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1 Introduction 

Fossil fuels presently account for more than 80% of the global primary energy demand. This 

primary energy demand is anticipated to grow further in the next few decades [1]. Fossil 

fuels, however, are finite resources which will continue to deplete significantly and will 

therefore become increasingly costly. The threat of global warming due to the emission of 

greenhouse gases and its consequences have also made renewable energy and alternative 

energy resources much more important than at any other time in history. However, the large 

scale use of renewable energy to substitute fossil fuels would not be possible without energy 

storage strategies because of the vagaries of electrical power generation from sources as 

inconsistent and unpredictable as the wind and the sunshine [2,3]. Additionally, here even the 

predictable fluctuations in the availability of sunlight according to the time of the day (day or 

night) or the season (summer or winter) may also cause problems. An effective strategy for 

storing excess electrical energy generated from renewable sources allows energy production 

to be decoupled from its supply, which means a more even supply where excesses on some 

days and shortages on others can be minimized. 

At present time there are several different types of energy storage, which can be categorized, 

for example, based on the type of energy stored in the system. Following this categorization, 

excess electrical energy from the sun or the wind can be stored in the form of mechanical 

energy (pumped hydroelectric storage, compressed air energy storage and flywheels), 

electrical energy (capacitors and supercapacitors), thermal energy (sensible and latent energy 

storage), electrochemical energy (conventional rechargeable batteries and flow batteries) and 

finally chemical energy (hydrogen, methane, methanol and others) [4-7]. These methods can 

also be categorized according to the suitable storage duration [6]. For example, the chief 

limitation of capacitors and supercapacitors is that they have very high daily self-discharge 

rates and will completely release the stored energy after a few hours or even shorter [8]. 

Therefore they can only be utilized for short term storage (up to several hours). Most 

conventional batteries have lower self-discharge rates than capacitors and supercapacitors, 

which means that they can be used for medium-term storage of up to several days. Long term 

storage (up to months), on the other hand, is technically possible when electrical energy is 

converted to chemical energy [3,6,9]. It is well recognized that no single energy storage 

technology can meet the requirements for all applications. Thus, in most cases, a combination 
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of several different storage methods would be required. The present PhD thesis will focus on 

one of the many possibilities of chemical energy conversion of renewable energy. 

The key target of chemical energy conversion is the storage of wind and solar energy [3]. The 

electrical energy generated from renewable sources on windy or sunny days is used for the 

electrolysis of water, which is the most abundant precursor to energy carriers [3], to generate 

H2. H2 generated in this way can subsequently be stored for further use directly as a clean 

fuel, where it is converted back to electricity when the need arises. The low temperature 

polymer electrolyte membrane (PEM) fuel cell is an excellent example where H2 can be 

applied as a fuel. H2 is an attractive energy carrier because it has an exceptionally high mass 

energy density (142 MJ kg
-1

), which is at least three times higher than that of other chemical 

fuels [10]. One major drawback is that it has a very low volumetric energy density at ambient 

conditions, in other words, it takes up enormous volumes in storage. The main challenge in H2 

storage is therefore to reduce the volume of the gas in equilibrium with the environment, for 

example, by compression (30 – 70 MPa) or liquefaction (-253 °C) [11]. Even in its liquid 

form, the volumetric power density of H2 is only one third of that of gasoline, which is 

another major drawback [9]. Additionally, not only compressing or liquefying H2 requires 

considerable amounts of energy [12,13], but also handling it necessitates special conditions 

such as high pressure, the use of special materials to minimize diffusion and leakage and 

extensive safety precautions [9]. Other ways of storage requires H2 interaction with other 

materials which can realize H2 release and regeneration under practical conditions [14] such 

as metal-organic frameworks [15], metal hydrides [16] or boron-nitrogen compounds [17]. 

These are scientifically interesting ideas that are being intensively investigated but whether a 

H2 storage material will emerge from the effort remains an open question. An alternative is to 

react H2 further, for example, with CO and/or CO2 to produce methanol (MeOH). In contrast 

to H2, MeOH is liquid at room temperature and therefore much easier to handle than 

compressed/liquified H2 while still carrying a high amount of energy, making it an ideal 

energy storage molecule for the renewable energy sector especially for long term storage [2]. 

Being liquid, MeOH is a convenient fuel [9,18], which can be blended with gasoline or used 

directly in direct methanol fuel cell (DMFC). Furthermore, MeOH is an important feedstock 

in the production of many other industrial chemicals such as formaldehyde, dimethyl ether 

(DME), ethylene or propylene [19]. 

At present, industrial MeOH production is conducted at elevated pressures (50 – 100 bar) and 

temperatures (200 – 300 °C) from a syngas mixture containing CO and H2 with the addition 
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of small amounts of CO2 using, by now almost exclusively, Cu/ZnO/Al2O3 catalyst [20]. The 

conversion of syngas to MeOH can be described by the following equations: 

CO2 + 3 H2 ↔ CH3OH + H2O -ΔH298K,50 bar = 40.9 kJ mol
-1

   (Equation 1-1) 

      CO + 2 H2 ↔ CH3OH  -ΔH298K,50 bar = 90.7 kJ mol
-1

   (Equation 1-2) 

 

Due to its major industrial relevance, MeOH synthesis has been in the focus of extensive 

studies for many decades since it was established in the 1960s by the Imperial Chemical 

Industries (ICI) [21]. Since then, there has been substantial technological and scientific 

progress [22-32]. 

An alternative to industrial MeOH production is to further react clean H2 produced from 

renewable energy with only CO2, which is a major type of greenhouse gases and is arguably 

the root cause of the global climate change, to produce “green methanol” (green MeOH). 

Especially the use of anthropogenic CO2, which originates, for example, from industrial 

exhausts, such as in the production of cement, ethanol by fermentation as well as ammonia, or 

coal power plants, offers the added benefit of reducing its atmospheric concentration and 

mitigating the consequences of climate change [19,33-42]. The first commercial use of this 

concept of green MeOH production has been realized in the George Olah Renewable 

Methanol Plant operated by Carbon Recycling International in Iceland [33,43]. The potential 

of using anthropogenic CO2 and clean H2 generated from renewable resources as well as the 

fact that MeOH is a very promising energy storage molecule for the renewable energy sector 

have most recently resulted in a renewed interest in the scientific community in the topic of 

CO2 hydrogenation to MeOH [44-53]. 

In the case of pure CO2 hydrogenation, MeOH formation (Equation 1-1) is often accompanied 

by the undesirable CO formation via the reverse water-gas shift (RWGS) reaction (Equation 

1-3). 

    CO2 + H2 ↔ CO + H2O  -ΔH298K,50 bar = -49.8 kJ mol
-1

  (Equation 1-3) 

Both Au and Cu-based catalysts have been previously shown by several research groups to 

have an excellent activity for the WGS and therefore the RWGS reactions [54-63]. CO 

formed via the RWGS reaction during CO2 hydrogenation can also subsequently be 

hydrogenated to MeOH (Equation 1-2). Due to the formation of CO and the possible 

formation of other byproducts such as higher alcohols and other hydrocarbons such as CH4, 
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the selectivity of the catalyst for MeOH formation is another important aspect of CO2 

hydrogenation, in addition to its activity. Thus selectivity, S, can be defined as: 

byproductsCOMeOH

MeOH
S


                       (Equation 1-4) 

In the present thesis, the synthesis of MeOH by CO2 hydrogenation on metal oxide-supported 

Au catalysts will be studied as part of renewable energy concepts described above. Here the 

reaction conditions and requirements are considerably different from those of industrial 

MeOH production on Cu-based catalysts. For example, dynamic operation and simple start-up 

and shut-down procedures can be of more importance than slight improvements in activity 

and selectivity. Accordingly, the catalyst development and optimization strategies for the 

synthesis of MeOH as chemical storage for renewable energy are different. 

