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Chapter 1 

Introduction 

1.1 Gold catalysis 

Gold is the earliest recorded metal employed by humans and was used to make precious 

artifacts thousands of years ago. It has been prized, because it is the most noble of the metals 

and considered to be immutable. The perception of the immutability of gold restricted the 

development of the chemistry of gold [1]. It is well known that gold is very stable in nature, 

and that it cannot be oxidized in air nor is affected by most acids and bases. Because of the 

inertness of gold in chemical reactions, it has long been regarded as an inactive metal in 

catalysis. However, the pioneering work of Haruta and Hutchings in the 1980s completely 

changed this long-standing cognition on gold. In 1985, Hutchings reported that a carbon 

supported gold catalyst was highly efficient for vapor phase hydrochlorination of acetylene 

to vinyl chloride [2]. In 1987, Haruta found that metal oxides-supported gold catalysts 

exhibited surprisingly high activity for carbon monoxide oxidation even at a low temperature 

of -70 °C [3]. Since then, gold catalysis has attracted a great deal of interest and has become 

a hot topic in chemistry.  

Although bulk gold is inactive, many reactions can be catalyzed by gold when it is prepared 

as nanoparticles, such as oxidation [4-7], hydrogenation [8-10], and carbon-carbon coupling 

reactions [11-13]. In catalytic oxidation, two types of reactions have been identified in which 

gold catalysts are efficient. One is complete oxidation of toxic compounds to minimize their 

adverse impact on environment, the other is selective oxidation of organic compounds in fine 

chemistry to obtain valuable chemicals [14]. In order to synthesize practical (heterogeneous) 

catalysts containing gold nanoparticles (AuNPs), supports are often used that not only 

provide surface to disperse and stabilize AuNPs but also participate in catalytic reactions by 

providing sites to adsorb and activate reactants. A large number of supports have been 

explored to obtain high-performance gold catalysts, which can be classified based on their 

chemical nature into inorganic supports, inorganic-organic hybrids, and organic supports [15]. 

Inorganic supports, the main choice, can be further classified into reducible metal oxides 

(TiO2, CeO2, Fe2O3, etc.), irreducible oxides (SiO2, Al2O3, etc.), metal hydroxide (Mg(OH)2, 

La(OH)3, etc.), and nonoxides (TiC, BN, etc.).  

Accordingly, many different synthetic methods have also been developed to prepare 

supported AuNPs. Impregnation is a classical method to prepare supported metal catalysts, 
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but it was found that this technique is not very effective for gold catalysts, as large gold 

particles are formed through this method showing low activity [16]. Sol-immobilization is a 

better approach as it deposits pre-formed uniform AuNPs onto support [17-19]. A 

disadvantage is that stabilizing agents, such as PVP, should be removed from the catalyst, 

which otherwise might be detrimental in catalysis by blocking active sites. Co-precipitation 

is one of the simplest ways to prepare gold catalysts: gold samples with unprecedentedly high 

activity in CO oxidation were prepared in this way by Haruta [3]. However, it should be 

noted that gold might be buried inside the support during the synthesis, thus not all the gold 

species can be effectively utilized. Deposition-precipitation (DP) was firstly developed in 

order to apply the MOx support which cannot be prepared by co-precipitation from metal 

nitrate, such as TiO2 [15]. In this method, the gold precursor, normally HAuCl4, is exclusively 

precipitated on the surface of a support under basic conditions, with NaOH and urea being 

the two most widely used precipitating agents [20, 21]. DP requires that the support should 

have a positively charged surface under synthetic conditions, so that AuCl4
- can be adsorbed 

and then deposited. Besides these above-mentioned methods, some other techniques, such as 

ion-exchange [22], photochemical deposition [23], have also been used for the synthesis of 

gold catalysts. 

1.2 Metal-support interactions 

For supported metal catalysts, metal particles are dispersed and immobilized on a support to 

enhance their stability and control their spatial distribution, but the supports are often not 

inert and the interactions with metal particles can have a profound impact on the catalytic 

properties of the metal catalysts [24, 25]. The interface obtained between a metal particle and 

a support leads to some interesting phenomena as depicted in Figure 1.1. The first one is 

charge transfer resulting from the rearrangement of electrons within the metal particle and 

the support (Figure 1.1a). The magnitude and direction of the charge transfer is driven by the 

differences in the Fermi level of both materials, finally reaching equilibration of the electron 

chemical potentials [25]. Metal particles can also have different contact structures with the 

support depending on the adhesion energy at the metal-support interface [26, 27]. Generally, 

stronger adhesion results in metal particles with hemispherical or raft-like shapes because of 

better wetting of the support by the metal, whereas spherical metal particles are obtained 

when the adhesion energies are weaker (Figure 1.1b). Furthermore, the lattice misfit between 

metal particles and the support can lead to strain and defects, thereby modifying the contact 

structure as well. Another intriguing phenomenon is that solid-state reactions can occur 

between metal particles and support forming new structures [25]. Typically, under reductive 

conditions, the species from support can migrate to metal particles, resulting into the 
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formation of alloyed metal particles or encapsulated particles with an oxide overlayer (Figure 

1.1c). Alloyed nanoparticles can show quite different catalytic behaviors as compared with 

monometallic ones due to the modulated adsorption strength and activation barrier for 

reactants [28, 29]. The generation of a suboxide layer onto metal particles under reducing 

conditions is often referred to strong metal-support interaction [30, 31]. Its occurrence 

requires that the metal can activate hydrogen and the supports are reducible, which can 

provide mobile suboxide species. This represents an approach to construct more interfacial 

sites between the metal and the oxide support, and stabilize the metal particles against 

sintering. However, it is worthy to note that the extensive coverage of the metal by an 

overlayer is detrimental in catalysis as the active metal sites are completely blocked.  

 
Figure 1.1. Schematic representation of the main metal-support interface phenomena. 

In order to tune these metal-support interactions (MSI), several strategies relevant to support 

modifications can be adopted. These are depicted in Figure 1.2. The first one to consider is 

to change the composition of the support, as the support properties, such as reducibility, 

acidity and basicity, are strongly dependent on its chemical composition. This can be easily 

achieved by employing single oxides based on different metals or constructing binary/ternary 

oxides through a metal doping method [32, 33]. The second one is related to the modulation 

of the crystal phase [34-36], which also significantly influences the chemical properties of 

the support. Hence, synthesizing supports with different crystal phases (e.g., α-Al2O3 vs. γ-

Al2O3, α-Fe2O3 vs. γ-Fe2O3) is an effective strategy to tune MSI. The third one is thermal 

treatment for the supports, by which their crystallite size and surface properties are 
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remarkably modified [37, 38]. The fourth one is to control the morphology of the supports, 

because the supports with different shapes tend to expose distinct crystal planes, which 

exhibit varying redox properties and interactions with the metal particles [39-42]. Moreover, 

there might be some defects on the support with a specific morphology, acting as the sites to 

stabilize the metal particles. The synthesis of such well-shaped materials requires delicate 

control of the synthesis conditions. 

 

Figure 1.2. Tuning strategies to optimize the metal-support interactions by support 

modification. 

1.3 Alcohol oxidation 

The selective oxidation of alcohols to corresponding aldehydes or ketones is an important 

process in the fine chemicals industry [43-46]. In the past years, there has been growing 

demand for an efficient catalytic system using a green oxidant (molecular oxygen being 

preferred) to replace toxic oxidants, like KMnO4, Jones reagent (chromium trioxide in diluted 

sulfuric acid), and pyridine dichromate [14]. Platinum group metals have been extensively 

studied for the oxidation of alcohols [47-49]. The selectivity toward the desired product is 

relatively low despite their high activity. In contrast, gold-based catalysts are exceptionally 

selective for the formation of aldehydes/ketones while maintaining a very high reactivity. It 

has been well recognized that supported gold catalysts represent one of the best catalytic 

systems and consequently received substantial attention in the field of alcohol oxidation [50-

55].  

Alcohol oxidation can be carried out both in the liquid- and gas-phase, depending mainly on 
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the thermal stability and volatility of the reagent and products [56]. For liquid-phase 

oxidation, the substrate and catalyst are usually added to a batch reactor, with a solvent and, 

in many cases, a base, being present. The reaction can proceed at a relatively low temperature, 

but the use of solvent and the subsequent separation of solid catalyst remain critical issues. 

In comparison, the gas-phase oxidation can be performed in a continuous manner without 

using any solvent, which is more attractive for industrial application. However, the gas-phase 

transformation needs a relatively high temperature, which is sometimes not compatible for 

the conversion of thermally unstable alcohols.  

Figure 1.3 shows the general reaction mechanism of alcohol oxidation over supported gold 

catalysts. The reaction progresses by four steps: (i) the alcohol molecule is adsorbed on the 

catalyst surface, (ii) the O-H bond is activated by the basic sites on the support, (iii) the C-H 

bond is activated by the metal with the formation of an unsaturated molecule, and (iv) H is 

removed by O2 with the formation of H2O. According to this mechanism, it can be found that 

both gold and the support play a role in the catalytic process.  

 

Figure 1.3. Possible reaction mechanism of alcohol oxidation over supported gold catalysts. 
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1.3.1 Cyclohexanol oxidation to cyclohexanone 

Cyclohexanone is a key intermediate in the production of adipic acid and caprolactam, which 

can be further converted to nylon 66 and nylon 6 after polymerization, respectively. 

Cyclohexanone is predominantly consumed by the nylon industry. In practice, cyclohexane 

is oxidized to cyclohexanol and cyclohexanone, a mixture called KA oil, using cobalt-based 

catalysts [57-59]. Alternatively, the hydrogenation of phenol [60, 61] and the hydration of 

cyclohexene are also the reaction routes to produce cyclohexanol [62, 63], as shown in 

Scheme 1.1.  

 

Scheme 1.1. Reaction routes to produce cyclohexanol/cyclohexanone in industry.  

Because of the significance of cyclohexanone, the further conversion of cyclohexanol to 

cyclohexanone is commercially important. Currently, the direct dehydrogenation of 

cyclohexanol to cyclohexanone in the gas phase has been applied in industry using Zn- or 

Cu-based catalysts [64-67]. However, direct dehydrogenation is limited by thermodynamics 

under practical conditions, as shown in Figure 4. Moreover, catalysts used for such a process 

suffer from deactivation due to the blockage of the active sites by heavy products [68-70]. In 

contrast, the oxidative dehydrogenation with O2 as the oxidant (Scheme 1.2) is not limited 

by reaction equilibrium (Figure 1.4), and it is expected that catalyst deactivation can be 

suppressed in such an oxidative process. Therefore, to explore an efficient catalytic system 

for the gas-phase oxidative dehydrogenation of cyclohexanol is of tremendous industrial 

significance for cyclohexanone manufacture.  
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Scheme 1.2. Direct dehydrogenation and oxidative dehydrogenation of cyclohexanol to 

cyclohexanone.  

 

 

Figure 1.4. Comparison of the equilibrium conversion of cyclohexanol in direct 

dehydrogenation and oxidative dehydrogenation. 

Inspired by the exceptional performance of supported gold catalysts in alcohol oxidation, the 

development of gold-based catalysts for the gas-phase transformation of cyclohexanol to 

cyclohexanone is highly desired. Several properties are required for an effective supported 

gold catalyst: (i) the support is thermally stable in the reaction with the presence of water, (ii) 

the support is able to provide some basic sites to activate the O-H group, (iii) gold should be 

highly dispersed and stabilized on the support to maximize its utilization, and (iv) molecular 

oxygen can be effectively activated by the catalyst (probably by oxygen vacancies, interfacial 

sites and low-coordinate gold sites) to achieve a complete catalytic cycle.  
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1.4 CO oxidation 

CO is a colorless and odorless gas, which is very toxic for human beings because of its high 

affinity with hemoglobin. In modern society, a huge amount of CO is emitted in the world, 

mainly from vehicle emissions, power plants and other industrial activities [71]. To eliminate 

its adverse impact on the environment, catalyzing CO to CO2 conversion through oxidation 

is necessary [72-74]. A large variety of catalytic systems has been studied in the context of 

CO oxidation, ranging from Co-, Cu- and Mn-based transition metal oxides catalysts [75-81], 

to supported Pt-, Pd- and Rh-based noble metal catalysts [82-89].  

Gold was traditionally considered to be the least interesting metal for CO oxidation, until 

Haruta et al. discovered that gold combined with Fe2O3, Co3O4, and NiO displayed very high 

activity in CO oxidation at temperatures below 0 °C [3]. Such a high activity was not 

achieved by other metals by then. Initially, it was thought that the high activity originated 

from a new type of composite oxide, but detailed microscopic studies revealed that the gold 

nanoparticles of 2-4 nm in diameter contributed to the remarkable activity [72]. Subsequently, 

over the past thirty years, tremendous efforts have been made in the field of Au-catalyzed 

CO oxidation, with the aim to develop high-performance gold catalysts and to have an in-

depth understanding on the nature of the active sites. There are several important factors 

affecting the catalytic properties of gold catalysts: (i) the type of metal oxide support, (ii) the 

contact structure between gold particles and the support, (iii) the size of gold particles, and 

(iv) the presence of moisture and hydroxyl groups [15]. Haruta et al. proposed that gold 

provides the adsorption sites for CO, and the perimeter interface between Au and the support 

is where the reaction of adsorbed CO and oxygen species takes place, although the exact 

mechanism for O2 activation is still not clear [15].  

Figure 1.5 shows three possible reaction mechanisms for CO oxidation over supported gold 

catalysts. For gold supported on reducible metal oxides, it has been found that gold can 

activate the lattice oxygen of the support, which reacts with adsorbed CO forming CO2 [36, 

90, 91]. The generated vacancy plays a role in the activation of molecular oxygen, after which 

the vacancy is healed, leaving an oxygen atom which is involved in facile CO2 formation, as 

shown in Figure 1.5a. Figure 1.5b shows the Langmuir-Hinshelwood mechanism, in which 

CO is adsorbed on gold and O2 is adsorbed and activated on gold phase or at the gold-support 

interface, then CO combines with activated oxygen forming CO2. A third hydroxyl-assisted 

mechanism is shown in Figure 1.5c. Hydroxyl groups can partake by reacting with CO 

forming a COOH intermediate, which decomposes into CO2 and H [92, 93]. Reaction of the 

H atom with molecular O2 can lead to peroxo species that can further react with CO to CO2, 

regenerating the support hydroxyl group. The peroxo group is usually located at the interface 
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and may bind either to gold or support Lewis sites. This mechanism can explain the positive 

effect of water observed for some supported gold catalysts. 

 

Figure 1.5. Three possible reaction mechanisms of CO oxidation over supported gold 

catalysts: (a) Mars-van Krevelen mechanism, (b) Langmuir-Hinshelwood mechanism, and (c) 

hydroxyl-assisted mechanism. 
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1.5 Scope of thesis 

The research in this thesis is mainly concerned with gold catalysts for selective oxidation of 

cyclohexanol to cyclohexanone and CO oxidation to CO2, which are of significance in 

industrial and environmental catalysis, respectively. Different strategies are employed to 

modulate the properties of a variety of metal-oxide supports in order to optimize their 

performance in oxidation reactions. Because the gas-phase oxidation of cyclohexanol 

requires a relatively high temperature and H2O is produced in the reaction, spinel oxides with 

excellent (hydro)thermal stability and controllable chemical properties are promising 

supports for gold catalysts. Thus, in Chapters 2-4, we focus on the development of spinel 

oxide-based gold catalysts for the gas-phase oxidation of cyclohexanol to cyclohexanone. In 

Chapters 5-6, we deal with morphology control of (single) metal oxides for CO oxidation 

considering their facile synthesis.  

In Chapter 2, several gold catalysts supported on spinel oxides were prepared and explored 

for their utility in the gas-phase selective oxidation of cyclohexanol. Cu-doped MgCr2O4 is 

identified as preferred combination. Au-Cu synergy plays a crucial role in the reaction. 

Chapter 3 explores in more detail the Cu doping in these spinel oxides. The structural and 

catalytic properties of Au/Mg1-xCuxCr2O4 are systematically studied and optimized for the 

gas-phase oxidation of cyclohexanol oxidation. It is found that Cu migrated from the support 

to gold nanoparticles, forming Au-Cu alloy and different rate-limiting steps are proposed for 

low- and high-temperature reaction regimes. 

In Chapter 4, an alternative Au/ZnCr2O4 system is investigated for the gas-phase oxidation 

of cyclohexanol. The ZnCr2O4 supports were thermally treated at different temperatures to 

optimize their catalytic performance in combination with gold. High-temperature calcination 

of ZnCr2O4 is essential to remove the Lewis acid sites, which otherwise leads to the formation 

of coke deposits blocking the active sites. Very uniform dispersion of gold nanoparticles (2-

3 nm) on low-surface-area ZnCr2O4 is indicative of strong gold-support interactions, which 

is supported by density functional theory calculations.  

Chapter 5 is focusing on two α-Fe2O3 (hematite) oxides with different morphologies 

(nanosphere vs nanorod), which were used as supports for gold deposition. The morphology 

of α-Fe2O3 has a significant influence on the activity and sintering resistance of Au/Fe2O3 

catalysts in CO oxidation. Stronger gold-support interactions were observed on Au/α-Fe2O3-

rod than on Au/α-Fe2O3-sphere. 

In Chapter 6, Cu2O cubes and octahedra exposing {100} and {111} planes respectively were 
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synthesized in order to evaluate the influence of exposed crystal plane and active Cu species 

in CO oxidation. The oxidation behaviour of Cu2O is found to be dependent on the exposed 

surface. Density functional theory calculations give an insight into the reaction mechanism. 
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Chapter 2 

Highly active and stable spinel-oxide supported gold 

catalyst for gas-phase selective aerobic oxidation of 

cyclohexanol to cyclohexanone 

Abstract 

Highly dispersed gold nanoparticles supported on Cu-doped spinel oxides were prepared by 

a simple deposition-precipitation method. The resulting Au/MgCuCr2O4 catalyst is very 

efficient for gas-phase oxidation of cyclohexanol to cyclohexanone, giving 69.5% and 86.4% 

yield of cyclohexanone at 260 °C and 300 °C, respectively. Deactivation was not observed 

in a 100 h stability test. This excellent performance can be correlated with the highly stable 

gold nanoparticles in the reaction deriving from the strong gold-support interaction and 

efficient Au-Cu synergy.  

 

 

This Chapter has been published as: Y. Gao, E. J. M. Hensen, Catal. Commun., 2018, 117, 

53-56. 
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2.1 Introduction 

Dehydrogenation of cyclohexanol to cyclohexanone is an important industrial process as 

cyclohexanone is a raw material for the production of nylon [1-5]. In current industrial 

practice, cyclohexanone is produced through direct dehydrogenation of cyclohexanol over 

Cu- or Zn-based catalysts in the gas phase. However, direct dehydrogenation of cyclohexanol 

is limited by thermodynamic equilibrium under practical conditions. Typically, the catalysts 

used for this process suffer from deactivation due to deposition of heavy products [6-8], 

requiring frequent regeneration. These drawbacks can in principle be overcome if a suitable 

catalyst for the oxidative dehydrogenation of cyclohexanol to cyclohexanone would be 

available. The oxidative dehydrogenation of cyclohexanol is not limited by thermodynamics 

and the use of an oxidant such as O2 inhibits deposition of carbonaceous products on the 

catalytic surface.  

There are only few reports in the open literature that discuss catalysts for gas-phase oxidative 

dehydrogenation of cyclohexanol. CuO-ZnO has been studied by Lin et al., but this catalyst 

deactivated rapidly because of the deposition of high-molecular-weight products on active 

sites [9]. Valente and co-workers encountered similar problems with ETS-10, likely due to 

the strong adsorption of heavy products in its micropores [10]. Mn-modified MCM-41 has 

also been evaluated for the title reaction by Santhanaraj et al. [11]. High reaction temperatures 

were needed to achieve a reasonable yield, which led to deactivation of the mesoporous silica 

catalyst due to steaming by co-produced water. To the best of our knowledge, there is no 

report of a highly active, selective and stable catalyst for the gas-phase oxidative 

dehydrogenation of cyclohexanol to cyclohexanone. 

The interest in supported gold nanoparticle catalysts for selective alcohol oxidation has 

increased remarkably in the past two decades [12-19]. Gold is effective in activating C-H 

bonds. As its activity in O-H bond activation is limited, often solid or soluble bases are used 

as co-catalysts [12, 17, 19]. Besides providing basic sites, the support may also play a role in 

oxygen activation, which is important as gold cannot strongly activate molecular oxygen [20]. 

Oxygen activation is often associated with redox properties of oxide supports, because 

oxygen vacancies can strongly adsorb molecular oxygen [21]. Another role of oxide supports 

is to stabilize small gold nanoparticles. Therefore, it is desirable to select a proper support to 

achieve a suitable gold-support synergy for selective oxidation reactions. 

Among the various oxide materials used as supports for gold catalysis (e.g., titania, ceria, 

hydrotalcites) [12, 16, 17, 22], spinel oxides have only been scarcely explored [20]. Spinel 

oxides with the general structure AB2O4 form an important class of inorganic materials in 
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catalysis [23-27]. They usually exhibit excellent thermal stability and they can be made basic 

by using Mg2+ as an A cation, while surface redox properties can be introduced by doping 

with other transition metal cations. These redox properties can be beneficial for oxidation 

reactions [28]. Recently, Liu et al. have demonstrated that Au/MgCuCr2O4 is an efficient 

catalyst for the oxidation of ethanol to acetaldehyde [20]. This motivated us to explore the 

use of spinel-oxide-supported Au catalysts for the conversion of cyclohexanol. 

2.2 Experimental  

2.2.1 Catalyst preparation 

The spinel oxide supports (MgCr2O4, Mg0.75Cu0.25Cr2O4, MgFe2O4, Mg0.75Cu0.25Fe2O4) were 

prepared by coprecipitation-calcination method using metal nitrates as precursors. Typically, 

for Mg0.75Cu0.25Cr2O4, 400 ml of 1 M NaOH aqueous solution was added dropwise to 250 ml 

mixed nitrate solution containing Mg(NO3)2•6H2O (37.10 mmol), Cu(NO3)2•3H2O (12.37 

mmol), and Cr(NO3)3•9H2O (37.10 mmol) to ensure complete coprecipitation. After stirring 

for 20 h, the precipitate was filtered, washed and dried at 110 °C overnight. Finally, the solid 

was calcined at 700 °C for 8 h to obtain the spinel oxides. CuO and MgO were also prepared 

using the similar precipitation-calcination method.  

