AHS. Additionally, the barrier for OMC ring closure and PO desorption is also lowered. 
This results in increased PO selectivity compared to unmodified CuOx. Modification with 
an alkaline earth metal (Ca) drastically lowers the activation barrier for AHS. It also has 
a minimal effect on the activation barrier for OMC formation. As a result, selectivity 
towards acrolein is strongly favored with no PO formation. 

 
Regarding my contribution: I performed all the syntheses and the catalytic tests. 
Additionally, I assisted with the experimental part of X-ray absorption spectroscopy. I also 
wrote the paper with the co-authors. 
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Fig. S1: Low angle XRD of pure KIT-6 SiO2, the unmodified 5Cu and the 5CuCs sample. 
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Fig. S2: High angle XRD of pure KIT-6 SiO2, the unmodified 5Cu and the 5CuCs sample. 
Peak marked with asterisk belong to the iron sample holder. 



3.2. Supplementary Information 2 69 

2 N2 sorption analysis 
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Fig. S3: Nitrogen adsorption/desorption isotherms of pure KIT-6 SiO2, the unmodified 5Cu 
and the Cs modified sample. The isotherms are offset by 100 cm3 N2 g-1 STP for clarity. 
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Fig. S4: Pore size distribution of pure KIT-6 SiO2, the unmodified 5Cu and the Cs modified 
sample 5CuCs. 
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Table S1: Material properties measured with N2 physisorption technique. 

  BET Average pore diameter1 Total pore volume1 

  m2 g-1 nm mL g-1 

KIT-6 615 8.3 1.48 

5Cu 485 7.0 1.07 

5CuNa 465 7.0 1.02 

5CuCs 415 7.0 1.04 

5CuCa 404 7.0 1.03 

1Calculated using the BJH method. 
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Fig. S5: Bright field STEM image of the 5Cu sample. The ordered mesoporous structure 
of the KIT-6 SiO2 is nicely visible, looking into the circular pore arrays having a diameter 
of about 9 nm. Dark Field STEM image of the 5Cu sample with brighter area showing 
regions rich in copper. Higher magnifications induced a rapid decomposition of the samples 
due to electron beam damage, making analysis impossible. 
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3 In-situ Cu K-edge XAS experiment 
 
The Cu K-edge X-ray absorption spectra (XAS) of 5Cu, 5CuNa 5CuCa and 5CuCs 
catalysts were recorded in-situ during the propylene oxidation reaction at 350 °C in 
transmission detection mode at the XAFS beamline of the ELETTRA synchrotron 
radiation facility in Trieste, Italy. The catalyst samples were prepared in the form of 
homogeneous pellets, pressed from micronized sample powder mixed with BN powder, with 
the total absorption thickness (μd) of about 2.5 above the investigated Cu K-edge. Pellets 
were inserted in a tubular oven reactor (Carbolite MTF 12/25/400) with 20 micron 
aluminum foil windows, filled with a gas mixture composed of 80 % He and 20 % O2 at 1 
bar. The XAS spectra were measured in-situ: (i) at room temperature in a He/O2 
atmosphere, (ii) at 350 °C in a He/O2 atmosphere and (iii) during the catalytic propylene 
oxidation reaction at 350 °C in a C3H6/O2/He stream (16.7 % C3H6, 16.7 % O2, 66.6 % He, 
total flowrate of 30 ml/min). After propylene addition, the samples were measured 
repeatedly until the quasi-equilibrium state in the catalyst was reached (up to 10 XAS 
spectra were collected per sample).  

A Si (111) double crystal monochromator with about 1 eV resolution at the Cu K-edge 
was used. The intensity of the monochromatic X-ray beam was measured by three 30 cm 
long ionization detectors, filled with the following gas mixtures: (first) 1250 mbar N2, 
750 mbar He; (second) 250 mbar Ar, 750 mbar He, 1000 mbar N2; (third) 700 mbar Ar, 
1000 mbar N2, 300 mbar He. Sample pellets, enclosed in a tubular oven reactor, were placed 
in the beam between first two ionization detectors. The absorption spectra were measured 
in the energy region from -150 eV to +1200 eV relative to the Cu K-edge. In the XANES 
region equidistant energy steps of 0.3 eV were used, while for the EXAFS region equidistant 
k steps of 0.03 Å-1 were adopted, with an integration time of 2 s per step. The exact energy 
calibration was established with simultaneous absorption measurement on a 7 micron thick 
Cu metal foil placed between the second and the third ionization chamber. The first 
inflection point in the spectrum of the copper K-edge in the Cu metal with fcc crystal 
structure is at 8979.0 eV. Absolute energy reproducibility of the measured spectra was 
±0.01 eV. The analysis of XANES and EXAFS spectra is performed with the DEMETER 
(IFEFFIT) program package[1] in combination with FEFF6 program code[2] for ab initio 
calculation of photoelectron scattering paths. The reference spectra CuO nano particles 
were kindly provided by Dr. Maxim Zabilskiy, recorded at the European Synchrotron 
Radiation Facility (Dutch-Belgian beamline BM26A, pr. CH-5057). 

4 Cu K-edge XANES analysis 
 
In-situ Cu K-edge XANES analysis is used to monitor Cu valence state in the catalysts 
before and during the propylene oxidation reaction. The shape of the Cu K-edge and the 
pre-edge resonances are characteristic for the local symmetry of the investigated atom and 
can be used as a fingerprint for the local symmetry of the Cu atom. Beside that the energies 
of the valence orbitals and therefore the energy position of the edge and pre-edge features 
are correlated with the valence state of the investigated atom in the sample. With 
increasing oxidation state the Cu K-edge is shifted to higher energies. The shifts up to a 
few eV per oxidation state are observed[3,4]. 

The edge profile and the energy positions of the Cu K-edge and pre-edge shoulder in 
5Cu, 5CuNa, 5CuCa and 5CuCs catalysts measured before the propylene oxidation reaction 
at RT and at 350 °C in He/O2 atmosphere match with the reference sample containing 
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Cu2+ oxide nanoclusters[3], which indicates that all copper cations are in di-valent state 
bound in CuO nanoclusters or amorphous CuO oxides (Fig. S1).  