Au nanoparticles supported on metal oxides are of scientific interest since they are 

catalytically active for diverse reactions at mild reaction conditions. The main objective of the 

thesis is to demonstrate the potential of Au catalysts to be utilized for CO2 hydrogenation as 

alternative catalysts to the conventional Cu-based catalysts used currently in the industrial 

MeOH synthesis from syngas. As the first step in this direction it is absolutely essential to 

map out the correlations between the physical and chemical properties of the Au catalysts, 

such as the nature of the oxide support and the influence of the Au particle size on the 

reaction characteristics of CO2 hydrogenation over the Au catalysts. Several previous studies 

have demonstrated the activity of Au nanoparticles supported on metal oxides for the 

formation of MeOH from both CO and CO2 hydrogenation already at remarkably moderate 

reaction conditions, at pressures between 8 and 50 bar and temperatures between 200 and 300 

°C [64-70]. Au-based catalysts are also well known to catalyze a multitude of other reactions 

already under mild reaction conditions, such as the CO oxidation [71-73], the water-gas shift 

reaction [54-58] or the selective hydrogenation of various compounds and organic molecules 

[74-76]. Au catalysts are especially interesting for MeOH synthesis from CO2 since it has 

been previously shown that their selectivity for MeOH from CO2 and H2 surpasses even that 

of the industrial Cu/ZnO-based catalyst [67]. Sakurai et al., for example, demonstrated that 

for CO2 hydrogenation at 8 atm and 250 °C, the selectivity of Au/ZnO catalyst was 

approximately 50%, whereas the selectivity of a Cu/ZnO catalyst sample was only 6.5% 

under identical reaction conditions [67]. In that particular study, the activity of the Au/ZnO 

catalyst for MeOH formation was also shown to be higher than that of the Cu/ZnO catalyst by 

a factor of more than 1.5. Baiker et al., on the other hand, had studied the formation of MeOH 

from CO2 and H2 over Cu, Ag and Au supported on ZrO2 and showed that at 17 bar and 513 
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K, the selectivity of Au/ZrO2 of approximately 20%, is the lowest of all catalysts tested (the 

selectivity of both Cu/ZrO2 and Ag/ZrO2 was approximately 70%) [65]. This is an early 

indication that the support material may play an important role in MeOH selectivity and 

possibly also activity of the Au catalysts. 

Numerous studies have demonstrated the profound influence of the support on the activity of 

Au catalysts for several different reactions such as, among others, CO oxidation [77-79], the 

water-gas shift reaction [58,80], the preferential oxidation of CO in H2 [81,82] as well as 

MeOH formation by CO2 hydrogenation [67,68]. For CO oxidation, Schubert et al. tested the 

activity of Au nanoparticles supported on a variety of metal oxides and distinguished between 

two major groups of support materials [77]. Reducible metal oxides such as TiO2 and ZrO2 

lead to “active” catalysts, while non-reducible materials, for example Al2O3 and SiO2, result 

in “inactive” catalysts. This categorization is made based on the differences in the ability of 

the metal oxides to create oxygen vacancies located in the vicinity of the Au nanoparticles. In 

the case of MeOH synthesis, however, the reducibility of the metal oxide support cannot 

explain fully and satisfactorily the differences in MeOH formation activity of the differently 

supported Au catalysts. Sakurai et al. proposed that the acid-base properties of the support 

material may play a decisive role for the activity of Au catalysts for CO2 hydrogenation [67]. 

Au supported on more acidic metal oxides (TiO2) is shown to convert higher amounts of CO2, 

although this is mainly due to the RWGS reaction, which produces CO instead of MeOH, 

while Au on more basic oxides (ZnO) converts only small amounts of CO2, but with a high 

MeOH selectivity [67]. Note that in the paper by Sakurai et al., the electronegativity of the 

metal cation in the oxide was used as a measure of acidity/basicity [67]. Hence, metal oxides 

that are intrinsically basic, such as MgO (which was not investigated in their study), are not 

necessarily basic according to the definition set out by Sakurai et al. [67]. Sakurai and co-

workers explained that the differences in conversion on Au catalysts supported on acidic and 

basic oxides are possibly due to the differences in the interaction of CO2 with the metal oxide 

supports. A too strong interaction of CO2 with a basic support is seen as the cause of the low 

conversion of CO2 [69]. Of the many supported Au catalysts investigated, Au supported on 

ZnO showed not only high activity but also very high selectivity towards MeOH formation. 

Support effects have also been observed for Cu-based catalysts [83-88]. Most recently, it was 

demonstrated that, barring particle size effects, the activity for MeOH formation from a CO2-

containing syngas mixture of Cu supported on reducible ZnO is drastically superior to that of 

Cu on irreducible MgO [49,89]. The origin of this catalytic behavior is controversially 

ascribed to Cu – Zn synergy, also known as strong metal-support interaction (SMSI), which is 
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thought to play a key role in the creation of the active site [90-96]. Although the origin of the 

high activity and selectivity of ZnO supported catalysts is still an open question, one thing 

which is clear is that for both Au and Cu catalysts, the use of ZnO as support material seems 

to be essential in order to obtain a high performance MeOH synthesis catalyst, and the same is 

also true for supported Pd catalysts [192]. 

In the present thesis the support effect on the activity and selectivity of Au catalysts for CO2 

hydrogenation is studied in a systematic way by comparing four differently supported Au 

catalysts with similar Au loading and Au particle size. The catalysts, which are Au/ZrO2, 

Au/TiO2, Au/ZnO and Au/Al2O3, are studied at low pressure (5 bar) and temperatures (220 – 

240 °C) in order to unravel possible support effects. The absence of Au particle size effects or 

possible Au loading effects allows for direct conclusions on the influence of the support on 

the activity and possibly the selectivity of the Au catalysts. Moreover, the role of Au 

nanoparticles during the formation of MeOH from CO2 and H2 will be elucidated by testing 

the activity/selectivity of the pure support materials. Here the pure support materials, ZrO2, 

TiO2, ZnO and Al2O3, will be studied after the same pretreatment procedure and under the 

same reaction conditions as the samples that contain Au nanoparticles. 