Gold was deposited on the oxide supports via a deposition-precipitation method using urea 

as the precipitation agent as developed by Louis et al [29]. Typically, 2.0 g of oxide support 

and 0.6 g urea were added to a 100 mL flask, to which 67 ml of HAuCl4 (1.5 mmol/L) was 

added. Afterwards, the mixture was stirred and heated to 90 °C in an oil bath and kept at this 

temperature for 20 h under reflux. Then, the mixture was cooled to room temperature and 

washed with deionized water. Finally, the solid was dried at 60 °C overnight and calcined at 

300 °C for 4 h at a rate of 2 °C/min in air. The targeted gold loading is 1.0 wt%.  

2.2.2 Catalyst characterization 

X-ray diffraction (XRD) patterns was collected on a Bruker Endeavour D4 equipment with 

Cu Kα radiation (40 kV and 30 mA). Scanning electron microscope (SEM) observations were 

carried out using a FEI Quanta 200F scanning electron microscope. TEM micrographs were 

acquired on a FEI Tecnai 20 electron microscope at an acceleration voltage of 200 kV with 

a LaB6 filament. The BET specific surface area was measured by a Tristar 3000 automated 

gas adsorption system. The samples were degassed at 120 °C for 16 h before analysis.  

X-ray photoelectron spectroscopy (XPS) measurements were carried out with a Thermo 

Scientific K-Alpha spectrometer, equipped with a monochromatic small-spot X-ray source 
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and a 180° double focusing hemispherical analyzer with a 128-channel detector. Spectra were 

obtained using an aluminum anode (Al Kα= 1486.6 eV) operating at 72 W and a spot size of 

400 m. Survey scans were measured at a constant pass energy of 200 eV and region scans 

at 50 eV. The background pressure was 2 × 10-9 mbar and during measurement 3 × 10-7 mbar 

Argon because of the charge compensation dual beam source. Data analysis was performed 

using CasaXPS software. The binding energy was corrected for surface charging by taking 

the C 1s peak of contaminant carbon as a reference at 284.6 eV. 

Temperature programmed reduction (TPR) experiments were performed in a Micromeritics 

Autochem II 2920 equipped with a fixed-bed reactor, a computer-controlled oven, and a 

thermal conductivity detector. Typically, 100 mg catalyst was loaded in a tubular quartz 

reactor. The sample was reduced in 4 vol% H2 in N2 at a flow rate of 10 mL/min, while 

heating from room temperature up to 900 °C at a ramp rate of 5 °C/min. 

Temperature programmed desorption of CO2 (CO2-TPD) was carried out in a home-built 

reactor system coupled with a mass spectrometer. After pretreated in a 40 ml/min He flow at 

600 °C for 1h, the sample (50 mg) was cooled down to 100 °C and exposed to a 20 vol% 

CO2/He flow (50 ml/min). After sweeping with He for 2 h to remove physisorbed CO2, the 

temperature was increased linearly at a flow rate of 10 °C/min in He and the signal of CO2 

(M/e = 44) was recorded by online mass spectroscopy.  

2.2.3 Catalytic activity measurement 

Gas-phase oxidative dehydrogenation of cyclohexanol to cyclohexanone was carried out 

using a fixed bed plug flow reactor. Typically, 100 mg of catalyst (125-250 m) diluted with 

400 mg SiC was loaded into a stainless steel reactor with an internal diameter of 8 mm. Prior 

to reaction, the catalyst was pretreated in He for 4 h at 260 °C. Then, the reaction mixture 

with the volumetric composition alcohol/O2/He = 1/6/133 was introduced into the reactor at 

a flow rate of 168 ml/min (corresponding to a space velocity of around 100,000 ml gcat
-1 h-1) 

at 260 °C. Cyclohexanol was fed to the system by a HPLC pump and all the lines were kept 

at ca. 130 °C to avoid condensation of the reactants and products. The effluent gas was 

analyzed by an online gas chromatography equipped with a TCD and a FID. The conversion 

of cyclohexanol (X) and the selectivity to cyclohexanone (S) were determined in the 

following manner: 
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𝑋(%) =  
𝑡𝑜𝑡𝑎𝑙 𝐶 𝑚𝑜𝑙% − 6 × 𝑐𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑜𝑙 𝑚𝑜𝑙%

𝑡𝑜𝑡𝑎𝑙 𝐶 𝑚𝑜𝑙%
 × 100 

𝑆(%) =  
6 × 𝑐𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑜𝑛𝑒 𝑚𝑜𝑙%

𝑡𝑜𝑡𝑎𝑙 𝐶 𝑚𝑜𝑙% − 6 × 𝑐𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑜𝑙 𝑚𝑜𝑙%
 × 100 

 

2.3 Results and discussion 

Herein, we report our efforts to develop a catalyst for the oxidative dehydrogenation of 

cyclohexanol to cyclohexanone using supported gold catalysts. MgFe2O4, MgCr2O4 and Cu-

doped variations (Cu replaces partially Mg) were synthesized by a co-precipitation method. 

Although Au/MgCuCr2O4 displays the best performance in the selective oxidation of ethanol 

[20], we choose to study Cr replacement by Fe given the environmental safety concerns 

associated with Cr. CuO and MgO served as reference materials in the present study. Gold 

nanoparticles were loaded on these supports by a deposition-precipitation method targeting 

a loading of 1 wt%. The specific surface areas of the fresh catalysts were 10.3 m2/g 

(Au/MgCuCr2O4), 25.4 m2/g (Au/MgCuFe2O4), 24.6 m2/g (Au/MgCr2O4), 26.2 m2/g 

(Au/MgFe2O4), 5.5 m2/g (Au/CuO), and 30.2 m2/g (Au/MgO), as shown in Table 2.1. No 

gold diffraction peaks were observed in the XRD patterns indicative of a high metal 

dispersion (Figure A1). SEM images of these supported gold catalysts are shown in Figure 

A2. 

Table 2.1. Physicochemical properties of Au/α-Fe2O3 catalysts. 

Material SBET (m2/g) DAu (nm)a DAu (nm)b 

Au/MgCuCr2O4 10.3 3.1 ± 0.9 3.2 ± 0.9 

Au/MgCuFe2O4 25.4 6.9 ± 2.1 7.5 ± 2.5 

Au/MgCr2O4 24.6 3.9 ± 1.2 4.2 ± 1.4 

Au/MgFe2O4 26.2 3.4 ± 1.4 4.1 ± 1.3 

Au/CuO 5.5 3.4 ± 0.9 6.2 ± 1.7 

Au/MgO 30.2 6.4 ± 2.9 6.5 ± 2.1 

a Average gold nanoparticle size of fresh catalysts, determined by TEM. c Used catalysts, 

determined by TEM. 

Figure 2.1 shows the catalytic performance of the different supported gold catalysts in the 

oxidative dehydrogenation of cyclohexanol at 260 °C. The evolution of the cyclohexanol 

conversion against time on stream is plotted in Fig. 2.1a. The two Cu-free spinel-based gold 
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catalysts (Au/MgCr2O4 and Au/MgFe2O4) show stable but low conversion. Au/CuO can 

reach a conversion of ca. 40%. Au/MgO presents the highest initial cyclohexanol conversion, 

which is however followed by a rapid deactivation. This rapid deactivation can probably be 

linked to the strong basicity of the support (Figure A3). Au/MgCuFe2O4 and Au/MgCuCr2O4 

show a different time-on-stream behavior in comparison with other samples. The 

cyclohexanol conversion increased slowly during the reaction and stabilized at ~50% and 

~70%, respectively. These data demonstrate that the presence of Cu is essential to achieve a 

high and stable cyclohexanol conversion.  

The stable cyclohexanol conversion and the product distribution are given in Figure 2.1b. 

Minor by-products of the reaction are 2-cyclohexen-1-one (cyclohexenone), which is the 

dehydrogenation product of cyclohexanone, and COx (mainly CO2). In all cases, the 

selectivity to the desired cyclohexanone product is higher than 96%. The cyclohexanone 

selectivity for the most active Au/MgCuCr2O4 catalyst is 97.4% at a conversion of 71.4% 

(yield 69.5%). A very small amount of 2-cyclohexen-1-one is observed for this catalyst, while 

the COx selectivity is lower than 1%. Although the conversion for Au/MgCuFe2O4 is lower, 

its cyclohexanone selectivity is slightly higher (98.4 %), mainly because of the lower 

selectivity to the unsaturated by-product. Notably, Au/MgCr2O4 and Au/MgFe2O4 did not 

produce full combustion products, which may be due to the lower conversions. The highest 

selectivity to cyclohexanone was observed for Au/MgO. It is also seen that the COx 

selectivity is the highest for the Au/CuO catalyst. Thus, the supported gold catalysts show 

good selectivity in activating the -CHOH moiety over the C-C bonds in cyclohexanol. The 

role of Cu is crucial to achieve a high cyclohexanone conversion. 

In order to study the role of gold and O2, we investigated the catalytic performance of 

MgCuCr2O4 with O2 and Au/MgCuCr2O4 without O2 (Figure A4 and Figure A5). These data 

show that the MgCuCr2O4 itself does not catalyze the reaction. This is indicative of a synergy 

between gold and Cu surface species. Without O2 in the feed, the Au/MgCuCr2O4 catalyst 

also shows a low activity. This result shows that O2 or species derived from O2 dissociation 

are involved in the catalytic cycle. 
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Figure 2.1. Catalytic performance of various supported gold catalysts in gas-phase oxidative 

dehydrogenation of cyclohexanol at 260 °C. (a) Cyclohexanol conversion evolution as a 

function of time on stream. (b) Cyclohexanol conversion (black bar) and selectivity to 

cyclohexanone (red bar), 2-cyclohexen-1-one (blue bar) and COx (pink bar) of various gold 

catalysts at steady state. Reaction conditions: 100 mg catalyst, GHSV = 100,000 ml gcat
-1 h-1, 

cyclohexanol/O2/He = 1/6/133, 260 °C. 

TEM images of these fresh and used supported gold catalysts and the corresponding gold 

particle size distributions are shown in Figure 2.2. It can be seen that the gold nanoparticles 

are uniformly distributed over the MgCuCr2O4 surface. The average particle size is about 3 

nm. During the reaction, the particles did not sinter appreciably (Figure 2.2a-b). On contrary, 

the initially ~3 nm gold particles sintered substantially to ~6 nm in Au/CuO (Figure 2.2i-j). 

These differences indicate that the gold-support interaction is much stronger for 

Au/MgCuCr2O4 than for Au/CuO. Au/MgCuFe2O4 contained already relatively large 
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particles in the fresh catalyst (dAu = 6.9 nm), and these particles only grew slightly to 7.5 nm 

during the reaction (Figure 2.2c-d). We expect that the lower activity of this catalyst in 

comparison to Au/MgCuCr2O4 can be explained by the lower dispersion. Although gold 

nanoparticles could be well dispersed on the fresh and used Au/MgCr2O4 and Au/MgFe2O4 

with a mean size of ~3-4 nm, the absence of Au-Cu synergy might lead to their low catalytic 

activity. 
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Figure 2.2. TEM images and corresponding AuNP size distributions of various supported 

gold catalysts before and after reaction. 

 

 

Figure 2.3. Au 4f XPS spectra of various supported gold catalysts before and after reaction. 
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Figure 2.4. Cu 2p XPS and Cu LMM spectra of Au/MgCuCr2O4 and Au/CuO before and 

after reaction. 

In order to determine the oxidation state of the different catalyst components, X-ray 

photoelectron spectroscopy (XPS) analysis was carried out. The binding energy (BE) was 

corrected for surface charging by taking the C 1s peak of contaminant carbon as a reference 

at 284.6 eV. As the Mg 2s signal overlaps with the Au 4f5/2 component (Figure 2.3), we used 

the 4f7/2 peak for analysis. Its position at 84 eV for the spinel-oxide-based catalysts confirms 

that gold is in the metallic state in the fresh and the used sample [30, 31]. Due to the high Mg 

content, we cannot ascertain the presence of metallic gold in Au/MgO. The Cu 2p3/2 XP 

spectra of Au/MgCuCr2O4 before and after the reaction (Figure 2.4a) are different. Two peaks 

are discerned at 934.3 eV and 931.7 eV. The higher BE peak at 934.3 eV is attributed to Cu2+ 

in the spinel oxide, accompanied by the shake-up satellite peak (938-945 eV) characteristic 

of Cu2+ [20, 32]. The lower BE peak at ~932 eV indicates the presence of Cu0 or Cu+ species. 

Clearly, after reaction Cu2+ is partly reduced to Cu0 or Cu+. This suggests that Cu2+ in the 

spinel structure is reducible, as further supported by the H2-TPR spectra (Figure A6). The 

same difference was observed for the Au/MgCuFe2O4 and Au/CuO samples (Figure 2.4b-c). 

As Cu 2p XPS cannot distinguish between Cu+ and Cu0, we also measured the Cu LMM 

Auger spectra. The resulting spectra are given in Figure 2.4d-f. Based on literature [32-34], 

Cu+ has a lower Auger electron kinetic energy at around 916.8 eV than Cu0 and Cu2+, which 

have similar kinetic energies at around 918 eV. No obvious shift was observed for this Auger 

peak on the used catalysts (Figure 2.4d-f), indicating that Cu0 is the main reduced Cu species 
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rather than Cu+. Cr and Fe in Au/MgCuCr2O4 and Au/MgCuFe2O4 remained in the +3 state 

in both the fresh and the used sample (Figure 2.5 and Figure 2.6). 

 

Figure 2.5. Cr 2p XP spectra of fresh and used Au/MgCuCr2O4. 

 

 

Figure 2.6. Fe 2p XP spectra of fresh and used Au/MgCuFe2O4. 
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Figure 2.7. Stability test of Au/MgCuCr2O4 in gas-phase oxidative dehydrogenation of 

cyclohexanol at 260 °C. Reaction conditions: 100 mg catalyst, GHSV = 100,000 ml gcat
-1 h-

1, cyclohexanol/O2/He = 1/6/133. 

We evaluated the stability of Au/MgCuCr2O4 in the gas-phase oxidative dehydrogenation of 

cyclohexanol during a catalytic test of 100 h (Figure 2.7). The conversion increased during 

the first 30 h and then attained a stable value for the remainder of the reaction experiment. 

The conversion was 71% with the selectivity remaining around 97% during the test. The 

space-time yield during this experiment was 200 gketone. gAu
-1. h-1. These findings suggest that 

Au/MgCuCr2O4 is a stable catalyst with a promising conversion rate of cyclohexanol to 

cyclohexanone. The good catalytic performance can be attributed to the presence of well-

dispersed and sinter-resistant nm-sized gold nanoparticles, which interact strongly with the 

spinel oxide support. There is also a strong catalytic synergy between Au and Cu for the 

oxidative dehydrogenation of the alcohol function. This synergy has also been observed when 

a similar catalyst was employed in the oxidative dehydrogenation of ethanol. Therefore, we 

explain the synergy in the following way. Basic sites are required for the dehydrogenation of 

the alcohol function. While Mg-O is more basic than Cu-O, the removal of the H atoms from 

the catalyst requires desorption of water. A density functional theory study has shown that 

the binding energy of Cu-O is lower than that of Mg-O in the surface of MgCuCr2O4 spinel 

oxide [21]. The role of the metallic gold nanoparticles is to cleave the C-H bond, resulting in 

the aldehyde/ketone. The H atom will migrate from gold to a nearby Cu-OH moiety, followed 

by desorption of water. Adsorption of molecular O2 on the vacant Cu site results in an 

activated O2 molecule which acts as a basic site for deprotonation of another alcohol group. 

Accordingly, we can infer that the Au-Cu synergy in Au/MgCuCr2O4, which already has 

found utility in selective oxidation of ethanol to acetaldehyde [20], is also able to catalyze 
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the more difficult oxidation of cyclohexanol to cyclohexanone. The catalytic performance of 

Au/MgCuCr2O4 at different temperatures is shown in Table 2.2. The cyclohexanol 

conversion increases strongly with temperature, but the cyclohexanone selectivity decreases 

slightly. At 300 °C the conversion reaches about 96% with a cyclohexanone selectivity still 

higher than 90%. With regard to the origin of the activation process at the initial stage of the 

reaction, we speculate that this is related to a structure reconstruction of gold nanoparticles 

and/or the gold-spinel interface under reaction conditions, probably leading to Au-Cu alloy. 

Further characterization is required to investigate the salient details of this activation process. 

Table 2.2. Catalytic performance of Au/MgCuCr2O4 at different reaction temperatures. 

Reaction temperature (°C) Conv. (%) 
Selec. (%) 

cyclohexanone cyclohexenone COx 

220 23.0 100.0 0 0 

240 52.4 99.4 0.6 0 

260 71.4 97.4 1.7 0.9 

280 87.6 95.1 3.4 1.5 

300 95.6 90.4 5.4 4.2 

Reaction conditions: 100 mg catalyst, GHSV = 100,000 ml gcat
-1 h-1, cyclohexanol/O2/He = 

1/6/133. 

2.4 Conclusions 

We have identified a very active, stable and selective Au/MgCuCr2O4 catalyst for the 

selective oxidative dehydrogenation of cyclohexanol to cyclohexanone in the gas phase. The 

catalyst consists of stable gold nanoparticles (~3 nm) on a MgCuCr2O4 support. Au-Cu 

synergy plays an important role in the reaction. The high catalyst stability can be correlated 

with the absence of support sintering and associated gold sintering in the presence of water. 

The Cr3+ component can be replaced by Fe3+, which results in similar selectivity at lower 

conversion due to the larger gold nanoparticle size. This finding opens the possibility for a 

more efficient industrial process for the manufacture of cyclohexanone from cyclohexanol. 
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Appendix A 

 
Figure A1. XRD patterns of various supported gold catalysts. 
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Figure A2. SEM images of various supported gold catalysts. 

 

 

Figure A3. CO2-TPD profiles of various supported gold catalysts. 
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Figure A4. Cyclohexanol conversion (black bar) and selectivity to cyclohexanone (red bar) 

of Au/MgCuCr2O4 and MgCuCr2O4 in gas-phase oxidative dehydrogenation of cyclohexanol. 

Reaction conditions: 100 mg catalyst, GHSV = 100,000 ml gcat
-1 h-1, cyclohexanol/O2/He = 

1/6/133, 260 °C. 

 

Figure A5. Cyclohexanol conversion (black bar) and selectivity to cyclohexanone (red bar) 

of Au/MgCuCr2O4 with and without O2 in gas-phase oxidative dehydrogenation of 

cyclohexanol. Reaction conditions: 100 mg catalyst, GHSV = 100,000 ml gcat
-1 h-1, 

cyclohexanol/O2/He = 1/6/133 (with O2) and cyclohexanol/He = 1/133 (without O2), 260 °C.  
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Figure A6. TPR profiles of various supported gold catalysts. 
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Chapter 3 

Gas-phase selective oxidation of cyclohexanol to 

cyclohexanone over Au/Mg1-xCuxCr2O4 catalysts: on 

the role of Cu doping 

Abstract 

The industrial production of cyclohexanone from cyclohexanol would benefit from a 

selective oxidation catalyst. Herein, Cu doping of MgCr2O4 supports for gold nanoparticles 

active in gas-phase oxidation of cyclohexanol was investigated. Mg1-xCuxCr2O4 exhibited 

spinel structures (x ≤ 0.25: MgCr2O4; x = 1: CuCr2O4) onto which 3-4 nm gold nanoparticles 

could be dispersed. Cu doping led to higher activity. During reaction, surface Cu2+ was 

reduced to Cu0, resulting in Au-Cu alloy formation. At low temperature, low-Cu-content 

catalysts (x ≤ 0.1) showed higher activity than high-Cu-content catalysts, likely because the 

Au-Cu alloy with fewer Cu atoms was more active for the dehydrogenation step of 

cyclohexanol. However, Au/Mg0.99Cu0.01Cr2O4 and Au/Mg0.9Cu0.1Cr2O4 showed lower 

cyclohexanol conversion at high temperature than samples with high Cu content, because O2 

activation involving Cu becomes rate-limiting. Stable cyclohexanol conversion and 

cyclohexanone selectivity were 99.1% and 90.2% (space-time yield of 266 gketone. gAu
-1. h-1) 

for Au/Mg0.25Cu0.75Cr2O4 at 300 °C.   

 

This Chapter has been published as: Y. Gao, E. J. M. Hensen, J. Catal., 2020, 384, 218-230. 
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3.1 Introduction 

Cyclohexanone is an important intermediate compound in the production of nylon. In the 

chemical industry, cyclohexanone is obtained through direct dehydrogenation of 

cyclohexanol using Zn- or Cu- based catalysts [1-9]. However, cyclohexanol 

dehydrogenation process is limited by thermodynamic equilibrium under practical conditions. 

Moreover, catalysts used for this process deactivate gradually as heavy side-products block 

the active sites [10-12]. Thus, frequent regeneration is required. In contrast, oxidative 

dehydrogenation of cyclohexanol does not suffer from equilibrium limitations. The use of an 

oxidant can furthermore significantly suppress the formation of carbonaceous deposits. Thus, 

the development of a highly active and selective catalyst for oxidative dehydrogenation is 

desirable. 

Supported gold nanoparticle (AuNP) catalysts have attracted substantial interest in the field 

of heterogeneous catalysis for the oxidation of alcohols due to their exceptional catalytic 

properties [13-19]. However, the number of studies dealing with catalytic oxidation of 

cyclohexanol using gold catalysts are still limited. The liquid-phase oxidation of 

cyclohexanol with high selectivity toward cyclohexanone has been reported using gold 

supported on Cu-Mg-Al [20] and Ga-Al mixed oxides [21]. The use of solvents and catalyst 

separation remain critical issues in such a liquid-phase process. Therefore, there is a 

preference for a gas-phase process. Li et al. studied the selective oxidation of cyclohexanol 

in the gas phase using AuNPs confined in ordered mesoporous silica. The catalysts showed 

good selectivity and stability, but the activity was relatively low [22]. Zhao et al. reported the 

application of a microstructured Au/Ni-fiber catalyst for the same process, requiring 

relatively high temperature for achieving a reasonable cyclohexanol conversion [23]. Clearly, 

more efforts are required to design highly active and selective gold catalysts for the gas-phase 

transformation of cyclohexanol to cyclohexanone.  