During the propylene oxidation reaction at 350 °C, Cu+ species are forming in all 
catalysts. The presence of Cu+ species can be identified in the XANES spectra by the 
characteristic Cu+ 1s-4p pre-edge absorption feature at 8982.7 eV (Fig . S6). The time 
evolution of the fraction of Cu+ in each catalyst during the propylene oxidation reaction 
can be qualitatively monitored by the increase of the intensity of the pre-edge peak. The 
relative amounts of Cu+ cations in the catalysts during the propylene oxidation reaction 
are determined with high accuracy from the in-situ measured Cu K-edge XANES spectra, 
by the linear combination fit (LCF) analysis[1,3]. The spectra can be completely described 
by the linear combination of two or three XANES spectra: spectrum measured on the 
sample at 350 °C in He/O2 atmosphere and the spectrum of CuO nanoparticles where 
copper is present in the form of Cu2+ oxide nanoclusters, and the XANES spectrum of 
5CuNa catalyst, measured in-situ during the propylene oxidation reaction when quasi-
equilibrium state in the 5CuNa catalyst was reached after 300 min, where 68 % of copper 
is present in the form of Cu+ and 32 % in the form of Cu2+ oxide nanoclusters[3]. The LCF 
result is illustrated for the case of Cu K-edge XANES spectra of 5CuCs catalyst, measured 
in-situ during catalytic propylene oxidation reaction after 240 min in Fig. S6. The temporal 
evolution of the Cu1+ fraction in the 5Cu, 5CuNa, 5CuCs, and 5CuCa catalysts during the 
reaction is shown on Fig 2 in the main paper. The accuracy of the relative amount of Cu2+ 
and Cu+ species in the catalyst is 2 %.  

 



74 Chapter 3. Effect of Na, Cs and Ca on Propylene Epoxidation Selectivity over CuOx/SiO2 
Catalysts Studied by Catalytic Tests, in-situ XAS and DFT  

8960 8980 9000 9020
0.0

0.5

1.0

1.5

2.0

5CuCs in-situ

CuO nano

Cu2O nano

Cu2O

N
o

rm
a

lis
e

d
 a

b
so

rp
tio

n
 

E (eV)  

Fig. S6: Normalized Cu K-edge XANES spectra of 5CuCs catalysts, measured in-situ before 
and during catalytic propylene oxidation reaction up to 450 min. Spectra of reference Cu(I) 
and Cu(II) compounds (crystalline Cu2O, nanoclusters Cu2O[5] and CuO nanoparticles[3]) 
are plotted for comparison. Vertical dashed line is plotted at the peak of the Cu 1s-4p pre-
edge absorption feature (8982.7 eV) in the catalysts during propylene oxidation reaction.  
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Fig. S7: Cu K-edge XANES spectra of 5CuCs catalyst, measured in-situ during catalytic 
propylene oxidation reaction after 240 min. Black dots: experiment; dashed magenta line: 
best fit with linear combination two reference XANES profiles (the sample 5CuCs measured 
before catalytic reaction at 350 °C in the He/O2 atmosphere as a reference for Cu2+, and 
the in-situ XANES spectrum of 5CuNa catalyst, measured during the propylene oxidation 
reaction at 350 °C when quasi-equilibrium state in the catalyst was reached after 300 
min[3], as a reference for Cu1.32+). Both LCF components are plotted below. 
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Fig. S8: Correlation between the cumulative fraction of copper in Cu+ oxidation state and 
percentage of catalyst deactivation during propylene partial oxidation reaction. 

Deactivation % represents loss of propylene conversion during 15h TOS (Fig. 1 in 
manuscript). Cumulative Cu+ fractions for individual catalysts were calculated as 
following: Cu+ percentages from XANES experiments at individual TOS were summed and 
divided by the sum value for the 5Cu catalyst (Fig 2). 
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5 Cu K-edge EXAFS analysis 
 

In situ Cu K-edge EXAFS analysis is used to to directly probe the local structure around 
Cu cations in the 5Cu, 5CuNa 5CuCa and 5CuCs catalysts before and during the propylene 
oxidation reaction. The quantitative analysis of EXAFS spectra is performed with the 
Demeter (IFEFFIT) program package[1]. In Fourier transform magnitude of the EXAFS 
spectra (Figs. S9-S13) several peaks are observed in the R range from 1 up to 3.6 Å, 
representing the contributions of photoelectron scattering on the nearest shells of neighbors 
around the Cu atoms. In all cases a strong peak in the R range between 1 Å and 2.2 Å can 
be attributed to photoelectron backscattering on the nearest oxygen neighbors around Cu. 
Weaker peaks in the R range between 2.3 Å and 3.6 Å represents the contributions from 
more distant Cu coordination shells.  

Qualitative comparisons of the FT spectra show that average Cu neighbourhoods in all 
catalyst samples at room temperature are almost identical. The spectra are significantly 
different from the spectra of the two (divalent and monovalent) reference crystalline copper 
oxides (Fig. S9). The series of in-situ EXAFS spectra for each catalyst sample reveal 
structural changes that appear already after heating of the samples at 350 °C in He/O2 
atmosphere, and then during during the propylene oxidation reaction, until equilibrium 
state is reached. Structural changes are expressed most in the signal of more distant 
coordination spheres in the R range beyond 2.2 Å. As indicated by Cu K-edge XANES 
results, we can expect a mixture of different Cu species in the catalysts. Before the 
propylene oxidation reaction at RT and at 350 °C in He/O2 atmosphere all copper cations 
are expected to be in di-valent state bound in CuO nanoclusters or amorphous CuO oxides. 
During the propylene oxidation reaction at 350 °C when Cu+ species are forming, we can 
expect a mixture of divalent and monovalent copper oxide nanoparticles or amorphous 
oxides on the surface of silica support. 

Structural parameters of the average local Cu neighborhood (type and average number 
of neighbors, the radii and Debye-Waller factor of neighbor shells) are quantitatively 
resolved from the EXAFS spectra by comparing the measured EXAFS signal with model 
signal, constructed ab initio with the FEFF6 program code[2] from the set of scattering 
paths of the photoelectrons in a tentative spatial distribution of neighbor atoms. The 
atomic species of neighbours are identified in the fit by their specific scattering factor and 
phase shift. 

In the first step, FEFF models were built for the Cu K-edge EXAFS spectra of the 
reference divalent and monovalent crystalline copper oxides, taking into account the local 
coordination of Cu cations in the crystal structure of the reference species, and tested on 
the corresponding EXAFS spectra of the reference Cu compounds (Fig. S9, Table SrefX1, 
SrefX2). In the second step, the Cu K-edge EXAFS spectra of the catalyst samples were 
modelled with a combined FEFF model, composed of neighbour atoms at distances 
characteristic for the expected Cu oxide species that may be present in the samples. With 
EXAFS analysis it is not possible to unambiguously identify all Cu species in the mixture 
and determine their structures. The proposed FEFF model aims to describe the average 
Cu local neighbourhood in the initial state and identify the main structural changes before 
and during the catalytic propylene oxidation reaction at 350 °C. 