In addition to support effects, the activity of Au catalysts is also profoundly influenced by the 

Au particle size for reactions such as CO oxidation [97-100], the WGS reaction [57,101] and 

CO2 hydrogenation [69]. An increase in the activity of the catalyst is normally observed with 

decreasing Au particle size. The pronounced role of the Au particle size has been explained 

by quantum size effects [98], a high activity of under-coordinated Au atoms at corners and 

edges [99,100] or the increasing number of perimeter sites at the interface between Au 

nanoparticles and the support material with decreasing Au particle size [69,97]. Specifically 

for CO2 hydrogenation over Au/ZnO catalysts, Sakurai suggested that the interface sites play 

an important role for MeOH production [69]. Similarly, perimeter sites are also of importance 

in the study of MeOH synthesis from CO and H2 conducted by Strunk et al., who proposed 

that oxygen vacancies located at the perimeter of the Au – ZnO interface are the active sites 

for MeOH formation on Au/ZnO catalyst, since a higher amount of oxygen vacancies results 

in higher catalytic activity [102]. For Cu catalysts supported on different metal oxides, a 

correlation between catalytic activity and Cu surface area and consequently Cu crystallite size 

has also been observed by several researchers [103-105]. 

In the study by Sakurai et al. [69], the Au size effect was not investigated systemically since 

the Au catalysts were prepared with different methods or had different Au loadings, thus 

resulting in different Au particle sizes after pretreatment. In the present thesis, I will elucidate 
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the effect of Au particle size on the activity for MeOH formation as well as for CO formation 

via the RWGS reaction on Au/ZnO catalysts with identical Au loading. Here, using a Au/ZnO 

catalyst with the same Au loading means that effects that may arise from differences in Au 

loading can be excluded. 

Next it would be highly interesting to investigate the possible inhibition effects of the 

products of CO2 hydrogenation, for example, MeOH, water and CO, on the activity and 

selectivity of the catalysts. The main focus of the thesis will be on the role of CO, which is 

formed from the RWGS reaction proceeding in parallel, and thus is always present in the 

reaction atmosphere during CO2 hydrogenation on Au/ZnO catalyst. The majority of previous 

experimental studies has been conducted under differential reaction conditions, which means 

that the partial pressures of MeOH and CO are rather low. In practical applications, however, 

CO2 hydrogenation will have to be performed at much higher conversions in order to achieve 

higher MeOH yields. Consequently, the partial pressure of CO will automatically also be 

much higher, especially at the end of the catalyst bed. The knowledge of the effect of the CO 

partial pressure on the MeOH formation characteristics on Au/ZnO catalyst is therefore 

indispensable for assessing the performance of the catalyst under conditions relevant for 

technical applications (5 – 50 bar, 220 – 240 °C). 

The presence of CO in the reaction atmosphere also raises several important mechanistic 

questions such as whether (i) CO2 is directly hydrogenated to MeOH (CO2 + 3 H2 → CH3OH 

+ H2O) and CO2 and CO hydrogenation reactions are competitive or (ii) MeOH formation 

from CO2 proceeds via consecutive RWGS reaction (CO2 + H2 → CO + H2O) and CO 

hydrogenation steps (CO + 2 H2 → CH3OH). In (i), CO is just a byproduct in the direct 

hydrogenation of CO2, while in (ii), it represents a reaction intermediate. In both cases, 

however, the presence of CO in the final product gas mixture is undesirable. 

Here the effects of CO in the reaction atmosphere on the reaction characteristics of CO2 

hydrogenation to MeOH are explored in depth. The activity of the Au catalysts, specifically a 

Au/ZnO catalyst, in a CO free gas mixture (CO2/H2) will be compared with those in various 

CO containing gas mixtures (CO2/CO/H2) as well as with a CO2 free gas mixture (CO/H2). In 

this way, possible reaction pathways for the CO2 hydrogenation on Au/ZnO catalyst can be 

unraveled. It will also be possible to determine from the results if CO2 and CO hydrogenation 

reactions are independent reactions which proceed in parallel and are competing reactions. 

Moreover, it can be determined if CO2 or CO is the primary carbon source for MeOH. 
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In the industrial synthesis of MeOH from syngas which also contains CO2, the source of the 

preferred carbon source for MeOH is an ongoing controversy [23,49,60,106-120]. For Cu-

based catalysts, this field has received a considerable amount of attention [23,106-111] and at 

present theoretical calculations [60], tracer atom experiments [49,112,113,115,118] and 

kinetic as well as transient measurements [114,116,117,119,120] have demonstrated that CO2 

is most probably the dominant carbon source for MeOH from a synthesis mixture that 

contains both CO2 and CO for a wide range of CO2 to CO ratios starting with          as 

low as 0.02 [118]. Similar studies on Au catalysts to determine the source of carbon for 

MeOH were unfortunately not as readily available. One study related to this topic was 

conducted by Sakurai et al., who compared the activity of Au catalysts for CO2 hydrogenation 

and CO hydrogenation under the same reaction conditions [67]. From the higher activity of 

CO2 hydrogenation compared to CO hydrogenation, they concluded that MeOH is mainly 

formed by the CO2 hydrogenation.  In contrast to the studies on Cu-based catalysts, this study 

by Sakurai et al. [67] on Au catalysts was not done in the presence of both reactants 

simultaneously by employing isotope labelling techniques. Thus it provided no direct 

evidence pertinent to the topic in hand. In this thesis, the question about the main source of 

carbon for MeOH will also be answered. First, the results of kinetic experiments in the 

simultaneous presence of both CO and CO2 (CO2/CO/H2 gas mixtures) can help to shed more 

light into the main source of carbon for MeOH. Second, isotope labelling experiments, which 

employ 
13

C labelled CO2 and 
12

CO, were performed to enable the quantification of the 

individual contributions of CO2 and CO to the total amount of MeOH. Moreover, the 

consequences of the results of the isotope labelling experiments on the reaction mechanisms 

are discussed in depth. 

Furthermore, one possible way to check if CO2 is indeed directly hydrogenated to MeOH or if 

it is first converted to CO via the RWGS reaction and the subsequent hydrogenation of CO to 

MeOH would be to employ infrared (IR) measurement techniques. In situ IR measurements 

have been shown to provide valuable insights into the reaction pathway of MeOH formation 

from CO and CO2 by the identification of the surface species which are formed during the 

reaction. Different reaction pathways have been proposed for MeOH synthesis starting from 

CO2 and from CO as the carbon source. For instance, the formation of formate species during 

CO2 hydrogenation on Cu-based catalysts has been detected in in situ IR spectroscopy 

measurements. Due to the evident correlation of the transient behavior of their coverage with 

the product formation rates obtained in kinetic measurements, these formate species have 

been proposed to represent an intermediate in the reaction pathway [44,49,121-124]. In 
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contrast to CO2 hydrogenation, adsorbed formyl species have been proposed to represent 

reaction intermediates in the CO hydrogenation on Cu/ZnO-based catalysts as well as on pure 

ZnO [125-129]. On Au-based catalysts, formate species have also been observed in in situ IR 

measurements during CO2 hydrogenation at elevated pressures [65,130]. On Au/ZrO2 

catalysts, however, Baiker and Koeppel suggested that formate is not further reacted to 

MeOH [65,130]. The authors of these particular studies proposed instead that there exists a 

second major reaction route where CO2 is first converted to CO, which eventually leads to the 

formation of adsorbed formaldehyde, surface-bound methylate and finally the MeOH product. 