For supported gold catalysts, their catalytic performance is strongly dependent on the size of 

AuNPs and the strength of the gold-support interaction [24-26]. Generally, the size of gold 

nanoparticles should be controlled below 5 nm to achieve good catalytic performance. This 

can be achieved by suitable gold-support interaction. Another role of the support is to 

participate in the catalytic reaction, in particular at the gold-support interface. For instance, 

as gold does not effectively activate molecular oxygen, the use of a suitable support for 

oxygen activation is indispensable for preparing active and selective oxidation catalysts. [27-

31]. For oxygen activation, metal oxides such as TiO2 [32-34] and CeO2 [35-38] are often 

used. Oxygen vacancies on these reducible supports can strongly adsorb and activate 

molecular oxygen [39-42].  
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Spinel oxides with the general chemical formula AB2O4 (A = M2+, B = M3+) are another 

interesting class of stable oxides, whose redox properties can be tuned by using redox-active 

transient metals in their structure [43-45]. In Chapter 2, we showed that a copper-doped 

MgCr2O4 spinel oxide (MgCuCr2O4) can disperse and stabilize ~3 nm AuNPs. The resulting 

catalysts showed good catalytic performance in the gas-phase oxidation of cyclohexanol to 

cyclohexanone [46]. It was demonstrated that copper in a spinel with the Mg0.75Cu0.25Cr2O4 

composition provided high activity and selectivity, and the Au-Cu synergy at the gold-

support interface was suggested to play an important role in the oxidation reaction. In the 

present work, we study in more detail the role of Cu in these selective oxidation catalysts. 

Specifically, we are interested in the influence of Cu doping on the physico-chemical, 

structural and catalytic properties of the final gold catalysts. Based on these investigations, 

deeper insights into the Au-Cu synergy are derived and the Cu content is optimized with 

respect to catalytic performance in the oxidative dehydrogenation of cyclohexanol. 

3.2 Experimental  

3.2.1 Catalyst preparation 

Spinel oxides with the general formula Mg1-xCuxCr2O4 (x = 0, 0.01, 0.1, 0.25, 0.5, 0.75, 1) 

were prepared by a coprecipitation-calcination method using metal nitrates as precursors. As 

an example, we prepared Mg0.75Cu0.25Cr2O4 by adding 400 ml of a NaOH aqueous solution 

(1 M) dropwise to 250 ml of a mixed nitrate solution containing Mg(NO3)2•6H2O (37.10 

mmol), Cu(NO3)2•3H2O (12.37 mmol), and Cr(NO3)3•9H2O (37.10 mmol). The base amount 

was chosen such that all metal ions precipitate. After stirring for 20 h, the obtained slurry 

was filtered, washed and dried at 110 °C overnight, followed by calcination at 700 °C for 8 

h at a rate of 2 °C/min in air.  

Gold was deposited on the spinel oxide support via a deposition-precipitation method (DPU) 

using urea as the precipitation agent as developed by Louis and co-workers [47]. Typically, 

2.0 g of Mg1-xCuxCr2O4 spinel oxide and 0.6 g urea were added to a 100 mL flask, to which 

67 ml of HAuCl4 (1.5 mmol/L) was added. Afterwards, the mixture was stirred and heated to 

90 °C in an oil bath and kept at this temperature for 20 h under reflux. Then, the mixture was 

cooled to room temperature and washed with deionized water. Finally, the solid was dried at 

60 °C overnight and calcined at 300 °C for 4 h at a rate of 2 °C/min in air. The as-prepared 

gold catalysts are denoted as Au/Mg1-xCuxCr2O4. The targeted gold loading is 1.0 wt%.  
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3.2.2 Catalyst characterization 

Nitrogen physisorption was carried on a Tristar 3000 automated gas absorption system. The 

samples were degassed at 120 °C overnight before analysis. The Au loading was determined 

by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) after extraction 

of gold in aqua regia. 

X-ray diffraction (XRD) patterns were collected on a Bruker D2 Phase powder diffraction 

system using Cu Kα radiation. Scanning electron microscope (SEM) was carried out using a 

FEI Quanta 200F scanning electron microscope. Transmission electron microscopy (TEM) 

micrographs were acquired on a FEI Tecnai 20 electron microscope at an acceleration voltage 

of 200 kV with a LaB6 filament. The average gold particle size was determined by measuring 

the size of at least 200 gold particles. The element distribution of the gold catalysts was 

studied using scanning transmission electron microscopy–energy-dispersive X-ray 

spectroscopy (STEM-EDX). Measurements were carried out on a FEI cubed Cs-corrected 

Titan operating at 300 kV. Samples were sonicated in ethanol, and dispersed on a holey Al 

support grid. Elemental analysis was done with an Oxford Instruments EDX detector X-

MaxN 100TLE.  

X-ray photoelectron spectroscopy (XPS) measurements were carried out with a Thermo 

Scientific K-Alpha spectrometer, equipped with a monochromatic small-spot X-ray source 

and a 180° double focusing hemispherical analyzer with a 128-channel detector. Spectra were 

obtained using an aluminum anode (Al Kα= 1486.6 eV) operating at 72 W and a spot size of 

400 m. Survey scans were measured at a constant pass energy of 200 eV and region scans 

at 50 eV. The background pressure was 2 × 10-9 mbar and during measurement 3 × 10-7 mbar 

Ar because of the charge compensation dual beam source. Data analysis was performed using 

the CasaXPS software. The binding energies were corrected for surface charging by taking 

the C 1s peak of contaminant carbon as a reference at 284.6 eV. 

Temperature-programmed reduction experiments (H2-TPR) were performed in a 

Micromeritics Autochem II 2920 equipped with a fixed-bed reactor, a computer-controlled 

oven, and a thermal conductivity detector. Typically, 100 mg catalyst was loaded in a tubular 

quartz reactor. The sample was reduced in 4 vol% H2/N2 at a flow rate of 10 mL/min, while 

heating from room temperature to 800 °C at a rate of 5 °C/min.  

3.2.3 Catalytic activity measurement 

Gas-phase oxidative dehydrogenation of cyclohexanol to cyclohexanone was carried out 

using a fixed bed plug flow reactor. Typically, 100 mg of catalyst (125-250 m) diluted with 
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400 mg SiC was loaded into a stainless steel reactor with an internal diameter of 8 mm. Prior 

to reaction, the catalyst was pretreated in He for 4 h at 260 °C. Then, the reaction mixture 

with the volumetric composition alcohol/O2/He = 1/6/133 was introduced into the reactor at 

a flow rate of 168 ml/min (corresponding to a space velocity of around 100,000 ml gcat
-1 h-1) 

at 260 °C. Cyclohexanol was fed to the system by a HPLC pump and all the lines were kept 

at ca. 130 °C to avoid condensation of the reactants and products. When the reaction reached 

a steady state after the observed induction period, the catalytic performance of the various 

Au/MgxCu1-xCr2O4 catalysts was then tested at different reaction temperatures from 200 °C 

to 300 °C. The effluent gas was analyzed by an online gas chromatography equipped with a 

TCD and a FID. The conversion of cyclohexanol (X) and the selectivity to cyclohexanone 

(S) were determined in the following manner: 

𝑋(%) =  
𝑡𝑜𝑡𝑎𝑙 𝐶 𝑚𝑜𝑙% − 6 × 𝑐𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑜𝑙 𝑚𝑜𝑙%

𝑡𝑜𝑡𝑎𝑙 𝐶 𝑚𝑜𝑙%
 × 100 

𝑆(%) =  
6 × 𝑐𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑜𝑛𝑒 𝑚𝑜𝑙%

𝑡𝑜𝑡𝑎𝑙 𝐶 𝑚𝑜𝑙% − 6 × 𝑐𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑜𝑙 𝑚𝑜𝑙%
 × 100 
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3.3 Results and discussion 

 
Figure 3.1. XRD patterns of the as-prepared Au/Mg1-xCuxCr2O4 catalysts (Reference 

compounds MgCr2O4 and CuCr2O4 included at the bottom). The panel on the right shows a 

magnification of the range in which the Au(111) reflection is observed.  

We first studied the influence of Cu doping content on the crystal phase of spinel oxides. 

Figure 3.1 depicts the XRD patterns of the catalysts after loading the support with gold 

followed by calcination. The patterns of the supported gold catalysts are similar to these of 

the parent spinel oxides (see Figure B1), although some samples contain diffraction peaks 

due to gold nanoparticles. At low Cu doping level (x ≤ 0.25), the supports exhibit the same 

spinel structure as MgCr2O4 (JCPDS 10-0351, pirochromite). An increase of the Cu doping 

level leads to changes of the diffraction patterns as can be seen for Mg0.5Cu0.5Cr2O4 and 

Mg0.25Cu0.75Cr2O4. The phase changes towards that of CuCr2O4 spinel (JCPDS 34-0424), 

which is also the structure of our CuCr2O4 sample at x = 1. In order to highlight the possible 

formation of AuNPs, the XRD patterns are shown in a magnified way in the 2θ = 36.5-39.5° 
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region (Figure 3.1). Only a very weak diffraction feature at 2θ = 38.2° could be observed, 

which corresponds to the (111) plane of gold. Thus, the XRD patterns indicate that gold is 

highly dispersed on the prepared spinel oxides. SEM images of the as-prepared Au/Mg1-

xCuxCr2O4 samples are shown in Figure B2. The gold loading amount and the surface areas 

as determined by ICP element analysis and nitrogen physisorption, respectively, are 

summarized in Table 3.1. The gold loading is close to the targeted value of 1.0 wt% for all 

catalysts, indicative of the high deposition efficiency of the DPU method. Au/MgCr2O4 has 

the largest surface area (24.6 m2/g) of all the gold catalysts. Cu doping of the spinel oxide 

leads to decreasing surface area, the smallest surface area (3.8 m2/g) was obtained on 

Au/Mg0.25Cu0.75Cr2O4. 

 
Figure 3.2. H2-TPR profiles of the as-prepared Au/Mg1-xCuxCr2O4 catalysts. 

H2-TPR was conducted to study the reducibility of the spinel-supported gold catalysts. As 

shown in Figure 3.2, the Au/MgCr2O4 sample did not show reduction features, in line with 

our previous result [41]. All other Cu-containing samples showed a reduction feature, except 

for the one with the lowest Cu content (Au/Mg0.99Cu0.01Cr2O4), which is probably due to the 

very low Cu content. A small reduction feature at ca. 750 °C is observed for 
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Au/Mg0.9Cu0.1Cr2O4. Au/Mg0.75Cu0.25Cr2O4 displayed a small reduction feature at much 

lower temperature (ca. 200 °C) and a main one at ca. 650 °C, which we attribute respectively 

to the reduction of copper species in the surface and in the bulk of the spinel oxides. A further 

increase of the Cu content led to more complex TPR profiles, with the main reduction peak 

shifting to lower temperature, indicating that copper species are more easily reduced at higher 

Cu doping content.  

 
Figure 3.3. TEM images and corresponding gold particle size distributions of the as-prepared 

Au/Mg1-xCuxCr2O4 catalysts. The average gold particle size is indicated in the histograms. 

We used TEM to determine the gold particle size and size distribution of the as-prepared 

Au/Mg1-xCuxCr2O4 catalysts. The results in Figure 3.3 show that AuNPs are well dispersed 

on the spinel oxide supports, in accordance with the XRD data, with a relatively narrow size 

distribution. Au/MgCr2O4 contained the largest AuNPs with an average size of 3.9 nm. The 
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average AuNP size for the Cu-containing samples was around 3 nm, among which 

Au/Mg0.5Cu0.5Cr2O4 presented a slightly larger gold particle size (3.8 nm). We next studied 

the catalytic performance of the Au/Mg1-xCuxCr2O4 catalysts in the gas-phase oxidation of 

cyclohexanol to cyclohexanone. 

Table 3.1. Physicochemical properties of the fresh Au/Mg1-xCuxCr2O4 catalysts. 

Sample [Au] (wt%)a SBET (m2/g) DAu (nm)b DAu (nm)c 

Au/MgCr2O4 1.01 24.6 3.9 ± 1.2 4.0 ± 1.2 

Au/Mg0.99Cu0.01Cr2O4 1.05 8.5 3.0 ± 0.8 3.4 ± 1.4 

Au/Mg0.9Cu0.1Cr2O4 1.00 10.6 2.8 ± 0.8 3.2 ± 0.7 

Au/Mg0.75Cu0.25Cr2O4 1.02 10.3 2.9 ± 0.8 3.3 ± 0.7 

Au/Mg0.5Cu0.5Cr2O4 1.09 6.2 3.8 ± 1.5 4.1 ± 1.4 

Au/Mg0.25Cu0.75Cr2O4 1.08 3.8 3.2 ± 0.9 3.6 ± 0.8 

Au/CuCr2O4 1.02 6.9 3.5 ± 1.0 3.8 ± 1.0 

a Determined by ICP-OES. b Average AuNP size of fresh catalysts, determined by TEM. c 

Used catalysts, determined by TEM. 

Figure 3.4 shows the activity of the spinel-supported gold catalysts in the gas-phase oxidation 

of cyclohexanol at 260 °C. Au/MgCr2O4 displayed a relatively low cyclohexanol conversion 

(16%), which was nearly constant in the first 10 h. In contrast, Cu doping enhanced the 

activity significantly. The highest initial activity was observed for the sample with the lowest 

Cu content (Au/Mg0.99Cu0.01Cr2O4). The Cu-containing gold samples show an increasing 

activity with time on stream during which cyclohexanol conversion increased gradually in 

the first 30 h followed by a steady state. After attaining a steady state, we further evaluated 

the catalytic performance at temperatures between 200 °C to 300 °C, as shown in Figure 3.5. 

Some interesting activity trends can be found in Figure 3.5a. In the low-temperature regime, 

Au/Mg0.99Cu0.01Cr2O4 exhibited the highest activity at 200 °C (X = 28.9%). An increase of 

the Cu doping content led to a lower cyclohexanol conversion (X = 6.3% for Au/CuCr2O4 at 

200 °C). On the other hand, in the high-temperature regime, the gold catalysts with higher 

Cu content were more active than the low-Cu-content ones, For instance, 

Au/Mg0.25Cu0.75Cr2O4 gave the highest cyclohexanol conversion (98.7%) at 300 °C. While 

this catalyst showed a strong increase in the conversion with temperature, the conversion rise 

was less pronounced for Au/Mg0.99Cu0.01Cr2O4 and Au/Mg0.9Cu0.1Cr2O4, for which 

cyclohexanol conversion increased slowly to 88.1% and 85.9% at 300 °C, respectively.  
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In the gas-phase oxidation of cyclohexanol, cyclohexanone is the desired reaction product, 

with cyclohexenone and COx being the side products (Scheme 3.1). Figure 3.5b-d shows the 

selectivity to these products for the Au/MgxCu1-xCr2O4 catalysts. The selectivity toward 

cyclohexanone was close to 100% at low temperature for all the gold catalysts and decreased 

to ca. 90% at high temperature. Au/Mg0.99Cu0.01Cr2O4 and Au/Mg0.9Cu0.1Cr2O4 showed 

higher selectivity to cyclohexenone at 300 °C (5.8% and 6.7%, respectively) in comparison 

to the high-Cu-content catalysts, whose selectivity toward COx was higher at 300 °C. The 

selectivity to COx was 9.7% and 7.4% for Au/Mg0.5Cu0.5Cr2O4 and Au/Mg0.25Cu0.75Cr2O4, 

respectively.  

 

Figure 3.4. Cyclohexanol conversion of Au/Mg1-xCuxCr2O4 catalysts in the gas-phase 

oxidation of cyclohexanol at 260 °C (reaction conditions: 100 mg catalyst, 

cyclohexanol/O2/He = 1/6/133, GHSV = 100,000 ml gcat
-1 h-1). 
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Figure 3.5. Catalytic performance of the Au/Mg1-xCuxCr2O4 catalysts in the gas-phase 

oxidation of cyclohexanol at different temperatures: (a) cyclohexanol conversion and 

selectivity to (b) cyclohexanone, (c) cyclohexanone, and (d) COx (reaction conditions: 100 

mg catalyst, cyclohexanol/O2/He = 1/6/133, GHSV = 100,000 ml gcat
-1 h-1). 

 

Scheme 3.1. Possible reaction pathways involved in the gas-phase oxidation of cyclohexanol. 
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The activity of the spinel oxides without gold was also measured in the oxidation of 

cyclohexanol (Figure B3). Without gold these spinel oxides are nearly inactive for the 

reaction. Furthermore, the catalytic test in the absence of O2 revealed that O2 is necessary for 

the selective oxidation reaction (Figure B4).   

To study the stability of the spinel-supported catalysts, we evaluated the activity of 

Au/Mg0.99Cu0.01Cr2O4 and Au/Mg0.25Cu0.75Cr2O4 during consecutive heating and cooling, as 

shown in Figure B5. No deactivation was observed during the cooling branch for these two 

catalysts. Thus, we can exclude the possibility that Au/Mg0.99Cu0.01Cr2O4 suffered from 

deactivation at high temperature as a cause for the relatively low activity at 300 °C. As 

Au/Mg0.25Cu0.75Cr2O4 displayed the highest activity in the reaction at 300 °C, its long-term 

catalytic stability was evaluated as well (Figure 3.6). An activation period was observed in 

the first 30 h and then a steady state was attained at 260 °C, where the cyclohexanol 

conversion and the selectivity to cyclohexanone reached 74.4% and 98.2%, respectively. An 

increase of the reaction temperature to 300 °C led to a cyclohexanol conversion of 99.1%, 

while the selectivity toward cyclohexanone decreased to 90.2% (selectivity toward COx and 

cyclohexenone 7.4% and 2.4%, respectively). The space-time yield of cyclohexanone 

reached 266 g. gAu
-1. h-1. No obvious deactivation was observed in the following 50 h, 

indicating that Au/Mg0.25Cu0.75Cr2O4 was very active and stable at 300 °C.  

 

Figure 3.6. Catalytic stability of Au/Mg0.25Cu0.75Cr2O4 in the gas-phase oxidation of 

cyclohexanol (reaction conditions: 100 mg catalyst, cyclohexanol/O2/He = 1/6/133, GHSV 

= 100,000 ml gcat
-1 h-1. 
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To explore the origin of the observed activity trends for the spinel-supported gold catalysts, 

we further characterized the used catalysts. Figure 3.7 shows the gold particle size and size 

distribution of the gold catalysts after the reaction. The AuNP size increased only slightly 

after reaction compared to the fresh ones, indicating that no severe sintering occurred during 

the reaction. This result explains the good catalytic stability of the Au/Mg1-xCuxCr2O4 

catalysts.  

 

Figure 3.7. TEM images and corresponding gold particle size distributions of the used 

Au/Mg1-xCuxCr2O4 catalysts. 

We used XPS to study the Au and Cu oxidation states on the as-prepared and used catalysts. 

Figure B6 shows the corresponding Au 4f XP spectra. As the Mg 2s signal overlaps with the 

Au 4f5/2 component, the Au 4f7/2 was used for quantitative analysis. Its position at around 84 
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eV suggests that gold was in the metallic state in the as-prepared and used samples. Figure 

3.8a-f shows the relevant Cu 2p3/2 XP spectra. Two peaks are discerned at 934.3 eV and 931.8 

eV. The higher binding energy (B.E.) peak is attributed to Cu2+ in the spinel oxides, while 

the lower B.E. peak is assigned to Cu0 or Cu+ species [48-53]. Furthermore, the shake-up 

satellite peak characteristic of Cu2+ can also be observed in the 938-945 eV region. It is clear 

that the amount of Cu2+ was decreased after the reaction due to the reduction of Cu species 

to lower oxidation states. This occurred for all Cu-containing samples. As analysis of the Cu 

2p region cannot distinguish Cu0 from Cu+ species, we also measured the Cu LMM Auger 

spectra (Figure 3.8g-8l). Cu+ has a lower Auger electron kinetic energy at around 916.8 eV 

than Cu0 and Cu2+, which have similar kinetic energies at around 918 eV [49, 53]. When the 

Cu content was very low (Au/Mg0.99Cu0.01Cr2O4), the Cu LMM signal was too weak to be 

discerned. For the other Cu-doped catalysts, a peak at ca. 917.8 eV can be observed. There 

is no obvious shift observed for this peak on the used catalysts, indicating that Cu0 is the main 

reduced Cu species instead of Cu+. The surface atomic compositions of the used Au/Mg1-

xCuxCr2O4 catalysts are shown in Table 3.2 and Table 3.3. The surface gold content is the 

highest on Au/Mg0.25Cu0.75Cr2O4. We explain this by the higher amount of gold nanoparticles 

per unit surface area on this sample due to the low support surface area. The surface Cu0 

content increased with Cu content in the catalysts (see Table 3.3).  
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Figure 3.8. Cu XPS and Cu LMM spectra of as-prepared and used Au/Mg1-xCuxCr2O4 

catalysts. 
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Table 3.2. Surface atomic composition of used Au/Mg1-xCuxCr2O4 catalysts as determined 

by XPS. 

Sample Au(%) Mg(%) Cu(%) Cr(%) O(%) 

Au/MgCr2O4 0.3 6.3 - 18.2 75.2 

Au/Mg0.99Cu0.01Cr2O4 0.8 6.7 0.3 18.6 73.6 

Au/Mg0.9Cu0.1Cr2O4 1.0 3.9 0.7 17.3 77.1 

Au/Mg0.75Cu0.25Cr2O4 0.9 1.4 1.9 18.1 77.7 

Au/Mg0.5Cu0.5Cr2O4 1.6 0.6 2.8 14.6 80.4 

Au/Mg0.25Cu0.75Cr2O4 2.8 0.5 6.0 13.4 77.3 

Au/CuCr2O4 0.9 - 8.5 14.4 76.2 

 

Table 3.3. Distribution of Cu oxidation states on the surface of used Au/Mg1-xCuxCr2O4 

catalysts as determined by XPS.  