The FEFF model for the EXAFS analysis of the reference crystalline CuO is based on 
monoclinic crystal structure with space group C1 2/c 1 with the lattice constant a = 
4.682(1), b = 3.424(1), c = 5.127(2) α = γ = 90 °, β = 99.42 °[6]. The FEFF model 
comprised twelve single scattering and all significant multiple scattering paths up to 3.8 Å 
with six variable parameters: the amplitude reduction factor S0

2, shift of energy origin of 
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the photoelectron Eo, coordination shell distance (Δr) and the Debye temperature in 
modelling the Debye-Waller factors of all paths, except the first, for which a separate r1 
and the Debye–Waller factor (σ2) are introduced. The shell coordination numbers were 
fixed to the crystallographic values obtained from XRD. A very good EXAFS fit (Fig. S9, 
Table S10) obtained in the R-range of 1.1 – 3.6 Å and in the k range of 3 – 14 Å−1 provided 
precise information on coordination shell distances. Cu is coordinated to four O atoms at 
a distance of 1.95 Å and two O atoms at a distance of 2.8 Å. In the second coordination 
shell, ten copper atoms are detected at the distance range from 2.91 to 3.11 Å (four at 2.91 
Å, four at 3.11 Å). The next coordination sphere is composed of eight oxygen atoms: two 
at 3.40 Å, 3.57 Å, 3.86 Å and 3.94 Å, and four copper atoms, two at 3.45 Å and two at 
3.78 Å. 

The FEFF model for crystalline Cu2O[7] is based on cubic crystal structure with space 
group Pn-3m, with the lattice constant a = b =c = 4.2685, α = β = γ = 90 °. The FEFF 
model comprised three single scattering and all significant multiple scattering paths up to 
3.5 Å with eight variable parameters: the amplitude reduction factor S0

2, shift of energy 
origin of the photoelectron Eo, coordination shell distance (Δr) and Debye–Waller factor 
(σ2) for all paths are introduced. The shell coordination numbers were fixed to the values 
obtained from XRD. Cu is coordinated to two O atoms at a distance of 1.85 Å. In the 
second coordination shell, twelve copper atoms are detected at the distance of 3.01 Å and 
six oxygen atoms at the distance of 3.53 Å. Very good EXAFS fit (Fig. S9, Table S11) was 
obtained in the R-range of 1 –3.5 Å and in the k range of 3 – 13 Å−1. 

The structural information obtained from EXAFS analysis of the reference crystalline 
CuO and Cu2O oxides was considered in EXAFS modelling of the catalyst samples. 

The Cu K-edge EXAFS spectra of the 5Cu, 5CuNa, 5CuCa, and 5CuCs catalysts 
samples before and during the propylene oxidation reaction are modelled with a FEFF 
model, composed of five or six neighbor shells at average distances typical for the expected 
divalent and monovalent Cu species that may be present in the samples. The nearest 
coordination shell comprised six oxygen atoms distributed at two or three distances. Cu 
neighbors, as most significant photoelectron backscatters, are included in more distant 
coordination shells at three different distances, typical for the expected Cu oxide species 
that may be present in the samples. Three variable parameters for each shell of neighbors 
are introduced in the model: the shell coordination number (N), the distance (R) and the 
Debye-Waller factor (σ2). In addition, a common shift of energy origin ΔEo is also allowed 
to vary. The amplitude-reduction factor S0

2 is kept fixed at the value of 0.85 in agreement 
with previous Cu K-edge EXAFS analyses[4]. A good agreement between the model and 
the experimental spectra is found using the k range of 3 Å-1 to 12 Å-1 and R range of 1.0 Å 
to 3.6 Å (Figs. S9 to S13). The list of best fit parameters is given in the Tables S1 to S21. 
High precision is obtained for the values of best fit parameters of the nearest oxygen shell. 
The uncertainties of the best fit parameters N and σ2 of more distant coordination shells 
are relatively large due to correlations between these parameters. 

In all catalyst samples at RT all copper cations are coordinated to six oxygen atoms in 
the first coordination shell, distributed at two distances: four at 1.94 Å and two at larger 
distance 2.84 Å, characteristic for Cu(II) cations in the (nano)crystalline CuO, where 
Cu(II) cations are octahedrally coordinated to six oxygen atoms in elongated octahedron[4]. 
In more distant coordination shells we found Cu neighbors at distances characteristic for 
crystalline CuO, but the coordination numbers are significantly lower than in the bulk 
CuO. The results strongly support the XANES findings: Cu cations in all catalyst samples 
at RT before the propylene oxidation reaction are in the form of CuIIO crystalline 
nanoparticles and/or amorphous oxide species. 

During heating of the catalyst samples at 350 °C in He/O2 atmosphere average local 
structure of copper cations changes. Additional oxygen shell appears at 2.44 Å and 
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distribution of copper neighbors in more distant coordination shells is changed. The result 
suggest partial diffusion of Cu cations and formation of smaller CuO nanoparticles or CuO 
clusters with smaller distortion of the CuO6 octahedron, as in the case of Cu(II) cation 
coordinated octahedrally to six O atoms distorted tetragonally because of the Jahn–Teller 
effect with four O atoms at 1.9 Å and two at 2.4 Å observed for example in CuO nano-
clusters on TiO2 catalyst[4].  

During catalytic propylene oxidation reaction at 350 °C additional structural changes 
are detected, reaching equilibrium after about 300 minutes of reaction. Changes of Cu-O 
bond distance in the first coordination shell and Cu-Cu bond distance in the second 
coordination shells are detected, and reduction of coordination numbers is in all 
coordination shells.  

The short Cu-O bond distance of 1.94 Å found in the initial state of all catalysts, is 
reduced. The contraction of this bond distance depends on the doping. In undoped 5Cu 
catalyst the Cu-O distance is (1.8650.005 Å), almost the same value is found in 5CuCa 
catalyst (1.8740.003 Å), while in 5CuCs and catalysts the distance is longer (1.8820.005 
Å), and in 5CuNa catalysts the distance is significantly shorter (1.8300.007 Å). 

Lower average Cu coordination numbers indicate the formation of smaller Cu oxide 
species on the surface of SiO2 particles. In EXAFS modelling we tested also if there are any 
Cu-O-Si, Cu-O-Na, Cu-O-Cs, or Cu-O-Ca bonds present in the catalysts. The Si, Na, Ca 
or Cs neighbours in the second coordination shell of Cu cations were ruled out in the fits, 
which mean that if these coordinations are formed in the catalyst sample, relative amounts 
of Cu cations with these connections are below detection limit of EXAFS analysis (below 
10 %), or that their contribution in EXAFS signal is smeared out due to large disorder 
effects (large Debye-Waller factors).  
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Cu K-edge EXAFS results for the 5CuNa catalyst  
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Fig. S9: Fourier transform magnitude of k3-weighted Cu EXAFS spectra the 5CuNa 
catalyst at room temperature, at 350 °C in the He/O2 atmosphere, and during the catalytic 
propylene oxidation reaction at 350 °C in a C3H6/O2/He stream (16.7 % C3H6, 16.7 % 
O2, 66.6 % He, total flowrate of 30 ml/min). Scan duration was 40 minutes. Spectra of 
crystalline Cu2O and CuO reference samples are added for comparison. FT spectra are 
calculated in the k range of 3 – 12 Å-1. Experiment – (solid line); best fit EXAFS model 
in the R range of 1 to 3.6 Å -- (red dashed line). Spectra are shifted vertically for clarity. 
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Fig. S10: k3-weighted Cu EXAFS spectra the 5CuNa catalyst at room temperature, at 350 
°C in the He/O2 atmosphere, and during the catalytic propylene oxidation reaction at 350 
°C in a C3H6/O2/He stream (16.7 % C3H6, 16.7 % O2, 66.6 % He, total flowrate of 30 
ml/min). Scan duration was 40 minutes. Experiment – (solid line); best fit EXAFS model 
calculated in the k range of 3 – 12 Å-1 and the R range of 1 to 3.6 Å -- (red dashed line). 
Spectra are shifted vertically for clarity. 
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Table S2: Parameters of the nearest coordination shells around Cu cations in the 5CuNa 
catalyst at room temperature in the He/O2 atmosphere: average number of neighbor atoms 
(N), distance (R), and Debye-Waller factor (σ2). Uncertainty of the last digit is given in 
parentheses. A best fit is obtained with the amplitude reduction factor S02 = 0.85. The 
shift of the energy origin ΔEo and R-factor (quality of fit parameter), are listed in the last 
column. 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5CuNa (RT) 