The reverse reaction has also been studied by dosing MeOH on the catalyst sample. For 

example, quite recently Kähler et al. and Manzoli et al. observed the formation of formate 

species upon MeOH adsorption and decomposition at atmospheric pressure on Au/ZnO and 

Au/TiO2 catalysts, respectively [131,132]. In the works cited above, methoxy species, in 

addition to formate, were also detected. The changes in the intensities of the formate and 

methoxy bands with temperature were observed to be in agreement with the TPD profiles 

[131] and QMS results [132]. The observable correlation between the formation rate of 

formate and methoxy species and the decomposition rate of MeOH led the authors to propose 

that formate and methoxy species are the reaction intermediates during MeOH synthesis on 

supported Au catalysts [131,132]. 

Here I will present the results of in situ IR measurements during both CO2 and CO 

hydrogenation to MeOH over Au/ZnO catalysts conducted at reaction conditions identical to 

those of the kinetic measurements i.e. at 5 bar and 240 °C. As we have seen in the examples 

above, we expect to see clear differences in the surface species formed during CO2 and CO 

hydrogenation. For example, if MeOH formation from CO2 proceeds via consecutive RWGS 

reaction (CO2 + H2 → CO + H2O) and CO hydrogenation steps (CO + 2 H2 → CH3OH), it is 

likely that both formate and formaldehyde species will be observed in the IR spectra. On the 

other hand, if CO2 is directly hydrogenated to MeOH (CO2 + 3 H2 → CH3OH + H2O), it is 

highly probable that only formate species will appear. This will be discussed in more detail in 

the results of the IR measurements presented in Section 3.2.5. In principle it would therefore 

be possible to gain more insights into the possible reaction pathways of CO2 hydrogenation 

based on the transient behavior of the different types of adsorbed surface species observed 

during the reaction. 

Moreover, the influence of the products MeOH and water on the MeOH formation during 

CO2 hydrogenation on Au/ZnO catalyst will be touched upon briefly. It is known for Cu/ZnO 

catalysts that the formation of MeOH depends sensitively on product inhibition by water 
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[116]. Here I will vary the total flow rate, and hence the space velocity, while keeping all 

other reaction parameters such as temperature, pressure and concentrations of the reactants in 

the gas mixture constant. In the absence of product inhibition by water and/or MeOH, the 

reaction rate should be independent of the space velocity. Product inhibition by water and/or 

MeOH in the MeOH formation reaction on Au/ZnO under present reaction conditions is made 

evident by the following observations: (i) an increase in MeOH formation rate and (ii) a 

decrease in CO2 conversion/product concentration in the catalyst bed. 

The open questions regarding the hydrogenation of CO2 to MeOH over various Au catalysts 

elaborated above will be addressed systematically in the present thesis. After the study of the 

effects of support materials on the activity and selectivity of the four differently supported Au 

catalysts (Au/ZrO2, Au/TiO2, Au/ZnO and Au/Al2O3), the thesis will focus on the Au/ZnO 

catalyst. Also here the performance of Au/ZnO will be compared to commercial 

Cu/ZnO/Al2O3 catalyst samples under the same working conditions in order to demonstrate 

the potential of Au catalysts for practical application related to the energy storage concepts. 

The layout of the thesis is as follows: 

In chapter 2 the preparation, pretreatment and characterization of all catalysts investigated in 

this work are presented in detail. This includes not only the supported Au catalysts, which are 

Au/ZrO2, Au/TiO2, Au/ZnO and Au/Al2O3, but two commercial Cu/ZnO/Al2O3 catalysts as 

well. The techniques used to characterize the physical properties of the catalysts such as the 

Au loading (by inductively coupled plasma optical emission spectroscopy, ICP-OES), the Au 

particle size and distribution (by transmission electron microscopy, TEM), the Cu particle size 

(by powder X-ray diffraction, XRD) and the catalyst surface area (by low temperature N2 

adsorption) are also described in detail. This chapter also includes the experimental set up 

especially constructed for the high pressure experiments (between atmospheric pressure and 

50 bar) and the procedures of the kinetic measurements in the micro reactor as well as the 

procedures of the DRIFTS measurements. 

Afterwards the results of the measurements and the discussion of the implications of these 

results are presented in chapter 3. This particular chapter is divided into three subchapters 

(3.1, 3.2, 3.3) with each subchapter dealing with different questions concerning the CO2 

hydrogenation on Au catalysts. The subchapters are based on journal articles which have 

recently been published. The corresponding journal articles and the contributions of each 

author to the paper are cited explicitly at the beginning of each subchapter. The results and 

discussion of the the influences of support and Au particle size are presented in chapter 3.1. In 

the first part of subchapter 3.2, I will compare the performance of the Au/ZnO catalyst, which 
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is the most promising of the Au catalysts in terms of selectivity for MeOH formation, with 

that of conventional Cu/ZnO/Al2O3 catalysts in the pressure range suitable for practical 

applications (5 – 50 bar). Following this, I will present the results of the measurements to 

investigate the effect of the addition of various amounts of CO to the CO2/H2 reaction gas 

mixtures on the activity and selectivity of the Au/ZnO catalyst. In addition, the results of the 

in situ IR measurements under identical reaction conditions to those of the kinetic 

measurements will also be elucidated. Together, they will provide valuable insights into the 

reaction pathways of CO2 hydrogenation over Au/ZnO catalyst. The possible inhibition of the 

CO2 hydrogenation to MeOH by the presence of MeOH and water will also be discussed here. 

Finally, the results of the isotope labelling measurements can be found in chapter 3.3. Here 

the individual contributions of CO2 and CO to total MeOH formation will be calculated and at 

the same time, the controversial question of the main carbon source for MeOH can be 

definitively answered. The consequences of these results on the reaction mechanisms of CO2 

hydrogenation are thoroughly discussed.   

In chapter 4, readers can find the summary and final remarks of this thesis, which will provide 

an adequately comprehensive picture to aid in the understanding of the mechanism of CO2 

hydrogenation on supported Au catalysts. 
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2.1 Preparation and pretreatment of catalysts 

Various metal oxide-supported Au catalysts, namely Au/ZrO2, Au/TiO2, Au/ZnO and 

Au/Al2O3, were used throughout this work. In addition, two commercially available 

Cu/ZnO/Al2O3 catalysts were also tested and their performance in the formation of MeOH 

from CO2 and H2 was compared to that of the Au catalysts, specifically of the Au/ZnO 

catalyst, under identical reaction conditions. 

In chapter 3.1, Au/ZrO2, Au/TiO2, Au/ZnO and Au/Al2O3 catalysts were used for the kinetic 

experiments. In chapters 3.2 and 3.3, the focus of investigation is shifted primarily to the 

Au/ZnO catalyst. The Au/TiO2, Au/ZnO and Au/ZrO2 catalysts were self prepared catalysts. 

They were prepared by a deposition precipitation (DP) procedure, described in detail 

previously [133,134], using commercial TiO2 (P25, Degussa), ZnO (Sigma-Aldrich) and ZrO2 

(obtained by calcining Zr(OH)4 from MEL Chemicals for four hours at 350 °C), respectively. 

Additional Au/Al2O3 and Au/ZnO catalysts are commercially available catalysts from 

STREM Chemicals, which were also prepared by a DP procedure. The Cu/ZnO/Al2O3 

catalysts investigated in chapter 3.2 were commercially available catalysts obtained from Alfa 

Aesar and Catalysts and Chemicals Specialties. 