Sample Cu(%) Cu2+(%) Cu0(%) 

Au/Mg0.99Cu0.01Cr2O4 0.3 - - 

Au/Mg0.9Cu0.1Cr2O4 0.7 0.2 0.5 

Au/Mg0.75Cu0.25Cr2O4 1.9 0.6 1.3 

Au/Mg0.5Cu0.5Cr2O4 2.8 0.9 1.9 

Au/Mg0.25Cu0.75Cr2O4 6.0 1.1 4.9 

Au/CuCr2O4 8.5 2.5 6.0 

 

As it is well known that metallic Au and Cu can form alloys, we surmised that Au-Cu alloy 

might be formed during the catalytic reaction. We selected three samples with different Cu 

content, i.e., Au/Mg0.9Cu0.1Cr2O4, Au/Mg0.75Cu0.25Cr2O4, Au/Mg0.25Cu0.75Cr2O4 for more 

detailed electron microscopy involving HAADF-STEM and EDX mapping. The STEM-

EDX maps of the as-prepared catalysts in Figure B7 show that Mg, Cu, and Cr are well 

distributed in the spinel oxides with gold nanoparticles on their surface. The STEM-EDX 

maps of the three used catalysts are shown in Figure 3.9-11. Clearly, Au-Cu alloy formed 

during the selective oxidation reaction. EDX provides an estimate of the elemental 

composition of the alloy particles, which decreased in terms of Au/Cu ratio from 3.8 for 

Au/Mg0.9Cu0.1Cr2O4, to 1.9 for Au/Mg0.75Cu0.25Cr2O4 and 1.0 for Au/Mg0.25Cu0.75Cr2O4. This 
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result is in line with the higher Cu0 content of the Cu-rich samples as determined by XPS 

(Table 3.3). Based on the STEM-EDX analysis, we confirm that the reduced Cu0 species 

migrated from the spinel oxide support to the gold nanoparticles and formed Au-Cu alloy 

particles. Accordingly, we infer that the induction period during the catalytic reaction 

observed in Figure 3.4 is related to alloy formation. This is schematically shown in Scheme 

3.2. Additionally, the composition of the Au-Cu alloy was also influenced by the Cu doping 

content in the spinel oxide, where a more Cu-rich alloy was formed at a higher Cu doping 

level of the support.  

O 1s XP spectra were measured to study the different oxygen species on the surface of the 

as-prepared and used gold catalysts. In the spectra shown in Figure 3.12, three peaks can be 

observed at 529.9 eV, 531.7 eV, and 533.3 eV, which can be assigned to lattice oxygen (Oa), 

oxygen adsorbed on oxygen vacancy (Ob), and surface-adsorbed H2O (Oc) [54-58], 

respectively. Table 3.4 shows the relative contributions of the three surface oxygen species. 

The Ob/Oa ratio increased considerably for the used Au/Mg1-xCuxCr2O4 catalysts compared 

to the as-prepared ones at x ≥ 0.25. This increase is less pronounced for the low-Cu-content 

catalysts with x ≤ 0.1. This is reasonable, because the catalyst surface was reduced during the 

catalytic reaction (Figure 3.8). Moreover, we can expect that more oxygen vacancies are 

formed when the surface contains more Cu. It is also clear that the used samples with higher 

Cu content (x ≥ 0.25) have a higher Ob/Oa ratio (ca. 0.9) than the two catalysts with lower Cu 

content (x ≤ 0.1), leading to values smaller than 0.5. We infer from these differences that 

there are more oxygen vacancies present on the Au/Mg1-xCuxCr2O4 catalysts (x ≥ 0.25) after 

reaction than on those with lower Cu content (x ≤ 0.1). 
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Figure 3.9. STEM-EDX analysis of used Au/Mg0.9Cu0.1Cr2O4.  

 

 

Figure 3.10. STEM-EDX analysis of used Au/Mg0.75Cu0.25Cr2O4.  



53 
 

 

 

Figure 3.11. STEM-EDX analysis of used Au/Mg0.25Cu0.75Cr2O4.  

 

 

Scheme 3.2. Cu migration from the Mg1-xCuxCr2O4 support to gold nanoparticles forming 

Au-Cu alloy during aerobic cyclohexanol oxidation.  
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Figure 3.12. O 1s XP spectra of as-prepared (left) and used (right) Au/Mg1-xCuxCr2O4 

catalysts. (a) Au/MgCr2O4, (b) Au/Mg0.99Cu0.01Cr2O4, (c) Au/Mg0.9Cu0.1Cr2O4, (d) 

Au/Mg0.75Cu0.25Cr2O4, (e) Au/Mg0.5Cu0.5Cr2O4, (f) Au/Mg0.25Cu0.75Cr2O4, and (g) 

Au/CuCr2O4. 
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Table 3.4. Different oxygen species on as-prepared and used Au/Mg1-xCuxCr2O4 catalysts as 

determined by XPS. 

Sample  Oa(%) Ob(%) Oc(%) Ob/Oa 

Au/MgCr2O4 
As-prepared 66.9 26.3 6.8 0.39 

Used 60.5 26.5 13.0 0.44 

Au/Mg0.99Cu0.01Cr2O4 
As-prepared 65.2 24.0 10.8 0.37 

Used 64.1 25.0 10.9 0.39 

Au/Mg0.9Cu0.1Cr2O4 
As-prepared 74.6 18.4 7.0 0.25 

Used 56.1 26.5 17.4 0.47 

Au/Mg0.75Cu0.25Cr2O4 
As-prepared 70.8 26.5 2.6 0.37 

Used 43.4 38.9 17.7 0.90 

Au/Mg0.5Cu0.5Cr2O4 
As-prepared 64.4 30.4 5.2 0.47 

Used 34.2 35.4 30.4 1.04 

Au/Mg0.25Cu0.75Cr2O4 
As-prepared 71.7 28.3 - 0.39 

Used 42.6 36.6 20.8 0.86 

Au/CuCr2O4 
As-prepared 52.9 32.4 14.8 0.61 

Used 44.2 39.7 16.1 0.90 

 

Next, we discuss the origin of the catalytic behavior observed on the Au/Mg1-xCuxCr2O4 

catalysts at low and high temperature (Figure 3.5a). In the oxidation of cyclohexanol to 

cyclohexanone, both cyclohexanol and O2 should be activated to achieve a complete catalytic 

cycle. Scheme 3.2 emphasized the formation of defects (oxygen vacancies) on the support 

due to the reduction and migration of Cu. On this basis, a possible reaction mechanism is 

shown in Scheme 3.3. These oxygen vacancies serve as sites for the activation of molecular 

O2 forming active oxygen species. These oxygen species are involved in the activation of O-

H bonds in cyclohexanol. C-H bond activation (dehydrogenation) constitutes an elementary 

step catalyzed by metallic gold. After desorption of cyclohexanone, H2O is formed and 

desorbs leading to a new oxygen vacancy. When the reaction temperature was low, 

Au/Mg0.99Cu0.01Cr2O4 and Au/Mg0.9Cu0.1Cr2O4 showed higher activity than other catalysts 

with higher Cu content. Considering the catalytic data and STEM-EDX results, we speculate 

that the Au-Cu alloy with a lower Cu content at the surface is more active for the 

dehydrogenation of cyclohexanol than the Au-Cu alloy with a higher Cu surface content. 

Wrasman et al. reported that the Au-Pd alloy with isolated Pd atoms is the most active catalyst 

for the selective oxidation of 2-propanol to acetone [59]. We propose a similar effect for the 
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Au-Cu system. On the other hand, when the reaction temperature was high, 

Au/Mg0.99Cu0.01Cr2O4 and Au/Mg0.9Cu0.1Cr2O4 could not reach a cyclohexanol conversion as 

high as observed for the more Cu-rich samples. We speculate that this is due to a lower 

amount of Cu sites able to activate molecular oxygen. These sites may be located at the 

nanoparticle-support interface, but it is likely that the Cu species at the surface of the alloyed 

nanoparticles also contributed to the synergy. Literature mentions SiO2-supported Au-Cu 

alloy catalysts to be active for alcohol oxidation reactions [16, 60, 61]. Thus, for low-Cu-

content catalysts the activation of O2 might limit the reaction. At high temperature, the metal-

catalyzed C-H bond cleavage step is likely not controlling the rate anymore and, instead, the 

rate appears to correlate with the Cu content, indicating that oxygen activation is likely the 

rate-determining step in the overall mechanism. Clearly, the oxidation of cyclohexanol 

requires the involvement of both a metal phase (Au-Cu) and a spinel oxide support. The 

dehydrogenation step might be the rate-controlling step at low temperature, while the 

activation of O2 affected the reaction process more significantly at high temperature.  

 
Scheme 3.3. Possible reaction mechanism of cyclohexanol oxidation to cyclohexanone on 

Au/Mg1-xCuxCr2O4 catalysts. 
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3.4. Conclusions 

In this work, we have performed a systematic study of the influence of Cu doping on the 

structural and catalytic properties of Au/Mg1-xCuxCr2O4 catalysts in the gas-phase oxidation 

of cyclohexanol to cyclohexanone. At low Cu content (x ≤ 0.25), the supports had the 

MgCr2O4 crystal phase, while higher Cu content led to the crystal phase transformation 

towards CuCr2O4 phase at x > 0.25. AuNPs with an average size of 3-4 nm could be easily 

dispersed on the spinel oxide supports by a DPU method. Cu doping drastically improved the 

catalytic performance in the selective oxidation of cyclohexanol. XPS analysis shows that 

Cu2+ was reduced to Cu0 during the catalytic reaction, leading to the formation of a supported 

Au-Cu alloy with nearly the same particle size as in the as-prepared catalysts. The Cu content 

of the Au-Cu alloy particles was higher for more Cu-rich Mg1-xCuxCr2O4 supports. In the low 

temperature regime, low-Cu-content catalysts (x ≤ 0.1) showed higher activity than those 

with higher Cu doping level (x ≥ 0.25), likely Au-Cu alloy with a lower Cu content is more 

active for the most difficult C-H bond cleavage step. The different activity trend at higher 

temperature can be explained by a shift in the rate-limiting step to oxygen activation. Then, 

the activity correlates to the amount of Cu. An O 1s XPS analysis indicates that surface 

vacancies of the support are involved, although we cannot exclude that the Cu species in the 

Au-Cu alloy can also promote oxygen activation. In a 50 h catalytic test, a stable 

cyclohexanol conversion of 99.1% in combination with a selectivity toward cyclohexanone 

of 90.2% was obtained (space-time yield = 266 gKetone. gAu
-1. h-1) for Au/Mg0.25Cu0.75Cr2O4 at 

300 °C. This optimized catalyst is promising for the gas-phase selective oxidation of 

cyclohexanol to cyclohexanone.  
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Appendix B 

 

Figure B1. XRD patterns of Mg1-xCuxCr2O4 supports. 
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Figure B2. SEM images of the as-prepared Au/Mg1-xCuxCr2O4 catalysts. 

 

 

Figure B3. Catalytic performance of Mg1-xCuxCr2O4 supports in the oxidation of 

cyclohexanol. Reaction conditions: 100 mg catalyst, 260 °C, cyclohexanol/O2/He = 1/6/133, 

GHSV = 100,000 ml gcat
-1 h-1. 
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Figure B4. Catalytic performance of Au/Mg0.75Cu0.25Cr2O4 in the absence of O2. Reaction 

conditions: 100 mg catalyst, 260 °C, cyclohexanol/He = 1/133, GHSV = 100,000 ml gcat
-1 h-

1 

 

Figure B5. Catalytic activity of Au/Mg0.99Cu0.01Cr2O4 and Au/Mg0.25Cu0.75Cr2O4 during heat 

up and cool down process in the oxidation of cyclohexanol. Reaction conditions: 100 mg 

catalyst, cyclohexanol/O2/He = 1/6/133, GHSV = 100,000 ml gcat
-1 h-1. 



64 
 

 

Figure B6. Au XPS spectra of as-prepared and used Au/Mg1-xCuxCr2O4 catalysts. 
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Figure B7. STEM-EDX analysis of as-prepared Au/Mg1-xCuxCr2O4.  
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Chapter 4 

A robust Au/ZnCr2O4 catalyst with highly dispersed 

gold nanoparticles for gas-phase selective oxidation of 

cyclohexanol to cyclohexanone 

ABSTRACT 

Achieving homogeneously dispersed and stable gold nanoparticles on oxide supports is 

essential and challenging in gold catalysis. Here we show that zincochromite (ZnCr2O4) is a 

promising support for obtaining high and stable gold dispersion. Despite a low surface area 

of ZnCr2O4, finely dispersed gold (~3-4 nm particles) could be obtained by a simple 

deposition-precipitation method, pointing to strong gold-support interactions. Using a 

combination of XRD, XPS, SEM, TEM, HAADF-STEM, and IR spectroscopy, we 

confirmed that the calcination temperature of the ZnCr2O4 support had a substantial influence 

on the crystallinity, morphology and acidic properties of thereof derived Au/ZnCr2O4 

catalysts. Gold supported on high-temperature (≥ 700 °C) calcined ZnCr2O4 supports 

displayed good catalytic performance in gas-phase oxidation of cyclohexanol to 

cyclohexanone, which is an important intermediate in the chemical industry. When calcined 

at 800 °C, the material did not show any sign of deactivation in a 90 h stability test, a high 

cyclohexanol conversion (93%) and high selectivity to cyclohexanone (91%) were attained 

at 300 °C, with a space-time yield of 250 gketone . gAu
-1. h-1. On the contrary, Au/ZnCr2O4 

based on supports calcined at lower temperatures (≤600°C) catalyzed side reactions such as 

cyclohexanol oxidation to cyclohexene (Lewis acid sites), which further oligomerized to 

coke deposits that deactivated the catalyst. The CO oxidation trends with respect to 

calcination temperature were inversely to those in cyclohexanol oxidation, showing that 

smaller gold particles and the presence of hydroxyls are favorable for CO oxidation to CO2. 

DFT calculations provided insights into the (electronic) nature of the strong interactions 

between Au and ZnCr2O4.  

 

This Chapter has been published as: Y. Gao, L. Zhang, A. J. F. van Hoof, H. Friedrich, E. J. 

M. Hensen, ACS Catal., 2019, 9, 11104-11115. 
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4.1 Introduction 

Gold nanoparticles (AuNPs) dispersed on metal oxide supports have received substantial 

interest in the past two decades due to their significant promise in various oxidation reactions, 

such as selective oxidation of alcohols to corresponding aldehydes or ketones [1-5], CO 

oxidation [6-10], and propylene epoxidation [11-13]. Extensive studies on gold catalysis have 

revealed that AuNP size should be controlled below 5 nm in order to achieve a good catalytic 

performance. Therefore, it is very important to achieve a high dispersion of AuNPs onto 

suitable supports. For this purpose, two main strategies are distinguished. One is to use a 

support with a high specific surface area, e.g., zeolite [14-17] or active carbon [18-21], to 

provide enough space for high gold dispersion. The other is to take advantage of strong metal-

support interactions to realize a uniform distribution and stabilization of gold species. 

Meanwhile, the preparation method also has a significant influence on the catalytic properties 

of gold nanoparticle catalysts. 

Many metal oxides, such as titania [4, 22], ceria [1, 23, 24], and iron oxide [6, 25, 26], have 

been extensively investigated as supports for gold catalysts. Spinel oxides, an important class 

of inorganic materials with excellent thermal stability, have only been scarcely explored. In 

our previous studies, we discovered that a ternary MgCuCr2O4 spinel oxide is a suitable 

support for AuNPs, the combination exhibiting excellent catalytic properties in selective 

oxidation of alcohols [27, 28]. This discovery motivated us to explore alternative spinel 

oxides as potential supports for AuNPs and study their utility in catalyzing oxidation 

reactions. 

Zincochromite is a mixed zinc chromium oxide with the chemical formula ZnCr2O4. It is 

often used in humidity sensors [29, 30] and has also been studied in the context of catalysis 

for syngas conversion [31, 32]. However, to the best of our knowledge, there is no report of 

the use of ZnCr2O4 as a support for gold catalysis. In this work, we established that ZnCr2O4 

is an outstanding material for obtaining uniformly dispersed AuNPs. The impact of the 

calcination temperature of the ZnCr2O4 support on the structural, textural, and chemical 

properties of the final supported gold catalysts was also investigated. The resulting catalysts 

were investigated in the gas-phase oxidation of cyclohexanol to cyclohexanone and the 

oxidation of CO, reactions relevant to industrial and environmental catalysis, respectively.  

Cyclohexanone is an important intermediate for the production of nylon. The current 

commercial direct dehydrogenation process of cyclohexanol to cyclohexanone suffers from 

serious catalyst deactivation [33-36]. Hence, a gas-phase oxidative dehydrogenation process 

with O2 as the oxidant would be advantageous to overcome the drawbacks of direct 
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dehydrogenation, as earlier discussed in Chapters 2 and 3. The catalytic results obtained in 

the present work clearly demonstrate that ZnCr2O4-supported AuNP catalysts displays great 

promise for oxidation reactions when the support properties are fine-tuned by calcination.  

4.2. Experimental 

4.2.1 Catalyst preparation 

The spinel oxide ZnCr2O4 was prepared by a coprecipitation-calcination method using metal 

nitrates as precursors. Typically, 400 ml of 1 M NaOH aqueous solution was added dropwise 

to 250 ml mixed nitrate solution containing Zn(NO3)2•6H2O (12.747 g) and Cr(NO3)3•9H2O 

(34.293 g) to ensure complete coprecipitation. After stirring for 20 h, the precipitate was 

filtered, washed and dried at 110 °C overnight. Finally, the obtained solid was divided into 

five parts, which were calcined at 400 °C, 500 °C, 600 °C, 700 °C, and 800 °C for 8 h to 

obtain the spinel oxides. The prepared supports are denoted as ZnCr2O4(x), where x 

represents the calcination temperature. 

Gold was deposited on the oxide supports via a simple deposition-precipitation method (DPU) 

using urea as the precipitation agent [37]. Typically, 2.0 g of ZnCr2O4 spinel oxide and 0.6 g 

urea were added to a round-bottom flask, into which 67 ml of HAuCl4 (1.5 mmol/L) was 

added. Afterwards, the mixture was stirred and heated to 90 °C in an oil bath and kept at this 

temperature for 20 h under reflux. The flask was covered with aluminum foil to avoid 

exposure to light. Then the mixture was cooled to room temperature and filtered with 

deionized water. Finally, the solid was dried at 60 °C overnight, followed by calcination at 

300 °C for 4 h (rate of 2 °C/min) in air. The targeted gold loading was 1.0 wt%. The as-

prepared gold catalysts are denoted as Au/ZnCr2O4(x). The spent catalysts after cyclohexanol 

oxidation are denoted as Au/ZnCr2O4(x)-S. 

4.2.2 Catalyst characterization 

The textural properties of the materials were measured by a Tristar 3000 automated gas 

adsorption system. The samples were degassed at 120 °C overnight before analysis. The Au 

loading was determined by Inductively Coupled Plasma Optical Emission Spectroscopy 

(ICP-OES) after extraction of gold in aqua regia.  

X-ray diffraction (XRD) patterns were collected on a Bruker D2 Phase powder diffraction 

system with Cu Kα radiation. Scanning electron microscope (SEM) was carried out using a 

FEI Quanta 200F scanning electron microscope. Transmission electron microscopy (TEM) 

micrographs were acquired on a FEI Tecnai 20 electron microscope at an acceleration voltage 
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of 200 kV with a LaB6 filament. High-angle annular dark field scanning transmission electron 

microscopy (HAADF-STEM) was done on the TU/e CryoTitan (FEI, now Thermo Fischer-

Scientific) at room temperature. (S)TEM sample preparation involved sonication of the 

samples in pure ethanol (Biosolve, extra dry, 99.9%) and applying a few droplets of the 

suspension to a 200 mesh Cu TEM grid with a holey carbon support film. Prior to imaging, 

the supported samples were left in an oven at 40 °C overnight to remove residual ethanol. 

STEM images were acquired using a probe convergence angle of 10 mrad, a dwell time of 2 

s and a camera length of 89 mm in combination with a Fischione HAADF detector. The 

average Au particle size was determined by counting at least 300 gold particles.  

X-ray photoelectron spectroscopy (XPS) measurements were carried out with a Thermo 

Scientific K-Alpha spectrometer, equipped with a monochromatic small-spot X-ray source 

and a 180° double focusing hemispherical analyzer with a 128-channel detector. Spectra were 

obtained using an aluminum anode (Al Kα= 1486.6 eV) operating at 72 W and a spot size of 

400 m. Survey scans were measured at a constant pass energy of 200 eV and region scans 

at 50 eV. The background pressure was 2 × 10-9 mbar and during measurement 3 × 10-7 mbar 

Argon because of the charge compensation dual beam source. Data analysis was performed 

using CasaXPS software. The binding energy was corrected for surface charging by taking 

the C 1s peak of contaminant carbon as a reference at 284.6 eV. 

Temperature programmed reduction (TPR) experiments were performed in a Micromeritics 

Autochem II 2920 equipped with a fixed-bed reactor, a computer-controlled oven, and a 

thermal conductivity detector. Typically, 100 mg catalyst was loaded in a tubular quartz 

reactor. The sample was reduced in 4 vol.% H2 in N2 at a flow rate of 10 mL/min, while 

heating from room temperature up to 800 °C at a ramp rate of 5 °C/min. 100 mg of 

30%CuO/SiO2 was also measured as a reference.  

IR measurements were performed on a home-built in situ setup employing a Bruker Vertex 

70v Fourier-Transform infrared spectrometer equipped with a DTGS detector. The spectra 

were collected at a 2 cm-1 resolution and averaged over 64 scans. Typically, around 20 mg of 

sample was pressed into a self-supporting wafer and then transferred into the infrared 

transmission cell. Prior to measurement, the sample was first treated in flowing He at 200 °C 

for 2 h with a heating rate of 10 °C/min. Then the cell was cooled and outgassed until a 

residual pressure of 5  10-5 mbar was reached. A background IR spectrum was recorded. 

For CO adsorption, the sample was cooled to 123 K and CO was introduced into the cell via 

a sample loop connected to a six-port sampling valve. After each dosage, a spectrum was 

recorded at 123 K. For pyridine adsorption, pyridine was introduced from an ampoule at its 

vapor pressure at room temperature. The exposure time was 10 min. Subsequently, the cell 
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was evacuated to a pressure of lower than 5  10-6 mbar and a spectrum was recorded at 423 

K. In order to quantify the amount of Brønsted and Lewis acid sites, molar extinction 

coefficient values of 0.73 cm•umol-1 and 1.11 cm•umol-1 were applied, respectively.  