O 3.9(2) 1.942(4) 0.005(1) 

0.9 ± 0.6 eV 

0.0074 

O 1.5(6) 2.83(4) 0.013(7) 

Cu 1.8(2) 2.97(1) 0.009(3) 

Cu 0.5(3) 3.38(5) 0.012(3) 

Cu 0.9(3) 3.85(8) 0.012(3) 

 
 
 
 

Table S3: Parameters of the nearest coordination shells around Cu cations in the 5CuNa 
catalyst at 350 °C in the He/O2 atmosphere: average number of neighbor atoms (N), 
distance (R), and Debye-Waller factor (σ2). Uncertainty of the last digit is given in 
parentheses. A best fit is obtained with the amplitude reduction factor S02 = 0.85. The 
shift of the energy origin ΔEo and R-factor (quality of fit parameter), are listed in the last 
column. 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5CuNa (350 °C in the He/O2 atmosphere) 

O 3.4(3) 1.898(7) 0.007(1) 

-3 ± 1 eV 

0.0017 

O 1.2(7) 2.44(5) 0.011(7) 

O 2(1) 2.72(4) 0.011(7) 

Cu 0.6(3) 2.94(4) 0.010(3) 

Cu 1.4(5) 3.32(6) 0.014(3) 

Cu 0.5(2) 3.50(8) 0.014(3) 
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Table S4: Parameters of the nearest coordination shells around Cu cations in 5CuNa 
catalyst at 350 °C in during catalytic propylene oxidation reaction in a C3H6/O2/He stream 
after 40 min: average number of neighbor atoms (N), distance (R), and Debye-Waller factor 
(σ2). Uncertainty of the last digit is given in parentheses. A best fit is obtained with the 
amplitude reduction factor S02 = 0.85. The shift of the energy origin ΔEo and R-factor 
(quality of fit parameter), are listed in the last column. 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5CuNa (350 °C during catalytic propylene oxidation - 40 min) 

O 3.4(3) 1.90(1) 0.008(1) 

-3 ± 1 eV 

0.0057 

O 1.1(7) 2.48(8) 0.008(7) 

O 2(1) 2.76(4) 0.008(7) 

Cu 0.6(4) 2.99(4) 0.010(3) 

Cu 1.8(5) 3.29(6) 0.014(3) 

Cu 1.9(7) 3.50(9) 0.014(3) 

 
 
 

Table S5: Parameters of the nearest coordination shells around Cu cations in the 5CuNa 
catalyst at 350 °C during catalytic propylene oxidation reaction in a C3H6/O2/He stream 
after 80 min: average number of neighbor atoms (N), distance (R), and Debye-Waller factor 
(σ2). Uncertainty of the last digit is given in parentheses. A best fit is obtained with the 
amplitude reduction factor S02 = 0.85. The shift of the energy origin ΔEo and R-factor 
(quality of fit parameter), are listed in the last column. 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5CuNa (350 °C during catalytic propylene oxidation - 80 min) 

O 3.9(4) 1.88(1) 0.009(1) 

-6 ± 1 eV 

0.0027 

O 1.2(5) 2.39(4) 0.011(7) 

O 1.3(6) 2.67(4) 0.011(7) 

Cu 1.0(3) 2.89(7) 0.010(3) 

Cu 1.6(8) 3.37(5) 0.014(3) 

Cu 0.6(3) 3.57(9) 0.014(3) 

 
  



84 Chapter 3. Effect of Na, Cs and Ca on Propylene Epoxidation Selectivity over CuOx/SiO2 
Catalysts Studied by Catalytic Tests, in-situ XAS and DFT  

Table S6: Parameters of the nearest coordination shells around Cu cations in the 5CuNa 
catalyst at 350 °C during catalytic propylene oxidation reaction in a C3H6/O2/He stream 
after 120 min: average number of neighbor atoms (N), distance (R), and Debye-Waller 
factor (σ2). Uncertainty of the last digit is given in parentheses. A best fit is obtained with 
the amplitude reduction factor S0

2 = 0.85. The shift of the energy origin ΔEo and R-factor 
(quality of fit parameter), are listed in the last column. 
 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5CuNa (350 °C during catalytic propylene oxidation - 120 min) 

O 3.7(6) 1.89(1) 0.009(2) 

-5 ± 1 eV 

0.0039 

O 0.8(5) 2.38(4) 0.009(7) 

O 1.3(9) 2.64(4) 0.009(7) 

Cu 0.8(2) 2.91(5) 0.010(3) 

Cu 0.6(3) 3.32(7) 0.014(3) 

 
 
Table S7: Parameters of the nearest coordination shells around Cu cations in the 5CuNa 
catalyst at 350 °C during catalytic propylene oxidation reaction in a C3H6/O2/He stream 
after 160 min: average number of neighbor atoms (N), distance (R), and Debye-Waller 
factor (σ2). Uncertainty of the last digit is given in parentheses. A best fit is obtained with 
the amplitude reduction factor S0

2 = 0.85. The shift of the energy origin ΔEo and R-factor 
(quality of fit parameter), are listed in the last column. 
 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5CuNa (350 °C during catalytic propylene oxidation - 160 min) 

O 2.4(3) 1.858(8) 0.006(1) 

-6± 2 eV 

0.0042 

O 0.9(5) 2.47(4) 0.011(7) 

Cu 0.4(2) 2.78(4) 0.010(7) 

Cu 1.8(8) 3.34(4) 0.014(3) 

Cu 1.4(4) 3.56(4) 0.014(3) 
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Table S8: Parameters of the nearest coordination shells around Cu cations in the 5CuNa 
catalyst at 350 °C during catalytic propylene oxidation reaction in a C3H6/O2/He stream 
after 200 min: average number of neighbor atoms (N), distance (R), and Debye-Waller 
factor (σ2). Uncertainty of the last digit is given in parentheses. A best fit is obtained with 
the amplitude reduction factor S0

2 = 0.85. The shift of the energy origin ΔEo and R-factor 
(quality of fit parameter), are listed in the last column. 
 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5CuNa (350 °C during catalytic propylene oxidation - 200 min) 