Prior to all measurements, the Au catalysts were calcined in situ in a flow of 20 Nml min
-1

 of 

1% O2/N2 or 1% O2/Ar for one hour (denoted as O400). The objective of calcination was to 

activate the catalysts and to achieve a well defined catalyst oxidation state as starting point for 

subsequent measurements of the catalyst performance. In addition, the activity and selectivity 

for MeOH formation of the pure support materials TiO2, ZrO2, ZnO and Al2O3 were also 

investigated. For these measurements, the support materials were calcined in the same way as 

the corresponding Au containing samples. Furthermore, the influence of Au particle size on 

the activity and MeOH selectivity of Au/ZnO catalyst is described. For this purpose, self-

made Au/ZnO catalyst samples with identical Au content but different Au particle sizes were 

obtained by calcining the same raw catalysts as synthesized from DP in 20 Nml min
-1

 of 1% 

O2/N2 for 1 hour at 300, 350, 400, 500 and 600 °C (in the following denoted as O300, O350, 

O400, O500 and O600, respectively). After calcination the Au catalysts were cooled down to 

the reaction temperature in a flow of either N2 or Ar. The Cu catalysts, on the other hand, 

were pretreated by reduction in a flow of 5% H2/Ar at 200 °C for 16 h before all 

measurements, following closely a procedure described for commercial Johnson Matthey 

Katalco 51-series MeOH synthesis catalysts [105]. Note that all characterizations of the Au 

catalysts were performed after the pretreatment procedure. More details on the working 

principles of these characterization techniques are described in the following sections. 
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A summary of the Au catalysts and Cu catalysts investigated in the present thesis can be 

found in Table 2.2-1. 

 

2.2 Characterization of catalysts 

2.2.1 Au loading 

The Au content of all Au catalysts used in the present thesis was determined by inductively 

coupled plasma optical emission spectroscopy (ICP-OES) performed by Mrs. M. Lang at the 

Institute of Analytical and Bioanalytical Chemistry at Ulm University. 

The solid Au catalyst is first dissolved in aqua regia. The resulting solution is sprayed into a 

plasma torch, which is formed by coupling high frequency energy to an Argon flow enclosed 

in the torch, resulting in temperatures above 5000 K. The high temperature and the long 

residence time result in the excitation and partial ionization of all of the atoms within the 

sample. Upon returning to the ground state, light of a characteristic wavelength is emitted for 

each kind of atom or ion present in the sample. The higher the amount of a particular type of 

atoms is, the more intense is the emitted light. Moreover, there is a linear correlation over a 

large concentration range, which is typical for emission spectroscopy. The total amount of 

one type of atoms in the sample can accordingly be calculated by comparing the intensity of 

the light emitted to that of a reference material with a known amount of the corresponding 

atoms [135,136]. 

The Cu contents of both Cu/ZnO/Al2O3 samples were obtained from the Certificates of 

Analysis provided by the suppliers. 

2.2.2 Average Au particle size and particle size distribution 

Transmission electron microscopy (TEM) is a very useful technique to obtain an image of the 

catalyst in order to gain information about its morphology and texture [137]. TEM shares the 

same basic principle as a conventional light-optical microscope but here an electron beam is 

used for illumination instead of visible light. In a microscope, two points can be resolved if 

the distance between them is equal to or higher than the wavelength. Much higher resolutions 

can therefore be achieved with TEM than with an optical microscope, since the characteristic 

wavelength of high energy electrons (100 – 400 keV, wavelength < 4 pm) is about five orders 

of magnitude lower than the wavelength of visible light (400 – 700 nm) [138]. Taking 

advantage of this property, TEM is employed in the present thesis to determine the size of Au 

nanoparticles supported on various metal oxides. In TEM a monochromatic highly energetic 
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electron beam which consists of parallel rays is focused by electrostatic and electromagnetic 

lenses (instead of optical lenses which are used in an optical microscope) and impinges on the 

sample. Attenuation of the electron beam occurs when it passes the sample due to processes 

like collisions of electrons with atoms, resulting in scattering and diffraction. Some electrons 

pass the sample without energy loss. The attenuation of the beam depends on the sample 

thickness and density, thus regions with high probabilities for attenuation (more dense 

regions) will appear dark while regions with lower or no attenuation (less dense regions or 

regions without sample in the electron beam) will appear bright. In this way the transmitted 

electrons yield a two dimensional projection of the sample. An image obtained by analyzing 

the transmitted electrons is called a bright field image. Under typical operating conditions, a 

magnification of 300,000 or higher can be achieved using electron optics. Instead of the 

transmitted electrons, it is also possible to analyze the diffracted electrons. In this case the 

resulting image is known as the dark field image. TEM measurements are usually performed 

under high vacuum conditions (approximately 10
-6

 mbar) to prevent collisions of the electrons 

with gas molecules. 

The determination of the average Au particle size is based on the evaluation of the diameter of 

at least 300 particles (for catalyst samples analyzed in the bright field mode) and 200 particles 

(for catalyst samples analyzed in the dark field mode) using the software iTEM. 

From the results, the dispersion of the catalyst can be calculated. Dispersion is defined as the 

fraction of surface Au atoms relative to the total number of Au atoms present in the Au 

particles. The mean Au particle diameter for spherical and hemispherical particles larger than 

1.2 nm can be calculated with the following equation [137]: 
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                                                   (Equation 2.2-1) 

where dVA is the volume-area average diameter, di is the diameter of hemispherical particles 

and ni the number of particles with diameter di. Moreover, the dispersion can be calculated 

with the following equation: 
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where D is dispersion, vm is the volume occupied by an atom in bulk metal and am the area 

occupied by a surface atom. 
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In heterogeneous catalysis the dispersion is highly important since gas molecules can only 

adsorb on the surface atoms of the Au particles. The active metal atoms in the bulk do not 

directly participate in the catalytic reaction. When the dispersion is known, it is possible to 

calculate the turn over frequency (TOF, the number of product molecules per surface atom per 

time) from the active metal mass-normalized reaction rates. Note that the true definition of the 

TOF is the number of product molecules per active site. However, since the active site for 

most heterogeneously catalyzed gas phase reaction is unknown, the TOF is calculated from 

the number of surface atoms of the active metal, which is the common way of calculating 

TOF in the catalysis community. 

The TEM measurements in bright field mode of the Au/TiO2, Au/ZnO and Au/Al2O3 catalysts 

described in chapter 3 were performed by Dr. D. Widmann and Dr. G. Kučerová at the 

Central Facility of Electron Microscopy at Ulm University using a JEOL 1400 Transmission 

Electron Microscope from JEOL USA, Inc.  For the Au/ZrO2 catalyst, high angle annular 

dark field (HAADF) scanning transmission electron microscopy (STEM) imaging was used 

since it was not possible to identify a statistically meaningful number of Au particles by TEM 

measurement due to the similar absorption strength of Au and ZrO2 and the comparable size 

of the support particles and the Au nanoparticles. The HAADF STEM measurement was 

performed by Dr. D. Wang at the Karlsruhe Institute of Technology. 