CO pulsing experiments were conducted on a fixed-bed reactor system connected with a mass 

spectrometer. After pretreated in a 20 ml/min He flow at 200 °C for 1 h, the sample (50 mg) 

was cooled down to 50 °C and CO was pulsed to the reactor via a sample loop connected to 

a six-port sampling valve. The signal of CO (m/e = 28) and CO2 (m/e = 44) was recorded by 

an online mass spectrometer.  

4.2.3 Catalytic activity measurements 

Gas-phase oxidative dehydrogenation of cyclohexanol to cyclohexanone was carried out 

using a fixed bed plug flow reactor. Typically, 100 mg of catalyst (125-250 m) diluted with 

400 mg SiC was loaded into a stainless steel reactor with an internal diameter of 8 mm. Prior 

to reaction, the catalyst was pretreated with He for 4 h at 260 °C. The reaction mixture with 

the volumetric composition alcohol/O2/He = 1/6/133 was introduced into the reactor at a flow 

rate of 168 ml/min (corresponding to a space velocity of around 100,000 mlgcat
-1h-1). 

Cyclohexanol was introduced to the system by a HPLC pump and all the lines were kept at 

~130 °C to avoid condensation of the reactants and products. The catalytic performance of 

the various Au/ZnCr2O4 catalysts were then evaluated at different reaction temperatures from 

180 °C to 300 °C. The effluent gas was analyzed by online gas chromatography equipped 

with a TCD and FID. The cyclohexanol conversion (X) and cyclohexanone selectivity (S) 

were calculated by: 

𝑋(%) =  
𝑡𝑜𝑡𝑎𝑙 𝐶 𝑚𝑜𝑙% − 6 × 𝑐𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑜𝑙 𝑚𝑜𝑙%

𝑡𝑜𝑡𝑎𝑙 𝐶 𝑚𝑜𝑙%
 × 100  (1) 

𝑆(%) =  
6 × 𝑐𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑜𝑛𝑒 𝑚𝑜𝑙%

𝑡𝑜𝑡𝑎𝑙 𝐶 𝑚𝑜𝑙% − 6 × 𝑐𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑜𝑙 𝑚𝑜𝑙%
 × 100   (2) 

CO oxidation activity measurements were performed in a high-throughput setup equipped 

with 10 parallel channels at atmospheric pressure. 50 mg of sieved sample with a fraction of 

125-250 um was mixed with 200 mg SiC as an inert component. As a reference, one reactor 

was loaded with SiC only. The catalyst was treated in He at 200 °C for 2 h and then cooled 

down to room temperature. The reaction flow was 1 vol.% CO and 1 vol.% O2 balanced with 

He (total flow 50 ml/min in each reactor). Two catalytic cycles were performed to test the 

catalytic stability of the catalysts. In the first cycle, the reaction temperature was raised from 

40 °C to 300 °C in steps of 25 °C using a rate of 5 °C/min. The desired temperature was held 
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for 30 min to reach a steady state. After the test, the oven was cooled to 40 °C, followed by 

a second cycle using the same temperature program. The effluent gas was analyzed by online 

gas chromatography with an Interscience Compact GC equipped with Porapak Q (TCD) and 

Molecular sieve 5A (TCD) columns.  

4.2.4 DFT calculations 

We carried out spin-polarized DFT calculations using the projector-augmented wave (PAW) 

[38] approach as implemented in Vienna Ab-initio Simulation Package (VASP) [39, 40]. In 

order to consider the effect of exchange correlation and on-site Coulomb interaction, the 

Perdew-Burke-Ernzerhof (PBE) [41] functional with the Hubbard +U correction was used. 

We set Ueff to 3 eV for the Cr atoms. This value was taken from previous computational 

studies, which provided a good description of the electronic structure of the corresponding 

ZnCr2O4 spinel [32, 42]. To understand the catalytic properties, we constructed a (111) 

surface of the ZnCr2O4 spinel, which is known to be a stable and exposed facet of this type 

of materials in reaction [42]. The constructed slab model consists of a 2x2 surface unit cell 

with lattice parameters of 11.78 × 11.78 Å. It includes ten atomic layers with the bottom five 

layers frozen to the configuration of the bulk. A vacuum thickness of 12 Å was used to avoid 

spurious interactions between two neighbouring supercells. For the Brillouin zone integration, 

a 1x1x1 Monkhorst-Pack k-point was used. The first-order Methfessel-Paxton scheme with 

a smearing width of 0.2 eV was used to determine the partial occupancies. The geometry 

optimizations were assumed converged when the Hellmann-Feynman forces acting on atoms 

were less than 0.05 eV/Å. In all the calculations, the energy cut-off was set to 400 eV. 

In our calculations, supported Au clusters were considered. In order to find a reasonable Au 

cluster model, we optimized 8 different Au10/ZnCr2O4 models. The slab model including the 

gold cluster with the lowest total energy was selected to study in more detail the electronic 

structure of AuNPs on ZnCr2O4.  

The charge distribution of the optimized Au10/ZnCr2O4 model was analysed by determining 

the Bader charges and the charge density difference (CDD). The CDD for Au10/ZnCr2O4 is 

computed by  

 10 2 4 2 4 10Au /ZnCr O ZnCr O Au      
              (3) 

where, 
10 2 4Au /ZnCr O , 

2 4ZnCr O , and  
10Au are the charge densities of the Au cluster 

anchored surface, the empty surface, and the Au cluster, respectively.  
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4.3. Results and discussion 

 
Figure 4.1. XRD patterns of various ZnCr2O4 supports. 

We first studied the influence of the calcination temperature on the physicochemical 

properties of the ZnCr2O4 supports. The XRD patterns are shown in Figure 4.1. The phase-

pure spinel form of ZnCr2O4 was already formed upon calcination at 400 °C. A higher 

calcination temperature leads to a sharpening of the diffraction peaks, indicative of the 

increasing crystallite size and crystallinity. Based on the Scherrer equation, the mean spinel 

crystallite size increased from 9 nm for ZnCr2O4(400) to 54 nm for ZnCr2O4(800). After gold 

deposition, the XRD patterns (Figure C1) did not change and only a very small peak at 38.2°, 

due to the Au (111) reflection, was observed for the gold catalysts. This indicates that the 

gold was well dispersed on the ZnCr2O4 supports.  

SEM was used to study the morphology of the prepared ZnCr2O4 (Figure 4.2) and 

Au/ZnCr2O4 (Figure C2) samples. Obviously, the particle size of the spinel increased when 

the calcination temperature was raised, which is in accordance with the XRD results. When 

the calcination temperature is below 600 °C, the ZnCr2O4 particles are relatively small, but 

calcination at 700 °C and 800 °C resulted in large well-faceted crystals, which is particularly 

evident for ZnCr2O4(800). Data about the surface area and gold loading amount are collected 

in Table 4.1. The specific (BET) surface area of the ZnCr2O4 samples decreased gradually 

with increasing calcination temperature from 33.5 m2/g for ZnCr2O4(400) to 0.5 m2/g for 

ZnCr2O4(800). Notably, the specific surface area of Au/ZnCr2O4(400) is 53.1 m2/g, which is 

higher than that of the corresponding parent support. The increase in the surface area was 

also observed for the other gold catalysts (Table 4.1). We speculate that the increased surface 
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area can be due to de-aggregation of the primary spinel oxide particles during the gold 

loading procedure and/or leaching of metal oxides from the surface of ZnCr2O4 under basic 

synthesis conditions, leading to surface roughening. The N2 physisorption isotherms are 

shown in Figure C3. The measured gold loading is close to the targeted value of 1.0 wt% in 

all cases.  

 
Figure 4.2. SEM images of various ZnCr2O4 supports. 

Table 4.1. Physicochemical properties of various Au/ZnCr2O4 catalysts. 

Material SBET (m2/g) 
[Au] 

(wt. %)a 
Dau (nm)b 

Coke 
contentc 

Lewis acid amountd 

mg/gcat mol/gcat mol/m2 

Au/ZnCr2O4(400) 53.1 (33.5)e 1.05 2.4 (2.4)f 115.8 237 4.46 

Au/ZnCr2O4(500) 42.1 (21.7) 1.13 2.1 (2.1) 57.4 157 3.73 

Au/ZnCr2O4(600) 25.5 (16.1) 1.07  2.1 (2.3) 32.5 77 3.02 

Au/ZnCr2O4(700) 6.2 (3.7) 1.05  2.5 (2.5) 8.2 8 1.29 

Au/ZnCr2O4(800) 2.9 (0.5) 1.00  3.4 (3.5) 4.0 2 0.69 

a Determined by ICP. b Determined by HAADF-STEM. c Determined by TGA analysis. d 

Measured by IR of pyridine adsorption. e The value in parenthesis represents the specific 

surface area of the corresponding support. f The data in parenthesis represents the average 

Au nanoparticle size of gold catalysts after selective oxidation reaction of cyclohexanol to 

cyclohexanone.  
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Figure 4.3. High-angle annular dark field scanning transmission electron microscopy 

(HAADF-STEM) images of fresh (a, c, e, g, i) and spent Au/ZnCr2O4 catalysts (b, d, f, h, j) 

after cyclohexanol oxidation. 
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The size of AuNP is a key factor controlling catalytic properties in gold-catalyzed reactions 

[43-46]. We used both TEM and HAADF-STEM to accurately determine the gold particle 

size of the Au/ZnCr2O4 catalysts. From the TEM results in Figure C4, it can be seen that 

Au/ZnCr2O4(400) and Au/ZnCr2O4(500) contained small spinel crystals, but it is difficult to 

observe the AuNPs due to the low contrast. In comparison, HAADF-STEM images provide 

us more clear information on the gold distribution (see Figure 4.3). For the fresh 

Au/ZnCr2O4(x) catalysts, Au/ZnCr2O4(500) and Au/ZnCr2O4(600) contain the smallest 

AuNPs with an average size of 2.1 nm, while Au/ZnCr2O4(400) present a slightly larger 

AuNP size (2.4 nm), despite the higher specific surface area. Surprisingly, small gold 

particles with an average size of 2.5 nm and 3.4 nm could still be highly dispersed on 

ZnCr2O4(700) and ZnCr2O4(800), respectively, despite the low specific surface areas of these 

two supports. The TEM images (Figure C5 and Figure C6) also show that the average gold 

particle size is 2.5 nm on Au/ZnCr2O4(700) and the size on Au/ZnCr2O4(800) is about 3.5 

nm. Evidently, HAADF-STEM and TEM analysis reveal a similar gold particle size and 

distribution. Furthermore, a representative TEM image of Au/ZnCr2O4(800) at low resolution 

is also shown in Figure C7, clearly indicating the uniform gold dispersion on this material. 

Taking into account of the very low surface area of the high-temperature calcined ZnCr2O4 

and the extraordinary dispersion of AuNP on the surface, we can infer that a strong metal-

support interaction is present in the Au/ZnCr2O4 system and ZnCr2O4 is an outstanding 

support for a high gold dispersion.  

X-ray photoelectron spectroscopy (XPS) was performed to determine the oxidation state and 

composition of the surface. The Au 4f XP spectra are shown in Figure 4.4. As the Zn 3p 

signal overlaps with the Au 4f5/2 component in the region of 86-92 eV, we used the Au 4f7/2 

peak for analysis. Its position at around 84 eV for the Au/ZnCr2O4 catalysts suggests that 

gold is in the metallic state. The increasing intensity of the Au 4f7/2 peak is due to the 

increased density of the AuNPs on the surface. The surface composition data are collected in 

Table 4.2. To investigate the reducibility of the Au/ZnCr2O4 catalysts, H2-TPR was 

conducted and the results are shown in Figure C8. It can be seen that no obvious reduction 

peaks could be observed, revealing that Au/ZnCr2O4 samples cannot be reduced in the 

investigated temperature range. 
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Figure 4.4. Au 4f XP spectra of various Au/ZnCr2O4 catalysts. 

 

Table 4.2. Surface composition of various Au/ZnCr2O4 catalysts as determined by XPS. 

Catalyst Au(%) Cr(%) O(%) Zn(%) 

Au/ZnCr2O4(400) 0.28 20.38 64.19 15.15 

Au/ZnCr2O4(500) 0.39 20.99 62.09 16.52 

Au/ZnCr2O4(600) 0.57 20.34 62.12 16.97 

Au/ZnCr2O4(700) 2.37 18.80 61.43 17.40 

Au/ZnCr2O4(800) 5.26 17.18 61.10 16.46 
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Figure 4.5. Catalytic performance of various Au/ZnCr2O4 catalysts in gas-phase 

cyclohexanol selective oxidation as a function of reaction temperature. Reaction conditions: 

100 mg catalyst, cyclohexanol/O2/He = 1/6/133, GHSV = 100,000 ml gcat
-1 h-1. 

We evaluated the catalytic performance of the Au/ZnCr2O4 catalysts in gas-phase 

cyclohexanol oxidation at different temperatures. Data about conversion and selectivity is 

given in Figure 4.5. In this reaction, cyclohexanone is the desired oxidative dehydrogenation 

product, while cyclohexene, cyclohexenone, and COx are the by-products, as illustrated in 

the reaction network in Scheme 4.1. Figure 4.5a shows the conversion of cyclohexanol as a 

function of reaction temperature. Au/ZnCr2O4(400), Au/ZnCr2O4(500) and Au/ZnCr2O4(600) 

exhibit very low conversion, and cyclohexanol conversion is only 24.6 %, even at 300 °C for 

Au/ZnCr2O4(600). In contrast, Au/ZnCr2O4(700) and Au/ZnCr2O4(800) show significantly 

higher conversion, up to 82.6 % and 92.7 % cyclohexanol conversion can be attained at 
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300 °C, respectively. The product distribution in Figure 4.5b shows that the selectivity to 

cyclohexanone is the lowest (< 70%) for Au/ZnCr2O4(400) due to its high selectivity to 

cyclohexene (Fig. 4.5c), the dehydration product of cyclohexanol. With increasing 

calcination temperature of the corresponding spinel oxide support, the selectivity toward 

cyclohexene decreased, and its formation was not observed on Au/ZnCr2O4(700) and 

Au/ZnCr2O4(800). The cyclohexanone selectivity on Au/ZnCr2O4(700) and Au/ZnCr2O4(800) 

is close to 100% at relatively low reaction temperatures and only decreases slightly to 93.0% 

and 90.6% at 300 °C, respectively. Meanwhile, cyclohexenone, which is also a valuable 

chemical intermediate, is the main by-product at high reaction temperatures because of the 

further dehydrogenation of cyclohexanone. COx selectivity is lower than 1% for these two 

catalysts.  

We also determined the potential role of the gold loading procedure on the support activity 

given the observed increased surface area. To this end, we treated ZnCr2O4(600) and 

ZnCr2O4(800) following the same procedure as used for gold loading without the gold 

precursor. The activity of these two supports is shown in Figure C9. Clearly, the ZnCr2O4 

support is inactive in the oxidation of cyclohexanol (conversion less than 5%), suggesting 

that gold is crucial for the efficient conversion of cyclohexanol to cyclohexanone. 

Figure C10 shows the evolution of the cyclohexanol conversion against time on stream at 

260 °C. A deactivation behavior can be observed on Au/ZnCr2O4(400), Au/ZnCr2O4(500) 

and Au/ZnCr2O4(600), while Au/ZnCr2O4(700) and Au/ZnCr2O4(800) do not show any sign 

of deactivation. These data clearly demonstrate that Au/ZnCr2O4(700) and Au/ZnCr2O4(800) 

exhibit superior catalytic performance in comparison to the other three catalysts in gas-phase 

cyclohexanol oxidation to cyclohexanone. High-temperature calcination (≥ 700 °C) of the 

spinel oxides is essential to achieve an active, selective and stable Au/ZnCr2O4 catalyst. The 

catalytic stability of the best catalyst, Au/ZnCr2O4(800), was also evaluated (Figure 4.6). The 

cyclohexanol conversion remained 82% with a 98% selectivity toward cyclohexanone at 

260 °C for 50 h. Subsequently, the reaction temperature was raised to 300 °C, and this led to 

an increased cyclohexanol conversion of 93%, while the cyclohexanone selectivity decreased 

slightly to 91%, giving a space-time cyclohexanone yield of 250 g. gAu
-1. h-1. The initial 

activity was recovered after decreasing the reaction temperature to 260 °C, showing that there 

is no deactivation observed in the 90 h catalytic test. This result confirmed that 

Au/ZnCr2O4(800) is a very promising catalyst for the gas-phase oxidative dehydrogenation 

of cyclohexanol to cyclohexanone with excellent catalytic stability.  
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Scheme 4.1. Reaction network of gas-phase oxidation of cyclohexanol. 

 

 

Figure 4.6. Catalytic stability of Au/ZnCr2O4(800) in gas-phase cyclohexanol oxidation. 

Reaction conditions: 100 mg catalyst, cyclohexanol/O2/He = 1/6/133, GHSV = 100,000 ml 

gcat
-1 h-1. 

To explore the origin of the distinct catalytic properties of the Au/ZnCr2O4 catalysts in 

cyclohexanol oxidation, the used catalysts after reaction were also characterized by TEM and 

HAADF-STEM, Representative images are shown in Figure 4.3 and further images in Figure 

C5 and Figure C6. Clearly, there is no obvious change of the gold particle size and the AuNPs 

remain homogeneously distributed in all of the used samples. Au 4f XPS analysis of the spent 

samples (Figure C11 and Table C1) demonstrates that the gold surface content remained 

unchanged compared to the fresh samples, further confirming that the AuNP are very stable 
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and no sintering occurred. As the AuNPs have similar sizes in the Au/ZnCr2O4 catalysts, we 

speculate that size is not the cause of the distinct catalytic performance differences as shown 

in Fig. 4.5. Specifically, we observe that cyclohexene was formed on the low-activity 

catalysts, while dehydration is a common acid-catalyzed reaction [47-50]. Thus, we speculate 

that the difference in catalytic performance might be related to the acid properties.  

Pyridine-IR was performed to measure the acidity of the as-prepared Au/ZnCr2O4 catalysts 

(Figure 4.7). A strong band at 1448 cm-1, which is assigned to pyridine adsorbed on Lewis 

acid sites (LAS), can be observed for Au/ZnCr2O4(400). The intensity of this band decreased 

when the calcination of the initial ZnCr2O4 was done at higher temperature. The amount of 

Lewis acid sites became very low for Au/ZnCr2O4(700) and was nearly negligible for 

Au/ZnCr2O4(800). Brønsted acid sites were not identified on the samples as follows from the 

absence of a band at 1540 cm-1. Quantification of LAS confirms the mentioned trend. Notably, 

it follows that the LAS density per surface area also decreases, indicative of the surface 

acidity changes upon calcination.  

 

Figure 4.7. IR spectra of pyridine adsorbed on the Au/ZnCr2O4 catalysts. 

To further study the acidity of the Au/ZnCr2O4 catalysts and CO adsorption on Au sites, CO-

IR was conducted at 123 K. The IR spectra displayed in Figure 4.8 revealed two sets of CO 

adsorption bands in the region of 2200-2140 cm-1 and 2130-2090 cm-1, which can be assigned 

to CO adsorbed on LAS and Au sites, respectively. As expected, the bands attributed to CO 

adsorbed on LAS decreased in intensity when the calcination temperature of the 

corresponding support increased, in line with the pyridine adsorption data. Au/ZnCr2O4(400) 
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and Au/ZnCr2O4(500) displayed a weak feature attributable to CO adsorbed on gold, while 

the intensity of this peak was much stronger on the other three samples. Surprisingly, a strong 

band centered at 2340 cm-1 appeared on Au/ZnCr2O4(400), Au/ZnCr2O4(500), and 

Au/ZnCr2O4(600) resulting from adsorption of CO2. This band was very weak on 

Au/ZnCr2O4(700) and absent on Au/ZnCr2O4(800). These results suggest that the low-

temperature calcined materials can oxidize CO at a very low temperature (123 K). The CO-

IR spectra of the bare supports (Figure C12) confirm that CO2 formation is related to the 

presence of Au, as CO2 formation was not observed in the gold-free materials. From H2-TPR 

results, we concluded that the Au/ZnCr2O4 samples cannot be reduced, making it unlikely 

that CO reacted with lattice oxygen species. We speculate that CO adsorbed on gold can react 

with the surface hydroxyl groups in the proximity to the metal-support interface, resulting in 

CO2 formation, as reported in the literature [51-54]. This would involve a mechanism 

involving COOH, which decomposes to CO2. The absence of CO2 formation on 

Au/ZnCr2O4(800) is likely due to the near absence of hydroxyl groups on the spinel oxide 

after high-temperature calcination (see below).  
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Figure 4.8. IR spectra of CO adsorbed on various Au/ZnCr2O4 catalysts at 123 K at different 

CO coverage. 
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Figure 4.9. CO consumption amount on various Au/ZnCr2O4 catalysts (50 mg sample) in CO 

pulsing at 50 °C.  

CO pulse results shown in Figure 4.9 and Figure C13 further confirmed that CO2 was 

produced accompanied with CO consumption and the consumption amount of CO decreased 

in the order Au/ZnCr2O4(600) > Au/ZnCr2O4(500) > Au/ZnCr2O4(400) > Au/ZnCr2O4(700) > 

Au/ZnCr2O4(800). This trend is in keeping with the CO-IR data and confirms that CO can be 

oxidized in these materials without O2, while surface oxygen species are consumed. 