O 2.0(2) 1.852(4) 0.006(2) 

-6± 1 eV 

0.0018 

O 1.4(2) 2.49(1) 0.011(2) 

Cu 0.8(2) 2.93(3) 0.010(3) 

Cu 0.6(3) 3.15(5) 0.014(3) 

Cu 0.5(3) 3.63(5) 0.014(3) 

 
Table S9: Parameters of the nearest coordination shells around Cu cations in the 5CuNa 
catalyst at 350 °C during catalytic propylene oxidation reaction in a C3H6/O2/He stream 
after 240 min: average number of neighbor atoms (N), distance (R), and Debye-Waller 
factor (σ2). Uncertainty of the last digit is given in parentheses. A best fit is obtained with 
the amplitude reduction factor S0

2 = 0.85. The shift of the energy origin ΔEo and R-factor 
(quality of fit parameter), are listed in the last column. 
 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5CuNa (350 °C during catalytic propylene oxidation - 240 min) 

O 1.8(2) 1.830(7) 0.006(1) 

-1 ± 1 eV 

0.0027 

O 2.1(3) 2.45(1) 0.011(7) 

O 1.1(5) 2.88(4) 0.011(7) 

Cu 0.4(2) 3.12(6) 0.010(3) 

Cu 1.5(7) 3.35(5) 0.014(3) 

Cu 1.8(7) 3.57(5) 0.014(3) 
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Cu K-edge EXAFS results for the crystalline Cu oxide references   

Table S10: Parameters of the nearest coordination shells around Cu cations in the 
crystalline CuO reference sample: average number of neighbor atoms (N), distance (R), 
and Debye-Waller factor (σ2). Uncertainty of the last digit is given in parentheses. A best 
fit is obtained with the amplitude reduction factor S0

2 = 0.85. The shift of the energy origin 
ΔEo and R-factor (quality of fit parameter), are listed in the last column. 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

CuO 

O 4 1.951(4) 0.004(1) 

0 ± 1 eV 

0.001 

O 2 2.79(1) 0.029(4) 

Cu 4 2.91(4) 0.006(1) 

Cu 4 3.11(4) 0.003(4) 

O 2 3.40(4) 0.030(4) 

Cu 2 3.45(4) 0.012(2) 

O 2 3.57(4) 0.030(4) 

Cu 2 3.78(4) 0.012(2) 

O 2 3.86(4) 0.031(4) 

O 2 3.94(4) 0.031(4) 

 
Table S11: Parameters of the nearest coordination shells around Cu cations in the 
crystalline Cu2O reference sample: average number of neighbor atoms (N), distance (R), 
and Debye-Waller factor (σ2). Uncertainty of the last digit is given in parentheses. A best 
fit is obtained with the amplitude reduction factor S0

2 = 0.85. The shift of the energy origin 
ΔEo and R-factor (quality of fit parameter), are listed in the last column. 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

Cu2O 

O 2 1.856(5) 0.003(1) 
2 ± 1 eV 

0.001 

Cu 12 3.03(1) 0.019(1) 

O 6 3.52(3) 0.019(6) 
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Cu K-edge EXAFS results 5Cu catalyst  
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Figure S11: Fourier transform magnitude of k3-weighted Cu EXAFS spectra the 5Cu 
catalyst at room temperature, at 350 °C in the He/O2 atmosphere and during the catalytic 
propylene oxidation reaction at 350 °C in a C3H6/O2/He stream (16.7 % C3H6, 16.7 % O2, 
66.6 % He, total flowrate of 30 ml/min). Scan duration was 40 minutes. FT spectra are 
calculated in the k range of 3 – 13 Å-1. Experiment – (blue solid line); best fit EXAFS 
model in the R range of 1 to 3.6 Å -- (red dashed line). Spectra are shifted vertically for 
clarity. 
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Table S12: Parameters of the nearest coordination shells around Cu cations in the 5Cu 
catalyst at room temperature in the He/O2 atmosphere: average number of neighbor atoms 
(N), distance (R), and Debye-Waller factor (σ2). Uncertainty of the last digit is given in 
parentheses. A best fit is obtained with the amplitude reduction factor S0

2 = 0.85. The 
shift of the energy origin ΔEo and R-factor (quality of fit parameter), are listed in the last 
column. 
 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5Cu (RT) 

O 4.0(2) 1.94(1) 0.005(1) 

-0.4 ± 0.6 eV 

0.0045 

O 1.5(6) 2.87(1) 0.013(7) 

Cu 1.8(2) 2.95(1) 0.009(3) 

Cu 0.9(3) 3.37(5) 0.012(3) 

Cu 0.5(3) 3.86(8) 0.012(3) 

 
 
Table S13: Parameters of the nearest coordination shells around Cu cations in the 5Cu 
catalyst at 350 °C in the He/O2 atmosphere: average number of neighbor atoms (N), 
distance (R), and Debye-Waller factor (σ2). Uncertainty of the last digit is given in 
parentheses. A best fit is obtained with the amplitude reduction factor S0

2 = 0.85. The 
shift of the energy origin ΔEo and R-factor (quality of fit parameter), are listed in the last 
column. 
 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5Cu (350 °C in the He/O2 atmosphere) 

O 2.9(2) 1.90(1) 0.007(1) 

-4 ± 1 eV 

0.0009 

O 2.6(7) 2.43(5) 0.011(7) 

O 3.9(6) 2.70(4) 0.011(7) 

Cu 1.0(4) 2.92(2) 0.010(3) 

Cu 1.6(6) 3.24(5) 0.014(3) 

Cu 1.5(7) 3.42(4) 0.014(3) 
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Table S14: Parameters of the nearest coordination shells around Cu cations in the 5Cu 
catalyst at 350 °C during catalytic propylene oxidation reaction in a C3H6/O2/He stream 
after 20 min: average number of neighbor atoms (N), distance (R), and Debye-Waller factor 
(σ2). Uncertainty of the last digit is given in parentheses. A best fit is obtained with the 
amplitude reduction factor S0

2 = 0.85. The shift of the energy origin ΔEo and R-factor 
(quality of fit parameter), are listed in the last column. 
 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5Cu (350 °C during catalytic propylene oxidation 40 min) 

O 2.4(4) 1.86(1) 0.006(1) 

-3 ± 1 eV 

0.0057 

O 1.1(7) 2.42(8) 0.011(7) 

O 1.4(6) 2.68(4) 0.011(7) 

Cu 0.4(3) 2.96(4) 0.010(3) 

Cu 1.6(5) 3.26(6) 0.014(3) 

Cu 0.6(7) 3.50(9) 0.014(3) 

 
Table S15: Parameters of the nearest coordination shells around Cu cations in the 5Cu 
catalyst at 350 °C during catalytic propylene oxidation reaction in a C3H6/O2/He stream 
after 100 min: average number of neighbor atoms (N), distance (R), and Debye-Waller 
factor (σ2). Uncertainty of the last digit is given in parentheses. A best fit is obtained with 
the amplitude reduction factor S0