2.2.3 Average Cu particle size 

Another method for the determination of the particle size of solid catalysts is X-ray diffraction 

(XRD). Diffraction of X-rays at ordered crystal lattice planes occurs due to the elastic 

scattering and interference of X-ray photons by atoms in a periodic lattice. This is because the 

wavelengths of the highly energetic X-rays are in the same size range as the distances in 

crystal lattices. Constructive interference of the scattered rays takes place when the incident 

rays impinge on the surface in certain direction. The angle θ for which constructive 

interference at a set of lattice planes occurs is described by the Bragg’s relation: 

  sin2  hkldn                                           (Equation 2.2-3) 

where λ is the wavelength of the X-rays, dhkl is the distance between the lattice planes and n is 

an integer which denotes the diffraction order. The angle θ is measured between the 

diffracting lattice plane and the incident beam. This is the quantity measured in XRD 

measurements to determine the distances dhkl. 
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Furthermore, the width of the diffraction peaks depends on the long range order of the 

sample. Extended perfect crystals lead to peaks that are extremely narrow. Broadening occurs 

for crystallite sizes below 100 nm, which is due to the incomplete destructive interference in 

scattering directions where the X-rays are out of phase [139]. Information about crystallite 

size can therefore be derived from the width of the diffraction peaks. In a simplified approach, 

the Scherrer formula provides a correlation between the full width at half-maximum of the 

diffraction peak and the mean crystallite size: 

)(2/1 cos hkl

K
L








                                           (Equation 2.2-4) 

where λ is the wavelength of the X-rays, β1/2 is the full width at half-maximum and K is the 

Scherrer constant, whose value is close to one [140]. For the calculation of the average Cu 

particle size in the present thesis, K = 0.94 was used. The Scherrer equation is valid for nano-

scale crystallites up to 100 nm [140]. 

XRD measurements of the commercial Cu/ZnO/Al2O3 samples to determine the Cu crystallite 

size were performed by Mr. S. Blessing at the Institute of Inorganic Chemistry I at Ulm 

University on a Siemens D5000 X-ray Powder Diffractometer. 

2.2.4 Catalyst surface area 

The specific surface area of a catalyst comprises the external surface area of the catalyst 

particles as well as the internal surface area inside the pores. Adsorption of molecules is one 

method to determine the surface area. In order to measure the total surface area, the 

interaction with the solid catalyst sample must be non-specific. Thus non-polar molecules 

such as inert gases, for example N2, are well suited to the task. The physisorption of N2 at its 

boiling temperature of 77 K together with data processing according to the method developed 

by Brunauer, Emmett and Teller (BET) [141] are a commonly used method to determine the 

surface area. The BET equation is as follows: 
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   (Equation 2.2-5) 

where V denotes the gas phase volume physisorbed at the given values of the equilibrium 

pressure p and vapor pressure po of the adsorbing molecules at measurement temperature, Vm 

is the gas phase volume which corresponds to monolayer adsorption, C is a constant 

containing the adsorption and condensation enthalpy of the adsorbate. The slope and the y-

intercept of the BET plot (p / (V · (po – p)) against p / po) represent Vm and C, respectively. 
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The use of the BET equation (Equation 2.2-5) is limited to the linear part of the adsorption 

isotherm, which is usually in the range of 0.05 ≤ (p / po ) ≤ 0.35. The corresponding molar 

amount nm can be calculated from the monolayer volume Vm: 

TR

Vp
n m

m



                                                  (Equation 2.2-6) 

where R is the gas constant and T is the temperature. The value of nm is then used to obtain the 

specific surface area according to the BET method (BET surface area, ABET) using the 

following equation: 

Cat

NAm

BET
m
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A 2


                                          (Equation 2.2-7) 

where NA is the Avogadro’s number (6.022 x 10
23

 mol
-1

) and mCat is the mass of the catalyst. 

For the calculation each N2 molecule is assumed to occupy 
2N

A  = 1.62 x 10
-19

 m
2
. 

The low temperature N2 adsorption measurements to determine the surface area of the various 

supported Au catalysts were performed by Mrs. C. Egger at the Institute of Inorganic 

Chemistry I at Ulm University using a Quadrasorb SI set up from Quantachrome Instruments. 

Additional low temperature N2 adsorption measurements for the Au/ZnO catalysts were 

performed by Dr. Z. Zhao-Karger at the Karlsruhe Institute of Technology. 

The following table (Table 2.2-1) gives an overview of all catalysts used in the present work, 

together with the results of the characterization after pretreatment of Au catalysts by O400 

and Cu catalysts by a reduction procedure described in Section 2.1: 
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Table 2.2-1 Overview of all of the catalysts investigated in the present work as well as 

the results of the characterization after the appropriate pretreatment procedure. 

 

Catalyst Origin Chapter 
Active metal 

loading / % 

Active metal 

particle size / 

nm 

Dispersion 
Surface area 

/ m
2
 g

-1
 

Dilution 

Au/ZrO2  IOK** 3.1.3 3.0 2.5 ± 0.6 47 201 1:3 

Au/TiO2  IOK** 3.1.3 2.7 2.4 ± 0.4 45 47 no 

Au/ZnO 

(Zn-DP-1) 
IOK** 3.1.3 0.9 2.9 ± 0.6 40 34 no 

Au/Al2O3  STREM 3.1.3 1.1 2.4 ± 0.5 49 200 – 300*  no 

Au/ZnO 

(Zn-DP-2) 
IOK** 3.1.4 2.1 4.3 ± 1.0 27 10 no 

Au/ZnO 

(STREM) 
STREM 

3.2 and 

3.3 
1.0 2.4 ± 0.4 49 42 no 

Cu/ZnO/Al2O3  
Alfa 

Aesar 
3.2.4 50.7* 5.0 21 n.a. 1:15 

Cu/ZnO/Al2O3  

Catalysts & 

Chemicals 

Specialties 

3.2.4 47.9* 5.4 19 n.a. 1:15 

* Values stated in the Certificate of Analysis 

** Prepared in the laboratory of the Institute for Surface Chemistry and Catalysis (IOK) 

 

2.3 Kinetic experiments 

 

A micro reactor was used for the kinetic measurements which were performed at temperatures 

between 200 and 300 °C and pressures between 5 and 50 bar. In these measurements the 

activity and selectivity for MeOH formation of the differently supported Au catalysts as well 

as the catalyst deactivation behavior were investigated. All kinetic measurements were 

performed in the kinetically-controlled regime, which means conversions well below 15%. 

Moreover, the total CO2 conversions to MeOH and CO were considerably lower than the 

thermodynamic limits. In order to obtain differential reaction conditions, where there are 

negligible changes in educt concentration along the catalyst bed, the Au/ZrO2 catalyst was 

diluted with α-Al2O3 (Au/ZrO2 to α-Al2O3 ratio of 1:3).  α-Al2O3 has been previously shown 

to display no activity for the formation of MeOH or CO from CO2 and H2. The other Au 
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catalysts used in the experiments, which are Au/TiO2, Au/ZnO and Au/Al2O3, were used in 

their pure form since their activity under the present working conditions is rather low. The 

Cu/ZnO/Al2O3 catalyst samples, on the other hand, were diluted with SiO2 (Cu/ZnO/Al2O3 to 

SiO2 ratio of 1:15). Also SiO2 is not active for MeOH formation or the RWGS reaction under 

the present reaction conditions. During the kinetic measurements, detection of the 

composition of the flow of educts and products was done by either gas chromatography (GC) 

or by mass spectrometry (MS), the working principles of which are elaborated in the 

following Sections 2.3.3 and 2.3.4, respectively. 