We characterized the fresh Au/ZnCr2O4 catalysts with TGA in order to have an insight into 

the amount of the hydroxyl groups (Figure 4.10a). Obviously, hydroxyl groups are present 

on Au/ZnCr2O4(400), Au/ZnCr2O4(500) and Au/ZnCr2O4(600), while higher calcination 

temperature of the support almost removed all these groups. This result agrees with the 

observation in CO pulsing experiment. In acid-catalyzed reactions, coke formation is often a 

cause of catalyst deactivation. Therefore, TGA analysis was also applied to the used 

Au/ZnCr2O4 catalysts (Figure 4.10b). A rapid weight loss at around 300 °C can be seen, 

which is due to the combustion of poly-olefinic deposits. The coke content, derived from the 

TGA analysis, decreased in the order Au/ZnCr2O4(400) > Au/ZnCr2O4(500) > 

Au/ZnCr2O4(600) > Au/ZnCr2O4(700) > Au/ZnCr2O4(800) (see Table 4.1). The amounts of 

deposited coke on Au/ZnCr2O4(700) and Au/ZnCr2O4(800) are 8.2 mg/gcat and 4.0 mg/gcat, 

respectively, which is considerably lower than the coke on Au/ZnCr2O4(400) (115.8 mg/gcat), 

Au/ZnCr2O4(500) (57.4 mg/gcat), and Au/ZnCr2O4(600) (32.5 mg/gcat). This can explain why 

the former two catalysts did not deactivate in cyclohexanol oxidation.  
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Based on the characterization results for fresh and used catalysts, we conclude that the 

presence of the Lewis acid sites brought about the dehydration of cyclohexanol to 

cyclohexene, which could be further oligomerized to coke. The formed coke species might 

block the active sites and cause deactivation and low activity of the Au/ZnCr2O4 catalysts. 

Thus, the Lewis acid sites are detrimental for the selective oxidation of cyclohexanol to 

cyclohexanone and high temperature calcination is an effective way to remove them from the 

ZnCr2O4 support. 

 

Figure 4.10. TGA curves of fresh and spent Au/ZnCr2O4 catalysts after cyclohexanol 

oxidation. 

As we found that CO can be oxidized to CO2 in low-temperature CO-IR study, we expected 

that Au/ZnCr2O4 would be a good catalytic system for CO oxidation. CO oxidation to CO2 is 
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of great significance in environmental catalysis, such as air cleaning and automotive emission 

control, and also used as a model reaction in heterogeneous catalysis [10, 25, 46, 55]. We 

evaluated the CO oxidation activity of the Au/ZnCr2O4 catalysts in two reaction cycles and 

the results are shown in Figure 4.11. It can be seen that the Au/ZnCr2O4 catalysts show 

different reactivity trends in CO oxidation compared to cyclohexanol oxidation. The 

Au/ZnCr2O4(500) and Au/ZnCr2O4(600) catalysts with the smallest gold particles (2.1 nm) 

exhibit the highest low-temperature activity and full CO conversion can be reached at 175 °C. 

In contrast, a lower activity was obtained for Au/ZnCr2O4(400) with a full CO conversion 

reached at 200 °C. We correlate the lower activity to the slightly larger AuNP size (2.4 nm). 

Notably, Au/ZnCr2O4(700) and Au/ZnCr2O4(800) show much lower activity in CO oxidation.  

Au/ZnCr2O4(800) is only active at a much higher temperature than the other samples. We put 

forward two reasons. First of all, AuNP size is larger for this catalyst (3.4 nm) and, secondly, 

the promotional effect of hydroxyl groups in CO oxidation is absent. Clearly, CO and 

cyclohexanol oxidation require different active sites. It appears that Lewis acid sites do not 

have a significant influence on CO oxidation, while smaller AuNPs and hydroxyl groups are 

favorable for this reaction. The catalytic data in two reaction cycles are similar, indicating 

that the Au/ZnCr2O4 catalysts were stable and did not suffer from deactivation during the CO 

oxidation reaction. Although we observed CO2 formation in CO-IR at only 123 K, the 

catalytic reaction of CO oxidation still needs a relatively high temperature, indicating that 

the hydroxyls might be consumed in the reaction and the activation of O2 demands a high 

temperature.  
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Figure 4.11. CO oxidation activity of various Au/ZnCr2O4 catalysts as a function of reaction 

temperature. Reaction conditions: 50 mg catalyst, 1% CO, 1% O2 balanced with He, total 

flow rate 50 ml/min. 
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Figure 4.12 (a) Surface model of the (111)-cut of the ZnCr2O4 spinel used (left: side view; 

right: top view); (b) Au cluster model consisting of an Au10 cluster adsorbed on the (111)-cut 

of the ZnCr2O4 spinel (colour code: red: O; yellow: Au; grey: Zn; blue: Cr). 

The uniform distribution and the high stability of the AuNPs on low-surface-area ZnCr2O4 

clearly points to a strong metal-support interaction for the Au/ZnCr2O4 system. We carried 

out DFT calculations in order to probe these Au-support interactions. The (111) surface of 

spinel ZnCr2O4 was used as a surface model for this support (Figure 4.12a). A total of 8 

different Au10 cluster models (Figure C14) were optimized in terms of location on the 

ZnCr2O4 surface model with the aim to identify the most stable one (Figure 4.12b). The 

electronic structure of these models was then analyzed in detail.  

The electronic states at the interface between Au and the support oxygen atoms in the top 

layer are strongly dependent on the nature of the Au-oxygen bonding and the polarization of 

electron cloud of the supported Au cluster. The Au-oxygen interaction leads to charge 

redistribution between the metal and the support, which is confirmed by a further Bader 

charge analysis. Figure 4.13a shows that the bottom Au atoms connected to the O atoms in 

the top layer of ZnCr2O4(111) transfer electrons to the support. Particularly, the corner gold 

atoms lose 0.308-0.544 |e|, which can be attributed to their low coordination number.  
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Figure 4.13b shows the projected density of states (PDOS) of the bottom Au atoms of the 

Au10 cluster and the surface oxygen atoms of ZnCr2O4(111). The PDOS shows that the 

bottom Au 5d states overlap with the surface O 2p states below the Fermi energy, resulting 

in Au-O bonding. Figure 4.13c, d emphasizes the charge redistribution at the interface in 

which the electron density is depleted from the bottom Au atoms and accumulated on the 

support. All these factors reflect the strong interaction between Au and ZnCr2O4.  

 
Figure 4.13. (a) Bader charges of the supported Au atoms, (b) Projected density of states 

(PDOS) of the bottom Au atoms of the Au10 cluster and the surface oxygen atoms of 

ZnCr2O4(111), (c) Charge density difference of Au10/ZnCr2O4, (d) Planar-averaged electron 

density difference for Au10/ZnCr2O4. The yellow and cyan areas indicate electron 

accumulation and depletion, respectively. 
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4.4 Conclusions 

In this work, we report that the ZnCr2O4 spinel oxide is an excellent support for dispersing 

gold in the form of uniformly distributed nanometer-sized gold particles. The surface Lewis 

acidic properties can be tuned by the calcination temperature. Lewis and non-acidic hydroxyl 

groups can be largely removed by calcination at 800 °C, resulting in a spinel oxide with a 

BET surface area smaller than 1 m2/g. The importance of gold-support interactions for this 

material is apparent by its ability to disperse gold as ~3 nm nanoparticles on this very low-

surface-area ZnCr2O4. Gold supported on the high-temperature (≥ 700 °C) calcined ZnCr2O4 

supports displayed high activity, high selectivity, and high stability in the gas-phase selective 

oxidation of cyclohexanol to cyclohexanone. In contrast, catalysts made from supports 

calcined at lower temperature show much lower activity, which can be attributed to acid-

catalyzed dehydration of cyclohexanol to cyclohexene followed by oligomerization to 

deposits that deactivate the surface. Notably, we find that CO oxidation is preferred on 

materials calcined at intermediate temperature, likely because of the smaller gold 

nanoparticles and the involvement of support hydroxyl groups at the gold-support interface. 

DFT calculations emphasized the strong bonding between Au and ZnCr2O4, which is based 

on the overlap between Au 5d states and O 2p states.  
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Appendix C 

 

 
Figure C1. XRD patterns of various Au/ZnCr2O4 catalysts. 

 

 

Figure C2. SEM images of various Au/ZnCr2O4 catalysts. 
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Figure C3. N2 physisorption isotherms of ZnCr2O4 and Au/ZnCr2O4 samples.  
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Figure C4. TEM images of fresh and spent Au/ZnCr2O4 catalysts after cyclohexanol 

oxidation. 
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Figure C5. TEM images of fresh and spent Au/ZnCr2O4(700) catalyst after cyclohexanol 

oxidation. 
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Figure C6. TEM images of fresh and spent Au/ZnCr2O4(800) catalyst after cyclohexanol 

oxidation. 
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Figure C7. A representative TEM image of fresh Au/ZnCr2O4(800) catalyst. 

 

 

 

 

 

 



100 
 

 

Figure C8. H2-TPR profiles of various Au/ZnCr2O4 catalysts. 30%CuO/SiO2 was used as a 

reference. 

 

 

Figure C9. Catalytic activity of ZnCr2O4(600) and ZnCr2O4(800) at 260 °C in gas-phase 

oxidation of cyclohexanol. Reaction conditions: 100 mg sample, cyclohexanol/O2/He = 

1/6/133, GHSV = 100,000 ml gcat
-1 h-1. 
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Figure C10. Cyclohexanol conversion as a function of time-on-stream at 260 °C. Reaction 

conditions: 100 mg sample, cyclohexanol/O2/He = 1/6/133, GHSV = 100,000 ml gcat
-1 h-1. 

 

Figure C11. Au 4f XP spectra of various spent Au/ZnCr2O4 catalysts after cyclohexanol 

oxidation. 
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Figure C12. IR spectra of CO adsorbed on ZnCr2O4 supports at 123 K at different CO 

coverage. 
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Figure C13. CO pulsing results for various Au/ZnCr2O4 catalysts at 50 °C. 
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Figure C14. Top views of different ZnCr2O4 supported Au10 cluster models (colour code: 

red: O; yellow: Au; grey: Zn; blue: Cr). The corresponding total energies are listed below the 

structures. 

 

Table C1. Surface composition of various spent Au/ZnCr2O4 catalysts as determined by XPS.  

Catalyst Au(%) Cr(%) O(%) Zn(%) 

Au/ZnCr2O4(400)-S 0.22 18.53 73.20 8.05 

Au/ZnCr2O4(500)-S 0.35 23.25 64.32 12.08 

Au/ZnCr2O4(600)-S 0.61 21.37 65.93 12.09 

Au/ZnCr2O4(700)-S 2.38 19.20 66.39 12.04 

Au/ZnCr2O4(800)-S 5.87 17.07 64.62 12.43 
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Chapter 5 

Influence of hematite morphology on the CO oxidation 

performance of Au/α-Fe2O3 

Abstract 

Controlling the interaction between metal nanoparticles and the support is a means to tune 

catalytic activity and stability. Herein we investigated the influence of the morphology of 

hematite on the performance of gold for CO oxidation. Nanosphere and nanorod forms of 

hematite, α-Fe2O3(S) and α-Fe2O3(R) respectively, were used to support gold nanoparticles. 

The surface of α-Fe2O3(R) was more corrugated than that of α-Fe2O3(S). These defects 

provide anchoring sites for gold nanoparticle deposition and stabilization. Due to the stronger 

gold-support interactions, Au/α-Fe2O3(R) contained smaller and more hemispherical gold 

particles than Au/α-Fe2O3(S). Au/α-Fe2O3(R) was not only more active in CO oxidation but 

also much more stable as evident from the small change in gold particle size during reaction. 

The higher reducibility of Au/α-Fe2O3(R) also contributed to the higher CO oxidation activity.  

 

 

 

This Chapter has been published as: Y. Gao, F. -K. Chiang, S. Li, L. Zhang, P. Wang, E. J. 

M. Hensen. Chin. J. Catal., accepted.  
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5.1 Introduction 

Supported gold nanoparticle (AuNP) catalysts have attracted substantial attention in the field 

of oxidation reactions due to their unique catalytic properties [1-8]. CO oxidation is of special 

interest, not only because of its importance in practical applications such as automotive 

emissions control, but also because this simple reaction is an ideal model reaction to 

investigate important mechanistic aspects underlying the relation between catalytic activity 

and the nature of the active phase. Preferred supports for heterogeneous gold catalysts are 

metal oxides. The catalytic properties of such gold catalysts are controlled by many factors 

such as the size of gold nanoparticles, the oxidation state of gold and the interaction between 

gold and the support. These metal-support interactions affect the gold active phase through 

charge transfer, which is augmented when the support is reducible. The mechanism of CO 

oxidation can also change from a Langmuir-Hinshelwood one, in which CO and O2 adsorb 

on the gold phase, to a Mars-Van Krevelen one involving O atoms of a reducible oxide 

support. The gold-support interactions will also influence the particle size of the gold active 

phase and the sintering stability during high-temperature reactions. 

Several strategies have been adopted for the development of metal-oxide supports in gold 

catalysis. The chemical composition of the metal oxide support influences the activity of the 

final supported gold catalyst through their textural and surface properties (e.g., CeO2 [9-12], 

TiO2 [13-16], MnOx [17-19], FeOx [20-24]). It is also possible to tune the crystal phase (25) 

or crystal size of a given metal oxide support [26]. Very small support particles can for 

instance give rise to different chemical properties through the increased exposure of defect 

sites. Also the surfaces exposed by a particular metal oxide crystal can be controlled, which 

is often expressed by the morphology of the primary particles of the oxide support. This can 

also lead to profoundly different surface properties in terms of meal-support interactions and 

support reducibility. Many efforts have been made in this direction. For example, the 

influence of the shape/morphology of CeO2 has been extensively studied in the context of 

gold-catalyzed CO oxidation [27-31]. Huang and co-authors reported that ceria nanorods 

showed a much higher gold dispersion than gold on conventional ceria, explaining the higher 

CO oxidation activity [28]. Ceria shapes such as rods, cubes, and polyhedra were found to 

exhibit strongly different activities in the preferential oxidation of CO in H2 catalyzed by 

gold [30]. α-Fe2O3 (hematite) is a thermally stable and environmentally benign support, 

which has not been explored as extensively yet for gold catalysis as ceria. Gu and co-workers 

deposited gold on three α-Fe2O3 forms (truncated hexagonal bipyramid, quasi cubic, and 

hexagonal plate) and discovered that the size and size distribution of the gold particles were 

not affected by the morphology of α-Fe2O3. However, the different Au/α-Fe2O3 interfacial 
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structures related to the presence of different exposed crystal facets governed the activity 

differences observed in CO oxidation [32]. In this work, we synthesized two α-Fe2O3 oxides 

with different shapes (nanorods and nanospheres) and loaded them with gold nanoparticles 

using a deposition-precipitation method. The results show that the size and size distribution 

of gold particles are dependent on the morphology of α-Fe2O3, contributing to significant 

activity and stability differences in CO oxidation. 

5.2. Experimental 

5.2.1 Catalyst preparation 

α-Fe2O3 nanorods were synthesized using a modified hydrothermal method as reported by 

Jia and co-workers [33]. 12.8 mL of aqueous FeCl3 solution (0.5 M), 11.6 mL of aqueous 

NH4H2PO4 solution (0.02 M), and 296 mL of deionized H2O were mixed and stirred 

vigorously. Then, the mixed solution was transferred to a Teflon-lined stainless-steel 

autoclave for hydrothermal treatment at 220 °C for 7 h. After the autoclave was cooled to 

room temperature, the red solid was collected by decanting and centrifugation, followed by 

washing with deionized water three times and absolute ethanol twice. The solid was dried at 

60 °C overnight in air before further use. The α-Fe2O3 nanorods are denoted as α-Fe2O3(R).  

α-Fe2O3 nanospheres were synthesized using a hydrothermal method developed by ourselves 

using Fe(NO3)3 as iron precursor. 12.8 mL of aqueous Fe(NO3)3 solution (0.5 M), 11.6 mL 

of aqueous NH4H2PO4 solution (0.02 M), and 296 mL of deionized H2O were mixed and 

stirred vigorously. Then, the mixed solution was transferred to a Teflon-lined stainless-steel 

autoclave for hydrothermal treatment at 220 °C for 24 h. The following treatment was the 

same as that of α-Fe2O3 nanorods. The α-Fe2O3 nanospheres are denoted as α-Fe2O3(S).  

Gold was deposited on the α-Fe2O3 supports using a deposition-precipitation method using 

urea as the precipitation agent [34]. Typically, 1.2 g of α-Fe2O3 and 0.36 g of urea were added 

to a round-bottom flask, to which 40 ml of HAuCl4 (1.5 mmol/L) was added. Afterwards, the 

mixture was stirred and heated to 90 °C in an oil bath and kept at this temperature for 20 h 

under reflux. The flask was covered with aluminum foil to avoid exposure to light. 

Afterwards, the mixture was cooled to room temperature and filtered with deionized water. 

The obtained solid was dried at 60 °C overnight in air without further calcination. The 

targeted gold loading was 1.0 wt%. The as-prepared gold catalysts are denoted as Au/α-

Fe2O3(R) and Au/α-Fe2O3(S), respectively.  
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5.2.2 Catalyst characterization 

The textural properties of the materials were measured by a Tristar 3000 automated gas 

adsorption system. The samples were degassed at 120 °C overnight before analysis. The Au 

loading was determined by Inductively Coupled Plasma Optical Emission Spectroscopy 

(ICP-OES) after extraction of gold in aqua regia.  

X-ray diffraction (XRD) patterns were collected on a Bruker D2 Phase powder diffraction 

system with Cu Kα radiation. X-ray photoelectron spectroscopy (XPS) measurements were 

carried out with a Thermo Scientific K-Alpha spectrometer. Spectra were obtained using an 

aluminum anode (Al Kα = 1486.6 eV) operating at 72 W and a spot size of 400 m. The 

background pressure was 2 × 10-9 mbar and during measurement 3 × 10-7 mbar Ar. Data 

analysis was performed using CasaXPS software. The binding energy was corrected for 

surface charging by taking the C 1s peak of contaminant carbon as a reference at 284.6 eV. 

Scanning electron microscopy (SEM) was carried out using a FEI Quanta 200F scanning 

electron microscope. TEM and STEM images of various samples were acquired by a Cs 

probe -corrected JEOL JEM ARM200F operated at 200 kV for all analyses. All samples were 

prepared by dispersing the ground material powder in ethanol and a few drops were placed 

onto copper grids supported on lacey carbon films.  

5.2.3 Catalytic activity measurements 

CO oxidation activity measurements were performed in a high-throughput setup equipped 

with 10 parallel reactor channels at atmospheric pressure. 50 mg of sieved sample with a 

fraction of 125-250 m was mixed with 200 mg SiC as a diluent in a quartz reactor. The 

catalyst was pretreated in a He flow of 50 ml/min for 2 h at 25 °C. The feed mixture consisted 

of 1 vol% CO and 1 vol% O2 balanced with He (total flow 50 ml/min per reactor). Three 

catalytic cycles were performed to evaluate the activity and stability of the catalysts. In the 

first cycle, the reaction temperature was raised from 25 °C to 300 °C in steps of 25 °C using 

a rate of 5 °C/min. The desired temperature was held for 30 min to reach a steady state. After 

the test, the oven was cooled to 25 °C, followed by another cycle using the same temperature 

program. The effluent gas was analyzed by online gas chromatography with an Interscience 

Compact GC equipped with Porapak Q (TCD) and Molecular sieve 5A (TCD) columns.  
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5.3 Results and discussion 

Figure 5.1 shows representative SEM images of as-synthesized α-Fe2O3(S) and α-Fe2O3(R). 

The size of the sphere-like particles of α-Fe2O3(S) is ~50 nm. α-Fe2O3(R) is made up from 

rod-shaped α-Fe2O3 with a diameter of ~70 nm and a length of 300-500 nm. As expected, 

adding gold did not change the morphology of the parent α-Fe2O3 supports. The XRD 

patterns shown in Figure 5.2 confirm that both supports are hematite (α-Fe2O3). The absence 

of diffraction peaks due to gold indicates a higher gold dispersion. Data about the surface 

areas and gold loading are listed in Table 5.1. The BET surface areas of Au/α-Fe2O3(S) and 

Au/α-Fe2O3(R) are 26 m2/g and 15 m2/g, respectively. The measured gold loading is close to 

the targeted value of 1 wt%, indicating the high efficiency of the deposition-precipitation 

method.  

 

Figure 5.1. SEM images of α-Fe2O3(S), α-Fe2O3(R) and corresponding fresh gold catalysts. 

 



110 
 

 
Figure 5.2. XRD patterns of α-Fe2O3(S), α-Fe2O3(R) and corresponding fresh gold catalysts. 

Table 5.1 Physicochemical properties of Au/α-Fe2O3 catalysts. 

Material SBET (m2/g) [Au] (wt%)a DAu (nm)b DAu (nm)c 

Au/α-Fe2O3(S) 26 1.01 2.0 ± 0.5 4.0 ± 1.8 

Au/α-Fe2O3(R) 15 1.03 1.5 ± 0.3 2.4 ± 0.7 

a Determined by ICP-OES. b Average AuNP size of fresh catalysts, determined by HAADF-

STEM. c Used catalysts, determined by HAADF-STEM. 

TEM and HAADF-STEM measurements were performed in order to investigate the surface 

structure of α-Fe2O3 supports and the morphology of the supported gold particles, as shown 

in Figure 5.3 and Figure D1. The EM analysis reveals that the surface of α-Fe2O3(R) is much 

more corrugated than the surface of α-Fe2O3(S). Thus, α-Fe2O3(R) should contain more 

surface defects. (110) and (104) facets can be observed in high-resolution HAADF-STEM 

images on α-Fe2O3(S) and α-Fe2O3(R), respectively. Nevertheless, we cannot firmly infer 

from these data whether these hematite particles preferentially expose these specific facets. 

AuNPs with an average size of 2.0 nm are distributed over the surface of α-Fe2O3(S). Their 

size distribution is not uniform and, from the shape of the particles in HAADF-STEM images, 

we can infer that the gold-support interactions are weaker in this sample as compared to 

Au/α-Fe2O3(R). In the latter sample, a more uniform size distribution of AuNPs is observed 

with a mean size of 1.5 nm. The stronger gold-support interaction for Au/α-Fe2O3(R) gives 

rise to a more hemispherical shape of the gold particles. The presence of less-coordinated 
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sites at the corrugated surface of α-Fe2O3(R) can explain this. Such sites can act as anchoring 

points for the deposition-precipitation process and thus lead to smaller gold particles.  

 
Figure 5.3. TEM, HAADF-STEM images and gold particle size distributions of fresh Au/α-

Fe2O3(S) (a-f) and Au/α-Fe2O3(R) (g-l) catalyst.  
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Figure 5.4. CO oxidation activity (left) and Arrhenius plot (right) of α-Fe2O3(S) and α-

Fe2O3(R). Reaction conditions: 50 mg sample, 1 vol% CO, 1 vol% O2 balanced with He, total 

flow rate 50 ml/min. 