2 = 0.85. The shift of the energy origin ΔEo and R-factor 
(quality of fit parameter), are listed in the last column. 
 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5Cu 350 °C during catalytic propylene oxidation 100 min 

O 2.1(4) 1.87(1) 0.006(1) 

-3 ± 1 eV 

0.0059 

O 0.9(7) 2.51(8) 0.011(7) 

O 1.7(6) 2.80(4) 0.011(7) 

Cu 0.2(1) 2.95(4) 0.010(3) 

Cu 0.3(2) 3.28(6) 0.014(3) 

Cu 0.3(7) 3.75(9) 0.014(3) 
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Table S16: Parameters of the nearest coordination shells around Cu cations in the 5Cu 
catalyst at 350 °C during catalytic propylene oxidation reaction in a C3H6/O2/He stream 
after 220 min: average number of neighbor atoms (N), distance (R), and Debye-Waller 
factor (σ2). Uncertainty of the last digit is given in parentheses. A best fit is obtained with 
the amplitude reduction factor S0

2 = 0.85. The shift of the energy origin ΔEo and R-factor 
(quality of fit parameter), are listed in the last column. 
 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5Cu 350 °C during catalytic propylene oxidation 220 min 

O 2.3(4) 1.87(1) 0.006(1) 

-5 ± 1 eV 

0.0061 

O 0.8(7) 2.48(8) 0.011(7) 

O 1.4(6) 2.76(4) 0.011(7) 

Cu 0.3(2) 2.94(4) 0.010(3) 

Cu 0.4(2) 3.29(6) 0.014(3) 

Cu 0.4(7) 3.69(9) 0.014(3) 
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Figure S12: Fourier transform magnitude of k3-weighted Cu EXAFS spectra the 5CuCs 
catalyst at room temperature, at 350 °C in the He/O2 atmosphere and during the catalytic 
propylene oxidation reaction at 350 °C in a C3H6/O2/He stream (16.7 % C3H6, 16.7 % O2, 
66.6 % He, total flowrate of 30 ml/min). Scan duration was 40 minutes. FT spectra are 
calculated in the k range of 3 – 12.5 Å-1. Experiment – (blue solid line); best fit EXAFS 
model in the R range of 1 to 3.6 Å -- (red dashed line). Spectra are shifted vertically for 
clarity. 
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Table S17: Parameters of the nearest coordination shells around Cu cations in the 5CuCs 
catalyst at room temperature in the He/O2 atmosphere: average number of neighbor atoms 
(N), distance (R), and Debye-Waller factor (σ2). Uncertainty of the last digit is given in 
parentheses. A best fit is obtained with the amplitude reduction factor S0

2 = 0.85. The 
shift of the energy origin ΔEo and R-factor (quality of fit parameter), are listed in the last 
column. 
 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5CuCs (RT) 

O 3.8(2) 1.944(5) 0.005(1) 

1.6 ± 0.8 eV 

0.0057 

O 1.9(6) 2.85(4) 0.012(7) 

Cu 1.8(3) 2.98(1) 0.009(3) 

Cu 0.4(3) 3.37(5) 0.012(3) 

Cu 0.7(3) 3.85(8) 0.012(3) 

 
Table S18: Parameters of the nearest coordination shells around Cu cations in the 5CuCs 
catalyst at 350 °C in the He/O2 atmosphere: average number of neighbor atoms (N), 
distance (R), and Debye-Waller factor (σ2). Uncertainty of the last digit is given in 
parentheses. A best fit is obtained with the amplitude reduction factor S0

2 = 0.85. The 
shift of the energy origin ΔEo and R-factor (quality of fit parameter), are listed in the last 
column. 
 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5CuCs (350 °C in the He/O2 atmosphere) 

O 3.2(4) 1.888(8) 0.007(1) 

-3 ± 2 eV 

0.0040 

O 1.4(9) 2.48(5) 0.011(7) 

O 2.6(9) 2.78(4) 0.011(7) 

Cu 0.4(3) 2.98(6) 0.010(3) 

Cu 1.0(6) 3.31(6) 0.014(3) 

Cu 0.8(6) 3.42(9) 0.014(3) 

 
  



3.2. Supplementary Information 2 93 

Table S19: Parameters of the nearest coordination shells around Cu cations in the 5CuCs 
catalyst at 350 °C during catalytic propylene oxidation reaction in a C3H6/O2/He stream 
after 210 min: average number of neighbor atoms (N), distance (R), and Debye-Waller 
factor (σ2). Uncertainty of the last digit is given in parentheses. A best fit is obtained with 
the amplitude reduction factor S0

2 = 0.85. The shift of the energy origin ΔEo and R-factor 
(quality of fit parameter), are listed in the last column. 
 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5CuCs (350 °C during catalytic propylene oxidation 210 min) 

O 2.7(3) 1.882(7) 0.006(1) 

-2 ± 2 eV 

0.0025 

O 1.0(5) 2.47(4) 0.011(7) 

O 2.1(9) 2.75(4) 0.011(7) 

Cu 0.6(4) 3.00(4) 0.010(3) 

Cu 1.2(7) 3.28(9) 0.014(3) 

Cu 0.3(2) 3.47(9) 0.014(3) 

 
Table S20: Parameters of the nearest coordination shells around Cu cations in the 5CuCs 
catalyst at 350 °C during catalytic propylene oxidation reaction in a C3H6/O2/He stream 
after during 360 min: average number of neighbor atoms (N), distance (R), and Debye-
Waller factor (σ2). Uncertainty of the last digit is given in parentheses. A best fit is obtained 
with the amplitude reduction factor S0

2 = 0.85. The shift of the energy origin ΔEo and R-
factor (quality of fit parameter), are listed in the last column. 
 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5CuCs 350 °C during catalytic propylene oxidation 360 min 

O 2.6(2) 1.882(5) 0.006(1) 

-3 ± 1 eV 

0.0009 

O 1.6(7) 2.43(2) 0.011(7) 

O 2.5(9) 2.72(2) 0.011(7) 

Cu 0.7(4) 2.97(3) 0.010(3) 

Cu 0.7(3) 3.25(9) 0.014(3) 

Cu 0.6(4) 3.32(9) 0.014(3) 

  



94 Chapter 3. Effect of Na, Cs and Ca on Propylene Epoxidation Selectivity over CuOx/SiO2 
Catalysts Studied by Catalytic Tests, in-situ XAS and DFT  