The micro reactor described above operated on the basic principles of a plug flow reactor, 

which has been described in detail previously [142]. In a plug flow reactor, it is assumed that 

axial diffusion can be neglected and that there exists no radial variation of the flow rate [142]. 

A mass balance had been established for carbon containing species for the plug flow reactor at 

steady-state conditions where accumulation is zero: 

outoutoutin COOHCHCOCO  3,2,2                           (Equation 2.3-1) 

Although the concentrations of CO2 at the inlet (determined in the so-called bypass 

measurements where no catalyst is used) and outlet were measured, it was not possible to 

calculate the amount of CO2 converted to MeOH and CO from these values since the 

concentrations of products formed were negligible compared to that of CO2. Therefore, the 

conversions of CO2 to MeOH and CO could only be calculated from the measured 

concentrations of MeOH and CO at the outlet of the reactor. CH4 is the only other product 

that can be observed to be formed during the hydrogenation of CO2 under the present 

conditions on some of the catalysts (Au/ZrO2, Au/TiO2 and Au/Al2O3) and in this case its 

conversion must also be calculated. The following equations are relevant for the calculation of 

conversions: 
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                                                 (Equation 2.3-4) 

where Xi is the conversion of CO2 to product i, cin is the concentration at the inlet of the 

reactor [mol l
-1

] and cout the concentration at the outlet of the reactor [mol l
-1

]. 



22   Experimental 

 

 

Since the kinetic experiments were performed under differential reaction conditions, i.e., 

conversions lower than 15%, the reaction rates, the concentrations of the educts and the 

volumetric flow rates along the catalyst bed can be assumed constant. Furthermore, 

conversions of below 15% are lower than the thermodynamic limits of the MeOH formation 

reaction from CO2 and H2, which at 240 °C are 15%, 15%, 16%, 19% and 21% (total CO2 

conversion from a 15% CO2/45% H2/balance Ar mixture) at 5, 10, 20, 40 and 50 bar, 

respectively. Applying the basic principles of a plug flow reactor, the Au mass-normalized 

rates of MeOH, CO and CH4 formation can be calculated from the formation of the respective 

products as follow: 
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                                        (Equation 2.3-7) 

where ri is the Au mass-normalized rate of product formation i [mol s
-1

 gAu
-1

], mAu is the mass 

of Au in the catalyst sample used in the measurement [g] and Vin is the total flow of gas at the 

inlet of the reactor [l s
-1

]. 

The selectivity for MeOH formation, S [%], can thus be calculated either from the 

conversions or from the formation rates of the different products with the following equation: 

%100%100
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In addition, the activity of the catalyst can also be expressed in terms of TOF, which allows 

for a reliable comparison of the activities of different catalysts within the same study, e.g. 

between Au and Cu catalysts used in this present work, or studies from different groups since 

it takes into account the particle size of the active metal of the catalyst. The TOF can be 

calculated from the dispersion and the Au mass-normalized rates of formation as follows: 

D

mr
TOF Au

                                           (Equation 2.3-9) 

where TOF is the turn over frequency per Au surface atom [s
-1

], r is Au mass-normalized rate 

of product formation [mol s
-1

 gAu
-1

], mAu is the mass of Au [g] and D the dispersion of the 

catalyst. 
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2.3.1 High pressure micro reactor 

Two types of micro reactors made of different materials were used for the kinetic 

experiments. For the measurements at 5 bar described in chapter 3.1, the kinetic 

measurements were conducted in a micro reactor made of quarz glass. The length of the glass 

reactor is 23.5 cm and the outer and inner diameters are 6 mm and 4 mm, respectively. The 

catalyst bed is fixed at the center of the reactor by a quartz wool plug on either side. 

Typically, approximately 200 mg of pure or diluted Au catalyst is used during the 

measurements, which results in a catalyst bed length of approximately 2 cm. When a Cu 

catalyst is used, approximately 400 mg of the diluted catalyst must be used in order to give 

the same catalyst bed length as Au. The reactant gas mixture is composed of 25% CO2 in 75% 

H2 (CO2/H2 = 1/3) at a total flow rate of 20 Nml min
-1

, resulting in a space velocity of 

approximately 4800 h
-1

. For temperature control during calcination and reaction, a type K 

thermocouple is glued to the outer wall of the glass reactor, roughly at the center of the 

catalyst bed, using a ceramic glue with an SiO2 basis. The reactor is placed in a ceramic oven, 

which is heated by a heating wire (supplied by Horst). The heating power is adjusted by a 

control unit (Model 982 from Watlow). The oven is insulated by quartz wool, which provides 

isothermal conditions inside the oven. 

For measurements at pressures between 5 and 50 bar, the glass reactor was replaced by a 

stainless steel reactor with a glass lining, which is 26.5 cm long (from SGE Analytical 

Science). The stainless steel reactor has the same outer and inner diameters as the glass 

reactor, namely 6 mm and 4 mm, respectively. The reactor is connected to the gas inlet and 

outlet by ¼" VCR connectors (Swagelok), which are tightened by silver plated O-rings. The 

O-rings are replaced after each disconnection of the reactor, thus allowing for multiple 

connection-disconnection processes without a loss of tightness. A type K thermocouple is 

welded to the outer wall of the stainless steel reactor. Furthermore, the stainless steel reactor 

is housed in another ceramic furnace controlled by another type of temperature controller 

(Jumo iTRON 32). For the measurements in chapters 3.2 and 3.3, the same amounts of 

catalysts were used, however, it was necessary to add an inert component Ar to the CO2/H2 

mixture while keeping the CO2 to H2 ratio constant at 1:3. Note that in the previous 

experiments with 5 bar total pressure, the reactant gas mixture contained only CO2 and H2 

without any inert component. To accomodate these changes, the total flow of reactant gases 

was increased to 30 Nml min
-1

. Correspondingly, the space velocity increased to 

approximately 7200 h
-1

.  
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2.3.2 Gas mixing unit 

For measurements at pressures between 5 and 50 bar, I designed and constructed a high 

pressure reactor set up and a gas mixing unit capable of handling pressures up to 60 bar. A 

schematic of the gas mixing unit is shown in Figure 2.3-1. The gas mixing unit comprised of 

six high purity gases supplied by Westfalen AG, namely 25% CO2 (5.0) in 75% H2 (5.0), Ar 

(5.0), H2 (5.0, high pressure), CO (3.7), H2 (5.0, low pressure) and O2 (5.0). The pressure of 

the line connecting the gas bottles and the mass flow controllers (MFCs) was regulated by 

pressure regulators. The pressure regulators of the feed gases 25% CO2/75% H2, Ar, H2 and 

CO allowed pressures up to 100 bar, which was necessary for kinetic measurements up to 50 

bar. The maximum pressure of the O2 and the other H2 line, on the other hand, was 6 bar and 

used only for the calcination of the catalysts, which took place at atmospheric pressure. The 

flows of the gases were controlled by mass flow controllers (MFC from Brooks Instrument 

SLA5850 for the high pressure lines and Bronkhorst F-201CV for the low pressure O2/H2 

line) in order to realize the desired reaction gas composition. At each outlet of the MFC, a 

check valve, which allowed flow only in one direction, was installed in order to prevent 

backflow of gases into the MFC. The well mixed gases entered the reactor topside and were 

subsequently fed to the reactor, where reaction took place, and finally to the gas analyzer, 

which was either the GC or the MS. During bypass measurements the intermixed gases, by 

means of a four port valve, did not flow through the catalyst bed in the reactor prior to 

entering the gas analyzer. The pressure in the reactor and in the bypass line was regulated by a 

backpressure controller (Tescom ER5000). Higher pressures were introduced after catalyst 

calcination and subsequent cool down to the reaction temperature in Ar at atmospheric 

pressure. The gas flow was then switched to the reactant gas mixture and the pressure was 

increased to the reaction pressure in the reaction atmosphere. With a total gas flow of 30 Nml 

min
-1

, it took approximately 5 min and 1 h, respectively, to increase the pressure from 

atmospheric pressure to the desired reaction pressure of 5 and 50 bar. Hence the initial 

activity actually refered to the activity after 5 min and 1 h on stream at increasing pressure. 