We first evaluated the catalytic activity of the α-Fe2O3(S) and α-Fe2O3(R) supports in CO 

oxidation (Figure 5.4). These two supports were inactive below a temperature of 150 °C. In 

the 150-300 °C range, Fe2O3(R) displayed a higher activity than α-Fe2O3(S). Apparent 

activation energies were determined to be 77 kJ/mol and 56 kJ/mol for α-Fe2O3(S) and α-

Fe2O3(R), respectively. This difference points to the presence of different active sites between 

these two supports, which is likely related to the presence of defect sites at the α-Fe2O3(R) 

surface, in line with the observation of a more corrugated surface structure.  

The catalytic activity of the fresh Au/α-Fe2O3(S) and Au/α-Fe2O3(R) samples was also 

examined. Figure 5.5 shows the conversion of CO as a function of reaction temperature in 

three consecutive cycles. In the first cycle, these two catalysts showed negligible activity 

below 125 °C. At higher temperature, Au/α-Fe2O3(R) was more active than Au/α-Fe2O3(S), 

with full conversion of CO being achieved at 225 °C and 275 °C, respectively. The activity 

of these two gold catalysts was remarkably higher in the second cycle. The improvement was 

more pronounced for Au/α-Fe2O3(R). This sample was already active at 25 °C (12% 

conversion) and gave a CO conversion of 98% at 125 °C. In contrast, the activity increase 

was lower for Au/α-Fe2O3(S), showing a CO conversion of only 17% at 125 °C. The activity 

obtained in the third cycle was comparable to those in the second one for both catalysts. 

Figure 5.6 shows the Arrhenius plots for Au/α-Fe2O3(S) and Au/α-Fe2O3(R) in the first and 

second cycle. The apparent activation energies were significantly lower in the second cycle 

compared to the first one (21 kJ/mol vs. 75 kJ/mol), which can be explained by the activation 
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of gold during the first reaction cycle. The similar apparent activation energies derived for 

Au/α-Fe2O3(S) and Au/α-Fe2O3(R) indicate that the hematite-supported gold catalysts follow 

a similar reaction mechanism in CO oxidation.  

 
Figure 5.5. CO oxidation activity of fresh Au/α-Fe2O3(S) and Au/α-Fe2O3(R). Pretreatment 

conditions: 50 ml/min He, 25 °C, 2h; Reaction conditions: 50 mg catalyst, 1 vol% CO, 1 vol% 

O2 balanced with He, total flow rate 50 ml/min. 

 
Figure 5.6. Arrhenius plots of Au/α-Fe2O3(S) and Au/α-Fe2O3(R) in two reaction cycles in 

CO oxidation.  

Considering that both gold catalysts were only pretreated in an inert helium flow at 25 °C 

after preparation, we speculate that the gold oxidation states changed during the first reaction 

cycle, leading to a higher catalytic performance in the second one. Thus, we carried out XPS 

surface analysis of the fresh and used gold catalysts. Figure 5.7 shows that the gold phase in 

the fresh catalysts was predominantly present in the form of Au+ and Au3+, whereas metallic 

gold (Au0) was present in the used catalysts. Combining the Au XPS results with the activity 
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data, we infer that the activation behavior during the first reaction cycle is due to the reduction 

of positively charged gold to metallic gold nanoparticles. Thus, we infer that Au0 is the more 

active form of gold for CO oxidation for α-Fe2O3-supported gold catalysts in comparison to 

cationic gold. This conclusion is consistent with the general notion that highly active gold in 

Au/Fe2O3 is metallic [23]. The Fe 2p XPS spectra shown in Figure 5.8 demonstrate that Fe3+ 

are the dominant Fe species in fresh and used catalysts, which is expected. 

 
Figure 5.7. Au 4f XPS spectra of (a) fresh Au/α-Fe2O3(S), (b) fresh Au/α-Fe2O3(R), (c) used 

Au/α-Fe2O3(S), (d) used Au/α-Fe2O3(R). 
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Figure 5.8. Fe 2p XPS spectra of (a) fresh Au/α-Fe2O3(S), (b) fresh Au/α-Fe2O3(R), (c) 

used Au/α-Fe2O3(S), (d) used Au/α-Fe2O3(R). 

To investigate possible morphological changes of the α-Fe2O3 supports and changes in the 

size of the AuNPs during CO oxidation, SEM, TEM and STEM were used to characterize 

the used catalysts. Figure D2 evidences that the rod- and sphere-like shapes of the two 

supports were preserved during the catalytic reaction. Based on the TEM and STEM results 

(Figure 5.9 and Figure D3), it was found that the AuNPs sintered significantly on Au/α-

Fe2O3(S), their average size increasing from 2.0 nm in the fresh sample to 4.0 nm after the 

CO oxidation reaction. The shape of the gold particles confirms the weak interaction with the 

support as discussed above for the fresh catalysts. In contrast, gold sintering was less 

pronounced for Au/α-Fe2O3(R). AuNPs grew only slightly from 1.5 nm to 2.4 nm during the 

catalytic reaction and the EM images also confirm the retention of the stronger interactions 

between gold and α-Fe2O3(R). On this basis, we can conclude that the stronger metal-support 

interactions led to a better resistance against sintering of the active gold phase on Au/α-

Fe2O3(R) in comparison with Au/α-Fe2O3(S). The much smaller AuNP size of Au/α-Fe2O3(R) 

should be an important reason for its superior catalytic performance to Au/α-Fe2O3(S). 
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Figure 5.9. TEM and HAADF-STEM images of used Au/α-Fe2O3(S) (a-d) and Au/α-

Fe2O3(R) (e-h) catalysts. 
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Besides the size of AuNPs, the redox properties of the support can be a critical factor 

governing the catalytic activity of gold catalysts in CO oxidation. Thus, we conducted H2-

TPR to investigate the reducibility of the supports and gold catalysts. For α-Fe2O3(S) and α-

Fe2O3(R), the reduction features at 458 °C and 496 °C correspond to the reduction of hematite 

to magnetite (Fe3O4) (Figure D4). The reduction features at higher temperatures can be 

assigned to the reduction of magnetite through FeO towards metallic Fe [35]. The presence 

of gold significantly enhanced the reducibility of α-Fe2O3. A strong reduction feature was 

observed at 341 °C and 325 °C for fresh Au/α-Fe2O3(S) and Au/α-Fe2O3(R), respectively 

(Figure 5.10). We attribute this to hydrogen activated on gold spilling over to the support 

surface and, thereby, promoting Fe-oxides reduction. This is commonly observed for metal 

particles on a reducible oxide support such as Au/CeO2 [28]. For used Au/α-Fe2O3(S), the 

reduction peak shifted to a much higher temperature of 402 °C, which can be explained by a 

smaller perimeter interface between the significantly larger gold nanoparticles and the 

support. This shift is much smaller for used Au/α-Fe2O3(R), i.e. from 325 °C to 355 °C. The 

small shift is in line with the much smaller loss in gold dispersion for Au/α-Fe2O3(R). 

 
Figure 5.10. H2-TPR spectra of fresh and used Au/α-Fe2O3 catalysts. 

The above characterization of the fresh and used Au/α-Fe2O3(S) and Au/α-Fe2O3(R) clearly 

demonstrates that the morphology of α-Fe2O3 has a great influence on the structure of gold, 

i.e., the interface between gold and α-Fe2O3 depends on the surface structure of α-Fe2O3. 

Gold is bounded stronger to α-Fe2O3(R), which leads to a more hemispherical shape of the 

gold particles. We explain this by the observed corrugated surface of α-Fe2O3(R). Low-

coordinated Fe atoms in such defects may serve as anchoring sites to stabilize the gold 

particles. The presence of such more reactive Fe sites can also contribute to a higher CO 
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oxidation activity of Au/α-Fe2O3(R). On the other hand, spherical gold particles were present 

on α-Fe2O3(S), indicative of a weaker interaction between gold and the support, likely 

because there are less defects on the surface of α-Fe2O3(S). This led to more extensive gold 

aggregation during the catalytic reaction. 

5.4 Conclusions 

Nanosphere and nanorod hematite (α-Fe2O3(S) and α-Fe2O3(R)) were synthesized through a 

hydrothermal method, and used as supports for gold nanoparticles. The surface of α-Fe2O3(R) 

was more corrugated than the surface of α-Fe2O3(S). These defects can provide anchoring 

sites for gold deposition and gold particle stabilization. The dispersion of gold species and 

their interaction with α-Fe2O3 are strongly dependent on the α-Fe2O3 morphology. The gold-

support interaction is stronger for Au/α-Fe2O3(R) as evidenced by the more hemispherical 

shape of the supported gold particles and the more uniform distribution over the surface. Gold 

sintering was significantly suppressed during CO oxidation. In contrast, the weaker 

interaction of gold with α-Fe2O3(S) led to a non-uniform distribution and severe sintering of 

gold during CO oxidation. The smaller gold particle size, the stronger metal-support 

interaction, and the better reducibility contributed to the higher CO oxidation activity of 

Au/α-Fe2O3(R).  
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Appendix D 

 

Figure D1. TEM images of fresh Au/α-Fe2O3(S) (a-b) and Au/α-Fe2O3(R) (c-d) catalyst.  

 

Figure D2. SEM images of used Au/α-Fe2O3(S) and Au/α-Fe2O3(R). 
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Figure D3. TEM images of used Au/α-Fe2O3(S) (a-b) and Au/α-Fe2O3(R) (c-d) catalyst.  
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Figure D4. H2-TPR spectra of α-Fe2O3(S) and α-Fe2O3(R). 
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Chapter 6 

On the surface-dependent oxidation of Cu2O to CuO 

during CO oxidation: CuO is more active than Cu2O 

Abstract 

Solid materials can exhibit very different surface catalytic properties depending on the 

exposed surface. We compared CO oxidation activity of Cu2O cubes and octahedra exposing 

{100} and {111} planes respectively, and found that Cu2O cubes are much more active than 

Cu2O octahedra. The Cu2O(100) surface was easily oxidized during the reaction, leading to 

the formation of CuO at the surface of the nanocubes. On the other hand, Cu2O(111) was 

stable under CO oxidation reactions. Density functional theory calculations were used to 

compare the catalytic cycle for CO oxidation on Cu2O(111) and CuO(111) surfaces. CO 

oxidation follows a Mars-Van Krevelen mechanism on Cu2O(111) with a high activation 

barrier of 1.36 eV. In contrast, the overall activation barrier for CO oxidation is only 0.58 eV 

for CuO(111). The high catalytic activity of CuO was confirmed by the targeted synthesis of 

CuO. The surface oxidation behaviour of Cu2O is highly dependent on the surface, the more 

reactive Cu2O(100) surface being oxidized to CuO presents a much higher CO oxidation 

activity than Cu2O. These findings are helpful for designing more efficient Cu-based catalysts 

for CO oxidation. 

 

This Chapter has been submitted as: Y. Gao, L. Zhang, A. J. F. van Hoof, E. J. M. Hensen.  
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6.1 Introduction 

CO oxidation is an important probe reaction in heterogeneous catalysis for gaining deeper 

understanding about the reactive properties of catalytic solids. The oxidation of CO is also 

relevant to many practical applications, such as automotive emission control [1-3]. Platinum 

group metals (PGMs) have been extensively studied for this purpose [4-9]. However, in view 

of the high price of noble metals, there remains a strong desire to find catalysts composed of 

cheaper base metals.  

Cu-based catalysts have attracted significant attention because of their promising 

performance in the CO oxidation reaction [10-16]. Despite extensive research, the nature of 

the active Cu surface, be it Cu, Cu2O, or CuO, under CO oxidation has not been resolved yet. 

Huang and co-workers identified Cu2O as the main active phase for CO oxidation, with CuO 

and metallic Cu being much less active [17]. However, Jernigan and Somorjai could not 

confirm the high activity of Cu2O and, instead, reported that CO oxidation rate inversely 

correlated with the copper oxidation state [18]. Under reaction conditions, Cu2O is not very 

stable and can be either oxidized to CuO or reduced to Cu. The coexistence of Cu species 

with different oxidation states might be a reason that it is difficult to accurately determine the 

real active sites.  

In heterogeneous catalysis, catalytic reaction occurs on the surface of catalyst, and the 

catalytic properties are strongly controlled by the surface structure and composition. Because 

of the complexity and inhomogeneity of conventional oxide particles, to directly study the 

structure-reactivity correlation is difficult on such materials. In contrast, the design of model 

catalysts with well-defined exposed crystal planes provides a good approach to 

fundamentally understand the reaction mechanism and establish the structure-performance 

correlation [19-24]. Moreover, to selectively expose the high-activity crystal facets is also an 

effective strategy to optimize the catalytic properties of solid catalysts. For CO oxidation, 

Bao and co-workers investigated the influence of surface termination of Cu2O on CO 

oxidation [25]. These authors reported that Cu2O octahedra exposing predominantly the {111} 

surface are more active than Cu2O cubes exposing the {100} surface. The active phase in 

both cases was suggested to be a CuO overlayer formed due to the surface oxidation of the 

shaped Cu2O precursors. In our study, however, we found for similar samples a different 

activity order in CO oxidation. Specifically, Cu2O cubes showed a substantially higher 

activity than Cu2O octahedra. We characterized the surface of these catalysts in detail and 

found a pronounced difference with the work of Bao et al [25]. Briefly, Cu+ on Cu2O(100) 

was oxidized to Cu2+ on CuO particles that displayed a high CO oxidation activity. Such 

oxidation was nearly absent on Cu2O(111). Density functional theory (DFT) calculations 
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back up these results in terms of a more facile CO oxidation mechanism on the (111) surface 

of CuO compared with the (111) surface of Cu2O. These results will be useful in view of the 

importance of facet-dependent catalytic chemistry of Cu-oxides in the field of environmental 

catalysis [26-27] and energy conversion [28-29]. 

6.2 Experimental 

6.2.1 Catalyst preparation 

Cu2O nanocubes (c-Cu2O) were synthesized using the following procedure: 1.7048 g 

CuCl2•2H2O was dissolved in 1 L deionized H2O in a round-bottom flask to obtain a 10 

mmol/L CuCl2 solution. This solution was heated to 55 °C in an oil bath under vigorous 

stirring. Afterwards, 100 mL NaOH aqueous solution (2 mol/L) was added dropwise to the 

CuCl2 solution, resulting in a dark brown solid that was kept in suspension. After stirring for 

30 min, 100 mL of an ascorbic acid solution (0.6 mol/L) was added dropwise to the above 

mixture, and a turbid red suspension was formed gradually. After further stirring for 5 h, the 

solution was cooled to room temperature. The red Cu2O solid was collected by decanting and 

centrifugation, followed by washing with deionized water three times and absolute ethanol 

twice. Finally, the solid was dried at room temperature.  

Cu2O nanooctahedra (o-Cu2O) were synthesized using the following procedure: 1.7048 g 

CuCl2•2H2O and 34 g PVP (Mw = 29000 g/mol) were dissolved in 1 L deionized H2O in a 

round-bottom flask, which resulted in the formation of a light green solution. Then the 

solution was heated to 55 °C in an oil bath under vigorous stirring. Afterwards, 100 mL 

NaOH aqueous solution (2 mol/L) was added dropwise to the CuCl2 solution. A dark brown 

solid was gradually formed. After stirring for 30 min, 100 mL of an ascorbic acid solution 

(0.6 mol/L) was added dropwise to the above mixture, leading to the formation of a turbid 

red solid. After further stirring for 3 h, the mixture was cooled to room temperature. The red 

Cu2O solid was collected by decanting and centrifugation, followed by washing with 

deionized water three times and absolute ethanol twice. The solid was dried at room 

temperature.  

CuO nanosheets were synthesized following the same approach as used to obtain Cu2O 

nanocubes except that no ascorbic acid was added. 1.7048 g CuCl2•2H2O was dissolved in 1 

L deionized H2O in a round-bottom flask to obtain a 10 mmol/L CuCl2 solution. Then the 

solution was heated to 55 °C in an oil bath under vigorous stirring. Afterwards, 100 mL 

NaOH aqueous solution (2 mol/L) was added dropwise to the CuCl2 solution. A dark brown 

precipitate was gradually formed. After stirring for 30 min, the solid was collected by 
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decanting and centrifugation, followed by washing with deionized water three times and 

absolute ethanol twice. The solid was dried at 60 °C overnight to obtain the CuO.  

6.2.2 Catalyst characterization 

X-ray diffraction (XRD) patterns were collected on a Bruker D2 Phase powder diffraction 

system with Cu Kα radiation. Scanning electron microscopy (SEM) was carried out using a 

FEI Quanta 200F scanning electron microscope. High-resolution transmission electron 

microscopy (HR-TEM) imaging was performed on a CryoTitan transmission electron 

microscope (FEI Company, now Thermo Fisher Scientific) equipped with a field emission 

electron gun (FEG) operated at 300 kV using a extraction voltage of 4500 V. HR-TEM 

images were acquired using a Gatan 2K CCD camera. TEM sample preparation involved 

sonication of the samples in pure ethanol (Biosolve, Extra dry, 99.9%) and applying a few 

droplets of the suspension to a 200 mesh Cu TEM grid with a holey carbon support film. 

Prior to imaging, the supported samples were left in an oven at 40 °C overnight to remove 

residual ethanol.  

X-ray photoelectron spectroscopy (XPS) measurements were carried out with a Thermo 

Scientific K-Alpha spectrometer, equipped with a monochromatic small-spot X-ray source 

and a 180° double focusing hemispherical analyzer with a 128-channel detector. Spectra were 

obtained using an aluminum anode (Al Kα = 1486.6 eV) operating at 72 W and a spot size 

of 400 m. The background pressure was 2 × 10-9 mbar and during measurement 3 × 10-7 

mbar Ar. Data analysis was performed using CasaXPS software. The binding energy was 

corrected for surface charging by taking the C 1s peak of contaminant carbon as a reference 

at 284.6 eV. 

6.2.3 Catalytic activity measurements 

CO oxidation activity measurements were performed in a high-throughput setup equipped 

with 10 parallel reactor channels at atmospheric pressure. 50 mg of sieved sample with a 

fraction of 125-250 m was mixed with 200 mg SiC as a diluent in a quartz reactor. As a 

reference, one of the reactors was loaded with SiC only. The catalyst was treated in He at 

200 °C for 2 h and then cooled to room temperature. The feed mixture consisted of 1 vol% 

CO and 1 vol% O2 balanced with He (total flow 50 ml/min per reactor). Two catalytic cycles 

were performed to evaluate the activity and stability of the catalysts. In the first cycle, the 

reaction temperature was raised from 40 °C to 300 °C in steps of 25 °C using a rate of 

5 °C/min. The desired temperature was held for 30 min to reach a steady state. After the test, 

the oven was cooled to 40 °C, followed by a second cycle using the same temperature 
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program. The effluent gas was analyzed by online gas chromatography with an Interscience 

Compact GC equipped with Porapak Q (TCD) and Molecular sieve 5A (TCD) columns.  

6.2.4 DFT calculations 

Spin-polarized density functional theory (DFT) calculations were performed using the 

Vienna Ab Initio Simulation Package (VASP, version 5.3.5) [30]. The Perdew-Burke-

Ernzerhof (PBE) functional was adopted to consider exchange and correlation effects [31]. 

The cut-off energy for the plane-wave basis was set at 400 eV. The Gaussian smearing 

method with a smearing width of 0.05 eV was used to determine partial occupancies. We 

constructed Cu2O(111), Cu2O(100), and CuO(111) slab models to understand the surface 

reactivity. For the Cu2O(111) surface, a 2 × 2 surface unit cell with a size of 12.08 Å ×12.08 

Å was considered. A super cell containing 5 Cu2O layers slab was constructed, in which the 

top two layers were allowed to relax and the bottom three layers were fixed. This slab model 

contains 80 Cu atoms and 40 O atoms. A 3 × 3 unit cell with a size of 12.81 Å × 12.81 Å was 

used for the Cu2O(100) surface. The slab model contains 4 Cu2O layers, the top two layers 

were allowed to relax and the bottom two layers were fixed. This model consists of 72 Cu 

atoms and 36 O atoms. For the CuO(111) slab model, we adopted a 2 × 3 unit cell with a size 

of 8.66 Å × 12.35 Å. A slab with 4 CuO layers was constructed, in which the top two layers 

were allowed to relax while the bottom two layers were frozen in the bulk position. This 

model contained 48 Cu atoms and 48 O atoms. The thickness of the vacuum layer was set to 

12 Å for all the models. This computational setup is adequate to avoid interactions between 

periodic images that would affect the results of the predicted surface catalytic properties 

involving small adsorbates. For Brillouin zone integration, the Monkhorst-Pack k-point mesh 

of 1  1  1 was used for the Cu2O(111) and Cu2O(100) surface models. For the CuO(111) 

surface model, a k-point mesh of 2  1  1 was employed. Geometry optimization was 

achieved by converging the structure until the residual Hellmann-Feynman forces were 

smaller than 0.05 eV/Å.  

The reaction mechanism of CO oxidation was investigated on these 3 surface models. The 

location and energy of stable and transition states were determined. The transition states were 

identified by the climbing-image nudged elastic band (CI-NEB) method [32]. A frequency 

analysis was carried out to confirm that each transition state has a unique imaginary 

frequency in the direction of the reaction coordinate. Adsorption energies of CO and O2 are 

defined by  

ads m+g ( )m gE E E E            (1) 
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where 
m+gE , mE  and 

gE  are the total energies of the surface including the adsorbate, 

the empty surface and the corresponding adsorbate in the gas phase, respectively.  

6.3 Results and discussion 

 

Figure 6.1. SEM (a, b, e, f) and TEM (c, d, g, h) images of as-prepared c-Cu2O (a, b, c, d) 

and o-Cu2O (e, f, g, h). 

 

 

Figure 6.2. XRD patterns of as-prepared c-Cu2O and o-Cu2O including the reference patterns 

of Cu2O (JCPDS: 71-3645). 
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The Cu2O cubes (c-Cu2O) and octahedra (o-Cu2O) were synthesized using a precipitation-

reduction method. In the first step, a CuO suspension was formed in a particular shape, 

followed by the reduction with ascorbic acid to Cu2O. The use of PVP in the initial solution 

led to the formation of octahedrally shaped Cu2O. SEM and TEM images of c-Cu2O and o-

Cu2O are shown in Figure 6.1. The size of the uniform Cu2O crystals is around 1 µm for both 

samples. Representative HR-TEM images, which are shown in Figure 6.1d and Figure 6.1h, 

demonstrate that the c-Cu2O and o-Cu2O expose {100} and {111} crystal planes, respectively. 