Cu K-edge EXAFS results 5CuCa catalyst  
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Figure S13: Fourier transform magnitude of k3-weighted Cu EXAFS spectra the 5CuCa 
catalyst at room temperature, at 350 °C in the He/O2 atmosphere and during the catalytic 
propylene oxidation reaction at 350 °C in a C3H6/O2/He stream (16.7 % C3H6, 16.7 % O2, 
66.6 % He, total flowrate of 30 ml/min). Scan duration was 40 minutes. FT spectra are 
calculated in the k range of 3 – 12.5 Å-1. Experiment – (blue solid line); best fit EXAFS 
model in the R range of 1 to 3.6 Å -- (red dashed line). Spectra are shifted vertically for 
clarity.  
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Table S21: Parameters of the nearest coordination shells around Cu cations in the 5CuCa 
catalyst at room temperature in the He/O2 atmosphere: average number of neighbor atoms 
(N), distance (R), and Debye-Waller factor (σ2). Uncertainty of the last digit is given in 
parentheses. A best fit is obtained with the amplitude reduction factor S0

2 = 0.85. The 
shift of the energy origin ΔEo and R-factor (quality of fit parameter), are listed in the last 
column. 
 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5CuCa (RT) 

O 4.0(2) 1.944(3) 0.005(1) 

0.7 ± 0.6 eV 

0.0015 

O 2.0(6) 2.86(4) 0.012(7) 

Cu 0.8(4) 2.97(1) 0.006(3) 

Cu 0.6(3) 3.37(5) 0.007(3) 

Cu 0.5(3) 3.83(8) 0.007(3) 

 
 
Table S22: Parameters of the nearest coordination shells around Cu cations in the 5CuCa 
catalyst at 350 °C in the He/O2 atmosphere: average number of neighbor atoms (N), 
distance (R), and Debye-Waller factor (σ2). Uncertainty of the last digit is given in 
parentheses. A best fit is obtained with the amplitude reduction factor S0

2 = 0.85. The 
shift of the energy origin ΔEo and R-factor (quality of fit parameter), are listed in the last 
column. 
 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5CuCa (350 °C in the He/O2 atmosphere) 

O 3.2(2) 1.906(4) 0.007(1) 

-2 ± 1 eV 

0.0011 

O 0.8(4) 2.44(5) 0.011(7) 

O 1.8(8) 2.72(4) 0.011(7) 

Cu 0.5(3) 2.92(6) 0.010(3) 

Cu 0.6(3) 2.93(6) 0.014(3) 

Cu 0.7(5) 3.32(6) 0.014(3) 
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Table S23: Parameters of the nearest coordination shells around Cu cations in the 5CuCa 
catalyst at 350 °C during catalytic propylene oxidation reaction in a C3H6/O2/He stream 
after 70 min: average number of neighbor atoms (N), distance (R), and Debye-Waller factor 
(σ2). Uncertainty of the last digit is given in parentheses. A best fit is obtained with the 
amplitude reduction factor S0

2 = 0.85. The shift of the energy origin ΔEo and R-factor 
(quality of fit parameter), are listed in the last column. 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5CuCa (350 °C during catalytic propylene oxidation 70 min) 

O 2.4(4) 1.883(1) 0.006(1) 

-4 ± 1 eV 

0.0046 

O 1.1(7) 2.43(4) 0.011(7) 

O 1.9(8) 2.69(4) 0.014(7) 

Cu 1.0(6) 2.94(4) 0.010(3) 

Cu 2.0(8) 3.16(9) 0.014(3) 

Cu 1.1(7) 3.35(9) 0.014(3) 

 
 
Table S24: Parameters of the nearest coordination shells around Cu cations in the 5CuCa 
catalyst at 350 °C during catalytic propylene oxidation reaction in a C3H6/O2/He stream 
after during 180 min: average number of neighbor atoms (N), distance (R), and Debye-
Waller factor (σ2). Uncertainty of the last digit is given in parentheses. A best fit is obtained 
with the amplitude reduction factor S0

2 = 0.85. The shift of the energy origin ΔEo and R-
factor (quality of fit parameter), are listed in the last column. 

Cu neigh. N R [Å] σ2 [Å2] ΔEo/ R-factor 

5CuCa 350 °C during catalytic propylene oxidation 180 min 

O 2.1(2) 1.874(3) 0.005(1) 

-4 ± 1 eV 

0.0035 

O 1.1(6) 2.41(5) 0.011(7) 

O 1.9(8) 2.67(4) 0.011(7) 

Cu 1.0(4) 2.91(4) 0.010(3) 

Cu 2.0(3) 3.11(6) 0.014(3) 

Cu 1.5(5) 3.31(6) 0.014(3) 
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6 Molecular dynamics simulations (shape search) 
 
MD simulations were performed in the VASP programme suite. On three lowest-lying 
structure for Cu12O12, molecular dynamics with the Nosé-Hoover thermostat set at 3000 K 
was performed. The time step was 1 fs and 1000 steps were carried out. 

 
Figure S14: Initial structures of the three lowest-lying Cu12O12 structures. 
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Figure S15: Temperature fluctuations and energy change during the MD shape search on 
the three lowest-lying Cu12O12 structures. 
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7 Bader analysis 
 
Table S25: Charges on individual atoms in the investigated Cu12O12 clusters, as calculated 
by Bader's charge analysis. The bolded numbers indicate oxygen atoms reacting with 
propylene. 
  Cu12O12 Cu12O12Na Cu12O12Cs Cu12O12Ca 

# Atom type Charge Charge Charge Charge 

1 Cu 0.83 0.88 0.87 0.91 

2 Cu 0.73 0.66 0.66 0.62 

3 Cu 0.64 0.60 0.60 0.52 

4 Cu 0.98 0.96 0.95 0.95 

5 Cu 0.89 0.86 0.85 0.86 

6 Cu 0.75 0.71 0.70 0.67 

7 Cu 0.80 0.92 0.91 0.92 

8 Cu 1.01 0.98 0.99 0.95 

9 Cu 0.93 0.82 0.81 0.77 

10 Cu 0.83 0.84 0.84 0.83 

11 Cu 1.10 1.10 1.10 1.09 

12 Cu 0.95 0.68 0.70 0.64 

13 O –0.86 –0.88 –0.89 –0.89 

14 O –0.88 –0.87 –0.87 –0.88 

15 O –0.95 –0.93 –0.94 –0.93 

16 O –0.82 –0.83 –0.84 –0.84 

17 O –0.91 –0.91 –0.91 –0.93 

18 O –0.80 –0.97 –0.94 –1.08 

19 O –0.86 –0.88 –0.89 –0.88 

20 O –0.86 –0.89 –0.89 –0.92 

21 O –0.96 –0.96 –0.97 –1.05 

22 O –0.79 –0.81 –0.82 –0.81 

23 O –0.81 –0.84 –0.85 –0.86 

24 O –0.85 –0.95 –0.95 –1.05 

25 X N/A 0.86 0.91 1.52 
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8 DFT geometries 

 
Figure S16: DFT-optimised of the Cu12O12 clusters with adsorbates. 
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Figure S17: DFT-optimised of the Cu12O12Cs clusters with adsorbates. 5CuNa and 5CuCa 
structures are analogous. 
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Chapter 4 

4 Conclusions and Future Outlook 

In our work, we demonstrate that finely dispersed copper oxide clusters are viable catalysts 
for direct propylene epoxidation using molecular oxygen. With the synthesis technique 
presented in Chapter 2 we produced highly dispersed CuOx species with a mean diameter 
of less than 1 nm. The synthesized CuOx/SiO2 catalysts were further modified with alkali 
and alkaline earth metals.  