This is consistent with the surface terminations for these two nanostructures of Cu2O reported 

in the literature [33-37]. Figure 6.2 shows the corresponding XRD patterns, confirming the 

formation of Cu2O. The absence of other diffraction lines suggests that c-Cu2O and o-Cu2O 

are phase-pure. 

 

Figure 6.3. CO oxidation activity of c-Cu2O and o-Cu2O (reaction conditions: 50 mg catalyst, 

1 vol% CO, 1 vol% O2 balanced with He, total flow rate 50 ml/min). 

We evaluated the catalytic activity of the as-prepared c-Cu2O and o-Cu2O in the oxidation of 

CO. Figure 6.3 shows the CO conversion as a function of temperature for two consecutive 

cycles. The c-Cu2O sample was much more active than the o-Cu2O sample. A CO conversion 

of 98% was achieved at 175 °C on c-Cu2O. At this temperature, the CO conversion on o-

Cu2O was only 4%. Full CO conversion for this catalyst requires a temperature higher than 

300 °C. The catalytic performance in the second cycle was similar to the first one. This 

finding is different from the result reported by Bao et al., who found that o-Cu2O was more 

active than c-Cu2O [25]. Figure 6.4 shows representative SEM and TEM images of the used 

c-Cu2O and o-Cu2O after CO oxidation. For c-Cu2O, the cube morphology was maintained 

during the reaction, but the surface became rougher, indicative of surface reconstruction 
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(Figure 6.4a). Such surface roughening is much less prominent for o-Cu2O (Figure 6.4e). The 

TEM analysis of used c-Cu2O (Figure 6.4d) shows the presence of small CuO particles on 

the surface of c-Cu2O, while such particles were not observed on used o-Cu2O (Figure 6.4g, 

h). The XRD results in Figure 6.5 show that surface oxidation in c-Cu2O led to the formation 

of a small amount of CuO, which we relate to the small particles visible on the surface. In 

line with this, the diffraction lines of the CuO phase are relatively broad, and an average 

particle size of 12 nm can be derived for the small CuO particles based on the Scherrer 

equation. On the other hand, no diffraction peaks of CuO were observed for used o-Cu2O. 

Thus, we can conclude that the {100} surface on c-Cu2O can be oxidized easier than the {111} 

surface on o-Cu2O under CO oxidation conditions.  

 

Figure 6.4. SEM (a, e) and TEM (b, c, d, f, g, h) images of the used c-Cu2O (a, b, c d) and 

o-Cu2O (e, f, g, h) after CO oxidation. 
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Figure 6.5. XRD patterns of as-prepared and used c-Cu2O and o-Cu2O. The right panel 

highlights the diffraction peaks of CuO visible for used c-Cu2O. 

We used XPS to determine the oxidation state of Cu at the surface of as-prepared and used 

c-Cu2O and o-Cu2O. Cu 2p XPS and Cu LMM Auger spectra are shown in Figure 6.6 and 

Figure 6.7, respectively. The Cu 2p3/2 signal at 932.0 eV (Figure 6.6) combined with the 

occurrence of the Cu LMM signal at 917.0 eV (Figure 6.7) shows that the surface of as-

prepared c-Cu2O and o-Cu2O mainly contains Cu+ species [37, 38]. After CO oxidation, the 

Cu+ species on the surface of c-Cu2O were completely oxidized to Cu2+, as confirmed by the 

shift of the Cu 2p3/2 XPS peak from 932.0 eV to 933.4 eV, the appearance of the 

corresponding satellite peak in the 940-945 eV region characteristic of Cu2+ and the shift of 

the Cu LMM signal to 918.0 eV [39-42]. Different from c-Cu2O, such changes are not seen 

in the Cu 2p XPS and Cu LMM Auger spectra upon use of o-Cu2O in CO oxidation. This 

result is different from the finding in the literature that both {100} and {111} surfaces of 

Cu2O were oxidized in CO oxidation [25]. According to the XPS results, we can confirm that 

the {100} surface in c-Cu2O can be oxidized during CO oxidation, while the {111} surface 

in o-Cu2O resists such surface oxidation. This finding clearly demonstrates the higher 

stability of Cu2O(111) surface than Cu2O(100), in line with the literature reporting that 

Cu2O(111) has a lower surface energy than Cu2O(100) [43]. As PVP was used during the 

synthesis of o-Cu2O, we recorded also the N 1s XPS spectra of as-prepared and used samples 

(Figure E1). These spectra confirm that all N species were already removed from the o-Cu2O 

during reaction, excluding a possible influence of N on the catalytic activity.  
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Figure 6.6. Cu 2p XPS spectra of as-prepared and used c-Cu2O and o-Cu2O. 

 

 

Figure 6.7. Cu LMM Auger spectra of as-prepared and used c-Cu2O and o-Cu2O. 
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Based on the characterization data, we can conclude that the as-prepared c-Cu2O and o-Cu2O 

expose {100} and {111} planes, respectively, and that these two crystal planes exhibit 

different oxidation behavior during catalytic CO oxidation. The {100} surface of Cu2O can 

be oxidized leading to the formation of a CuO phase on top of Cu2O, while the {111} surface 

of Cu2O is more difficult to be oxidized under the same conditions. From the catalytic data, 

we can infer that Cu2+ in CuO is substantially more active in CO oxidation than Cu+ in Cu2O.  

In a next step, we synthesized a CuO sample using a similar method as used to synthesize c-

Cu2O without the addition of the reductant. The formation of CuO is confirmed by XRD and 

XPS data of as-synthesized CuO, as shown in Figure E2 and Figure E3, respectively. A 

representative SEM image (Figure E4) points to a nanosheet morphology for as-synthesized 

CuO. We evaluated the catalytic activity of these CuO nanostructures in CO oxidation 

(Figure E5). Clearly, the synthesized CuO shows a high catalytic activity, reaching full CO 

conversion at 150 °C. The high stability of CuO is underpinned by the nearly unchanged 

activity during the second reaction cycle. Taken together, these findings demonstrate that 

CuO is significantly more active than Cu2O in CO oxidation.  

Spin-polarized DFT calculations were performed to understand the different catalytic 

behaviour of the {111} and {100} surfaces of Cu2O. Figure 6.8 shows the Cu2O(100) and 

Cu2O(111) surface models. Given the observation that the {100} surface is oxidized in an 

oxygen-containing environment, we first explored O2 dissociation on the two surface models 

(Figure E6). O2 binds significantly stronger on Cu2O(100) than on Cu2O(111). The activation 

barrier for dissociation of adsorbed O2 on Cu2O(100) is only 0.11 eV, which is much lower 

than the value of 0.93 eV on Cu2O(111). This difference provides an indication that the 

surface of Cu2O(100) can be more easily oxidized than Cu2O(111).  



136 
 

 
Figure 6.8. Top view and side view of different models: (a) Cu2O(111), (b) Cu2O(100), and 

(c) CuO(111) surfaces. 
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Figure 6.9. Proposed reaction mechanism for CO oxidation on the Cu2O(111) surface. The 

potential energy diagram and the structures of intermediates and transition states (TS) are 

displayed in the reaction cycle. 

Accordingly, we explored possible reaction pathways of CO oxidation on Cu2O(111). The 

computed energy profile and the corresponding surface intermediates are shown in Figure 

6.9 and Figure E7. CO strongly binds at a Cu surface atom with an adsorption energy of -

2.19 eV. Co-adsorption of CO and O2 is favourable. However, the reaction of CO with the 

co-adsorbed O2 requires overcoming a very high activation barrier of 2.18 eV, as depicted in 

Figure E7. This means that CO oxidation on Cu2O(111) is less likely to proceed via a 

Langmuir-Hinshelwood reaction mechanism. Thus, we focused on the Mars-Van Krevelen 

mechanism for CO oxidation on Cu2O(111). As shown in Figure 6.9, adsorbed CO reacts 

with a surface lattice O forming CO2 with an activation barrier of 1.36 eV. After CO2 

desorption, a surface oxygen vacancy (Vo) is created, which is filled by an O2 molecule. 

Dissociation of this adsorbed O2 at the O vacancy site is favourable with a very low activation 

barrier of 0.08 eV. Facile O2 bond dissociation is driven by the transfer of electron density of 

the partially reduced surface to adsorbed O2, resulting in the filling of anti-bonding orbitals. 
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Thereafter, the O species react with a second adsorbed CO molecule, generating another CO2 

product with an activation barrier of 1.07 eV. Finally, the formed CO2 leaves the surface and 

completes the catalytic cycle. The overall activation barrier along the reaction pathway is 

1.36 eV. We also studied the energy profile following another possible reaction pathway 

(Figure E8). After the first CO2 formation, the second adsorbed CO continues to react with 

lattice O which exhibits an activation barrier of 1.37 eV. Two O vacancies are thus created 

after CO2 is desorbed from the surface. Finally, O2 fills the O vacancies and completes the 

catalytic cycle. This alternative pathway shows a similar overall activation barrier as the one 

shown in Figure 6.9.  

 
Figure 6.10. Proposed reaction mechanism for CO oxidation on CuO(111) surface. The 

potential energy diagram and the structures of intermediates and transition states (TS) are 

displayed in the reaction cycle.  

As our experimental results indicate that the Cu2O(100) surface was completely oxidized and 

reconstructed to CuO, we also determined the energetics for CO oxidation on the most stable 

CuO surface, i.e. the {111} surface. We found that the co-adsorption of CO and O2 is not 

feasible because the O2 adsorption energy is only -0.21 eV. Thus, the Mars-Van Krevelen 
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reaction mechanism was considered for the CO oxidation on this surface (Figure 6.10). The 

reaction of adsorbed CO with a lattice O forming CO2 has a low activation barrier of 0.20 eV. 

CO2 desorption leads to a surface O vacancy. O2 adsorbs on the vacancy and dissociates to 

O species with an activation barrier of 0.35 eV. The second CO2 formation requires 

overcoming an activation barrier of 0.58 eV, the following CO2 desorption being facile. The 

overall activation barrier for this reaction pathway is 0.58 eV. Likewise, we also explored an 

alternative pathway, similar to that for Cu2O(111) (Figure E9). In this pathway, we found 

that the overall activation barrier is 0.20 eV, which is also much lower than that on Cu2O(111). 

This significant difference in overall barrier clearly supports the interpretation of the 

experimentally observed activity difference in terms of a higher activity of CuO compared to 

Cu2O.  

6.4 Conclusions 

We investigated the catalytic properties of the Cu2O cubes and octahedra, respectively 

exposing {100} and {111} planes, in CO oxidation. The c-Cu2O displays much higher 

activity than o-Cu2O. During the catalytic reaction, the Cu2O(100) surface was readily 

oxidized leading to the formation of CuO particles. Different from Cu2O(100), Cu2O(111) 

strongly resisted surface oxidation. DFT calculation results revealed that CO oxidation 

follows a Mars-Van Krevelen mechanism on Cu2O(111) with a high activation barrier of 1.36 

eV. In comparison, the reaction proceeds with a much lower barrier of 0.58 eV on CuO(111). 

This study clearly demonstrates that the surface oxidation of Cu2O is strongly dependent on 

the exposed surface, Cu2+ species on CuO are substantially more active in CO oxidation than 

Cu+ on Cu2O.  
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Appendix E 

 

Figure E1. N 1s XPS spectra of as-prepared and used o-Cu2O. 

 

 

Figure E2. XRD pattern of as-synthesized CuO. 
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Figure E3. Cu 2p XPS and Cu LMM Auger spectra of as-synthesized CuO. 
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Figure E4. A representative SEM image of as-synthesized CuO. 

 

Figure E5. Catalytic activity of as-synthesized CuO in CO oxidation. Reaction conditions: 

50 mg catalyst, 1% CO, 1% O2 balanced with He, total flow rate 50 ml/min. 
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Figure E6. The energy profiles for O2 dissociation on Cu2O(111) and Cu2O(100) surfaces.  

 

 

Figure E7. The reaction of the CO with co-adsorbed O2 on Cu2O(111) surface. The potential 

energy diagram and the structures of intermediates and transition states (TS) are displayed in 

the reaction cycle. 
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Figure E8. The alternative pathway for CO oxidation on Cu2O(111) surface. The potential 

energy diagram and the structures of intermediates and transition states (TS) are displayed in 

the reaction cycle. 
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Figure E9. The alternative pathway for CO oxidation on CuO(111) surface. The potential 

energy diagram and the structures of intermediates and transition states (TS) are displayed in 

the reaction cycle.  
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Chapter 7 

Summary 

Supported gold for oxidation catalysis 

Gold catalysis has attracted significant attention over the past three decades, because gold 

unexpectedly demonstrated extraordinary catalytic properties for many chemical reactions, 

in particular for oxidation chemistry. In order to obtain high-performance catalysts, gold is 

often immobilized onto a support in the form of gold nanoparticles (AuNPs). The gold-

support interactions have a profound influence on the reactivity and stability of gold. Thus, 

to tune the properties of the support represents an effective approach to optimize the 

performance of gold catalysts.  

In this thesis, the research is mainly concerned with supported gold catalysts for gas-phase 

selective oxidation of cyclohexanol to cyclohexanone and CO oxidation to CO2, which are 

of significance to industrial and environmental catalysis, respectively. The properties of a 

variety of metal-oxide supports were modified through different strategies. Chapters 2-4 

focus on the optimization of spinel oxide supports for selective oxidation of cyclohexanol by 

changing their composition and thermal treatment. Chapters 5-6 investigate how the 

morphology of metal oxides influences the catalytic performance in CO oxidation. 

In Chapter 2, we studied several metal-oxide supported gold catalysts for the oxidative 

dehydrogenation of cyclohexanol in gas phase. Two Cu-free spinel-based gold catalysts 

(Au/MgCr2O4 and Au/MgFe2O4) showed stable but low activity. Cu doping to the above two 

spinel oxides significantly enhanced the catalytic performance of the corresponding gold 

catalysts, indicating that Cu played an important role for the suggested catalytic system. Gold 

could be highly dispersed and stabilized on the surface of MgCuCr2O4 in the form of ~3 nm 

nanoparticles, while the AuNPs are ~7 nm in diameter in the case of Au/MgCuFe2O4. This 

explains the higher activity of the former catalyst. Cu-doped MgCr2O4 was the preferred 

support, and Au-Cu synergy was proved to be important to improve the catalytic performance.  

Chapter 3 investigated the Cu doping effect in more detail with an aim to elucidate the role 

of Cu and to optimize the catalytic performance in terms of activity, selectivity and stability. 

A set of Au/Mg1-xCuxCr2O4 catalysts with different Cu doping levels was synthesized and 

tested for the gas-phase oxidation of cyclohexanol. The Mg1-xCuxCr2O4 support materials had 
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the MgCr2O4 spinel crystal structure at x ≤ 0.25. At higher Cu content, the crystal structure 

of the support changed towards CuCr2O4 spinel structure. Gold nanoparticles with an average 

size of 3-4 nm were well dispersed on the spinel supports. During reaction, surface Cu2+ was 

reduced to Cu0, which migrated to the Au phase forming Au-Cu alloy. The Au-Cu alloy 

particles varied in composition, where a more Cu-rich alloy was obtained in the catalysts 

with a higher Cu doping level. In the low temperature regime, low-Cu-content catalysts (x ≤ 

0.1) showed higher activity than catalysts with high Cu content (x ≥ 0.25). This is likely 

because the Au-Cu alloy with fewer Cu atoms was more active for the dehydrogenation step 

of cyclohexanol. However, Au/Mg0.99Cu0.01Cr2O4 and Au/Mg0.9Cu0.1Cr2O4 showed a lower 

conversion of cyclohexanol in the high temperature regime as compared with samples with 

higher Cu content. This is likely due to the fact that the activation of O2 involving Cu 

constitutes the rate-limiting step. Au/Mg0.25Cu0.75Cr2O4 was identified as the optimum 

composition, which showed very high conversion of cyclohexanol and high selectivity 

towards cyclohexanone without deactivation in a long-term stability test. 

In Chapter 4, an alternative Au/ZnCr2O4 system was explored for cyclohexanol oxidation. 

The support was optimized by thermal treatment at different temperatures to tune the surface 

properties. The surface area of ZnCr2O4 decreased significantly with calcination temperature 

due to the growth of support crystallites. Meanwhile, the amount of Lewis acid sites also 

decreased with increasing calcination temperature, which were almost completely removed 

after calcination at or above 700 °C. Surprisingly, very small gold nanoparticles could still 

be very uniformly distributed on the ZnCr2O4 support through a simple deposition-

precipitation method, even when its surface area was lower than 1 m2/g after calcination at 

800 °C. This finding clearly points to strong metal-support interactions. Gold supported on 

the high-temperature (≥ 700 °C) calcined ZnCr2O4 supports displayed good catalytic 

performance in the gas-phase oxidation of cyclohexanol to cyclohexanone. In contrast, 

Au/ZnCr2O4 based on supports calcined at lower temperature (≤ 600°C) showed very low 

activity in cyclohexanol oxidation. The Lewis acid sites present on these low-activity 

catalysts led to cyclohexanol dehydration to cyclohexene, which was further oligomerized to 

coke deposits that blocked the active sites and contributed to catalyst deactivation. 

Interestingly, an inverse activity trend with respect to calcination temperature was observed 

in CO oxidation, suggesting that smaller gold particles and the presence of hydroxyls are 

favorable for the low-temperature oxidation of CO to CO2. DFT calculations revealed that 

the strong bonding between Au and ZnCr2O4 derived from the overlap between Au 5d states 

and O 2p states of the support material. 

In Chapter 5, we investigated the influence of α-Fe2O3 (hematite) morphology on the 

catalytic performance of the corresponding supported gold catalysts for CO oxidation. 
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Nanosphere and nanorod α-Fe2O3, which are denoted as α-Fe2O3(S) and α-Fe2O3(R) 

respectively, were synthesized by a hydrothermal method. Gold was deposited on these two 

supports through a deposition-precipitation method. The surface of α-Fe2O3(R) was much 

more corrugated than that of α-Fe2O3(S), indicating that the rod sample contained more 

defects which acted as anchoring sites for gold stabilization. Consequently, the stronger 

interactions between gold and α-Fe2O3(R) led to smaller and more hemispherical gold 

nanoparticles, which was not only more active but also much more stable in CO oxidation. 

In contrast, the gold-support interactions were much weaker for Au/α-Fe2O3(S), giving rise 

to gold particles with spherical shape and severe aggregation of gold in the catalytic reaction. 

The smaller gold particle size and better reducibility of Au/α-Fe2O3(R) account for its 

remarkably higher activity than Au/α-Fe2O3(S) in CO oxidation. 

In Chapter 6, the effect of the surface termination of Cu2O on the catalytic activity and 

structural stability in CO oxidation was investigated. Cu2O cubes and octahedra were 

synthesized which exposed {100} and {111} planes respectively. The Cu2O(100) surface was 

easily oxidized during the CO oxidation reaction, resulting into the formation of CuO at the 

surface of the nanocubes. In contrast, Cu2O(111) resisted such surface oxidation under the 

reaction reactions due to its high surface stability. On the basis of DFT calculations, CO 

oxidation follows a Mars-Van Krevelen mechanism on Cu2O(111) with a high activation 

barrier of 1.36 eV, whereas the overall activation barrier for CO oxidation is only 0.58 eV for 

CuO(100). The high catalytic activity of CuO was also confirmed by the targeted synthesis 

of CuO. This finding clearly demonstrates that the exposed surface of Cu2O strongly controls 

the surface oxidation behaviours, and Cu2+ on CuO are substantially more active in CO 

oxidation than Cu+ on Cu2O. 

To obtain high-performance gold catalysts for the gas-phase oxidation of cyclohexanol, the 

support should be (hydro)thermally stable and able to highly disperse and stabilize gold 

species. Spinel oxides are important inorganic materials with excellent stability and their 

surface properties like acidity, basicity, and reducibility can be easily tuned by optimizing 

their chemical composition and thermal treatment. The work in this thesis has led to the 

successful development of two types of high-performance gold catalysts based on spinel 

oxides for the gas-phase selective oxidation of cyclohexanol to cyclohexanone, namely 

Au/MgCuCr2O4 and Au/ZnCr2O4. To optimize their catalytic performance, Mg1-xCuxCr2O4 

and ZnCr2O4 were modified by metal doping and thermal treatment, respectively. Both 

catalysts exhibited high activity, high selectivity and high stability in cyclohexanol oxidation, 

and presented a very high and stable gold dispersion over the surface. However, these two 

supports were quite different with respect to their surface reducibility. Whereas MgCuCr2O4 

was highly reducible, ZnCr2O4 proved to be almost irreducible. We propose that Cu doping 
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to MgCr2O4 facilitated the formation of oxygen vacancies, which play a role in the activation 

of molecular oxygen. However, such a mechanism might not exist for Au/ZnCr2O4 due to its 

inability to make surface oxygen vacancies. A combination of mechanistic and computational 

studies is promising to shed light on the reaction mechanism of the oxidation of cyclohexanol 

over Au/ZnCr2O4. In addition, these two outstanding materials might also be used for other 

important chemical transformations.  

Synthesizing metal oxides with specific morphologies is an effective strategy to modulate the 

properties of support. Such morphology control is difficult to achieve for spinel oxide. 

Therefore, we focused on the synthesis of the (single) metal oxides, α-Fe2O3 and Cu2O, to 

study how different morphologies influence the catalytic performance in CO oxidation. Gold 

can be readily deposited onto the surface of α-Fe2O3 using deposition-precipitation method. 

Although it was intended to also load gold on Cu2O, it was established that this type of 

support was unstable and therefore not suitable for our purpose. To stabilize gold species on 

Cu2O without losing its well-defined surface structure remains a challenging but meaningful 

direction, which can provide deeper understanding on the structure-activity relationships 

involved in gold catalysis.  

It should be pointed out that the deposition-precipitation (DP) method used in this work for 

the preparation of supported gold catalysts mainly yields AuNPs in the range of 2-4 nm. It 

will be interesting to explore an approach to prepare smaller gold particles, e.g. of 

subnanometer size or even single atoms. This may provide further opportunities to improve 

the performance of these gold catalysts.  
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