With in- and ex-situ UV/vis we probed the morphological properties of the synthesized 
materials during reaction conditions. We found that sintering of the active phase is the 
most likely reason for the reduction in catalyst activity. Characteristic bands in the 
measured spectra indicated a highly dispersed copper phase with a low contribution from 
d-d transitions related to bulk CuO phase. The modified samples however underwent a 
significantly lower degree of sintering. Alkali as well as earth alkaline modification of the 
samples acts as a sintering barrier, noticeably improving the catalyst stability. Sintering is 
promoted under reducing (C3H6) and reaction atmosphere (C3H6, He and O2) compared to 
oxidative (He and O2). Sintering also increases the selectivity for acrolein, which seems to 
be the preferred product over bulk CuOx. 

The samples were imaged with scanning and transition electron microscopy (TEM) to 
further investigate the morphology of the samples. The amorphous silica support mostly 
comprises larger clusters (10-100 μm) and the copper is well dispersed within the pores. 
The mesoporosity of the support is visible in the TEM and was additionally confirmed by 
low angle XRD analysis. With energy-dispersive X-ray spectroscopy we confirmed that the 
nominal and the actual copper content are very similar. 

The literature suggested that the acid properties of the catalyst play a significant role 
in propylene oxide (PO) selectivity. To that effect we probed the surface of the materials 
with pyridine adsorption and diffuse reflectance infrared Fourier transform (DRIFT) 
spectroscopy. The 2.5 and the 5 wt. % copper-containing samples have a widely different 
acidity, but show very similar selectivity for PO. From this we concluded that Lewis acidity 
of the surface does not play a crucial role in PO selectivity for our samples. This is probably 
caused by low acidity of the sites probed by pyridine as the probe molecule. Since this is 
an oxidation reaction, and surface oxygen acts as a base, we employed DRIFT and 
combined it with temperature-programmed CO2 desorption (CO2-TPD) to probe the 
basicity of the samples. The selective samples, specifically the ones where an alkali metal 
was the modifying adatom, showed newly formed basic sites of intermediate strength. This 
shoulder at approximately 155 °C in the CO2-TPD was not seen in the unmodified and the 
alkaline earth modified catalysts. We propose that alkali modification lowers the 
nucleophilic character of the active oxygen species, which prevents allylic hydrogen 
stripping (AHS) and promotes oxametallacycle (OMC) formation. No correlation could be 
found between strong and weak basic sites and PO selectivity.  
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Copper atom local structure and oxidation state in reaction conditions was studied with 
in-situ XANES. Depending on the presence and type of the modifying adatom, the catalysts 
exhibited different reduction dynamics. This indicates that the modification does alter the 
kinetics of oxygen abstraction and replenishment. In the quasi-steady state the tested 
catalysts contained between 24 and 68 % of Cu+. The remaining copper was present as 
Cu2+. This reveals that Cu+ amount is not the sole determining factor for PO selectivity. 
The technique additionally confirmed that the average copper cluster has a mean diameter 
of less than 1 nm.  

Different modifying atoms had a varying effect on catalyst stability and selectivity. 
Sodium and potassium modification had a similar effect, with both alkali metals 
significantly improving PO selectivity. This was accompanied by a decrease in acrolein and 
a slight increase in COx selectivity. The activity and the stability of the catalysts were also 
improved, where Na+ and K+ modified catalysts retained 3.4 and 4 % of propylene 
conversion after 1000 min of TOS, respectively. The calcium-modified catalyst also 
exhibited a much improved activity and stability, retaining 4.6 % of propylene conversion 
after 1000 min of TOS. It, however, showed no improvement in PO selectivity. Modification 
with Cs+ leads to the lowest extent of Cu2+ reduction to Cu+ (76±2 % at 5 h), highest 
stability throughout the 15 h of time on stream, and intermediate PO selectivity. The 
results of the catalytic tests correlate well with basicity tests, and support our theory of 
nucleophilicity modulation. 

The in-situ EXAFS measurements revealed a reduction in Cu-O bond length with TOS 
for the sodium-modified and an increase for the calcium-modified catalyst. A slow reduction 
in bond length is caused by the sintering of the non-selective, unmodified active sites, also 
evident by a slow increase in PO selectivity. This further supports our theory of a reduced 
nucleophilic character of oxygen as a shorter bond implies a stronger binding. The Cs+-
modified catalyst also showed an increase in bond length; however we suspect this 
discrepancy is the result of increased stability. This catalyst shows minimal to no 
deactivation during TOS, which means the nonselective, unmodified active sites do not 
sinter. 

The XAS experimental data was employed to construct a simulated copper oxide 
cluster, which was used to perform DFT studies. With these, we additionally confirmed 
that if the surface oxygen is too basic (nucleophilic), it immediately reacts with the allylic 
hydrogen. The activation barriers (AB) for OMC formation are increased anywhere from 
9 to 78 % depending on the modifying alkali metal and the type of OMC formed. The AB 
for ring closure and PO desorption are simultaneously decreased (up to 23 % by Cs+ 
modification). On the other hand, the AB for AHS is increased by 60 and 67 % by Na+ 
and Cs+ modification, respectively. Even with the increase in AB, OMC is still energetically 
favorable compared to AHS. This promotes the observed increase in PO selectivity in 
alkali-modified catalysts. When propylene adsorbs to the alkali-modified catalyst surface, 
its allylic hydrogen does not react with surface oxygen, but preferentially an OMC forms 
that desorbs as PO. When Ca2+ is the modifying adatom, the AHS activation barrier is 
decreased by 64 %. If the OMC forms, it will preferentially desorb as acetone and not PO. 

We co-fed propylene oxide into the reactor to see to which extent our product is further 
oxidized in subsequent reactions. We found that even with the modified catalysts, we still 
lose 75 % of PO due to subsequent oxidation reactions. This could probably be minimized 
by an engineering approach to minimize the temperature and residence time of reaction 
products in the heated post-catalytic part of reactor. Increased reaction pressure is reported 
as highly beneficial in terms of boosting PO selectivity. Ghosh et al. [36] observed an 
increase in PO selectivity from 25 % at 0.1 MPa, to 85 % 2 MPa, both at 250 °C. 

Stabilization of the OMC intermediate could additionally boost the selectivity for PO. 
To achieve the stabilization, a zeolite with a smaller pore diameter could be used as a 
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support in order for van der Waals interactions with the pore walls to promote OMC 
formation. The effect was already studied by Maestri and Iglesia [87] with NO oxidation 
in a siliceous crystalline framework. 

With these approaches PO selectivity could be increased to values that would make 
direct propylene epoxidation with molecular oxygen competitive with current established 
techniques. 
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