The first gas sample for the analysis by the GC was always taken 20 minutes after reaching 

the desired reaction pressure. At the MS, on the other hand, the measurement was started 

immediately after reaching the desired reaction pressure. The lines connecting the outlet of 

the reactor and the inlets of the GC and the MS were heated to 130 °C and insulated (dashed 

red line in Figure 2.3-1) in order to prevent condensation of the products MeOH and water. 

Furthermore, a safety relief valve was also installed in this line, which could open to release 

gases into an exhaust system in the event of an overpressure (p > 65 bar). 
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Figure 2.3-1 Experimental set up especially constructed for the high pressure 

hydrogenation of CO2 to methanol showing the gas mixing unit which comprises of six high 

purity gases as well as two test gases, the stainless steel reactor with a glass lining located in a 

ceramic oven, the high pressure unit of a backpressure controller type and the gas analysis 

system which includes the gas chromatograph and the mass spectrometer. Red dashed line 

indicates heated and insulated line. 

 

2.3.3 Gas chromatography (GC) 

The GC was one of the two options available to analyze the composition of the effluent gases. 

The GC (DANI Model 86.10) used for the present thesis uses H2 as the carrier gas. The 

components of the gases were separated in two packed stainless steel columns, where one is 

packed with a polymer (Hayesep Q) and the other with a mole sieve (5Å) [143,144]. Both 

columns were located in an oven, which maintained the columns at a certain preset 

temperature optimal for sample elution. The temperature of the columns matched exactly the 
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temperature of the oven. In the first step the content of the sample loop was eluted into the 

polymer column, where the more polar components CO2, H2O and MeOH were separated 

from the less polar components Ar, CH4 and CO. The latter components were subsequently 

directed to the column with the mole sieve via a pneumatically controlled four port valve. The 

GC was equipped with two thermal conductivity detectors (DANI TCD 86/40) for 

simultaneous detection of the components from the two columns. The temperature of the 

detectors was set at 140 °C. Since H2 was the carrier gas for the TCDs, it was not possible to 

determine its concentration in the gas mixture. In order to accelerate the detection time of the 

different components, while at the same time ensuring their efficient separation, the GC was 

operated with a temperature profile with a starting oven temperature of 70 °C, during which 

time CO2, H2O, Ar, CO and CH4 are separated and detected. Afterwards, the temperature of 

the columns was increased to 100 °C at a rate of 20 °C min
-1

 to accelerate the elution of 

MeOH. MeOH was detected after stabilization of the oven temperature at 100 °C for several 

minutes. At the end of the cycle, the oven was cooled down to 70 °C. Thus the duration of 

each measurement run was 25 min. The calibration of the signal intensities was performed 

using two test gases with a known composition. The first gas mixture was supplied by 

Westfalen AG containing 20% CO2, 70% H2, 2% CO, 1% CH4 and 7% Ar. The second gas 

mixture, also from Westfalen AG, contained 5000 ppm MeOH and balance Ar. 

2.3.4 Mass Spectrometry (MS) 

A quadrupole MS (Pfeiffer Vacuum QMG 700 equipped with an ion counter preamplifier CP 

400) was used here for the kinetic experiments with gas mixtures containing both 
13

CO2 and 

12
CO to enable the differentiation between the resulting 

13
CH3OH and 

12
CH3OH products. In 

the quadrupole MS, the positively charged ions are separated according to their mass to 

charge ratio (m/e) using a high frequency electrical quadrupole field [145,146]. A quadrupole 

MS consists basically of three main parts which are (i) an ionization source, (ii) the mass 

filter, in which the separation of ions takes place and (iii) the detector. The electron source, 

the mass filter and the detector, which make up the analyzer part of the MS, are operated 

under high vacuum. Typically mean path lengths, which are attained at p < 10
-4

 mbar, are 

necessary in order to essentially prevent collisions between the ions and neutral gas particles. 

In the present reactor set up there were different stages of pressure between the reactor and 

the vacuum chamber, which were (1) 5 - 50 bar in the micro reactor controlled by the 

backpressure controller, (2) approximately 20 mbar between the outlet of the backpressure 

controller and the inlet to the vacuum chamber and (3) 2 x 10
-7

 mbar in the vacuum chamber. 
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The gases exiting the backpressure controller were normally at atmospheric pressure. 

Differential pumping by a rotary vane pump was applied at this stage to remove most of the 

gases and therefore reducing their pressure from atmospheric to about 20 mbar. Furthermore, 

to obtain and maintain the required vacuum conditions of 2.0 x 10
-7

 mbar in the chamber 

during measurements, a system of high vacuum pumps consisting of a turbomolecular pump 

and a rotary vane pump was used. 

Before the reaction gases can be analyzed in the mass filter, they are first ionized by 

bombarding them with low energy electrons. Electrons are emitted from an electrically heated 

cathode (filament) and accelerated by a voltage applied between the anode and the cathode. 

Neutral gas molecules present in the vicinity of the ionization source, i.e., between the anode 

and the cathode, are ionized by collisions with electrons, forming single and multiple positive 

ions. Fragment ions appear in addition to single and multiple charged molecular ions. The 

number and type of ions formed thus depends strongly on the energy of the colliding 

electrons. Electron energies in the range of 70 – 100 eV typically yield the greatest number of 

ions which also results in the highest sensitivity of the MS [147]. The electron energy used for 

the set of experiments here was 100 eV. A qualitative comparison of the different compounds 

is possible because the appearance and relative frequency of the fragments are characteristic 

for a certain compound. By means of a calibration using a test gas mixture, the composition of 

a gas mixture during reactions can be determined quantitatively. The gas mixtures with 

known composition used for the calibration of the MS were the same as those for the GC 

calibration (from Westfalen AG, one mixture containing 20% CO2, 70% H2, 2% CO, 1% CH4 

and 7% Ar and another one containing 5000 ppm MeOH and balance Ar). Furthermore, all 

fragment ions necessary for the distinction of the different molecules in the gas mixture 

investigated are incorporated in the calibration. This was done by feeding to the MS a suitable 

reference gas mixtures with known composition and respective non-overlapping components. 

For example, during the calibration of MeOH, the reference gas containing 5000 ppm MeOH 

and balance Ar was used and mass numbers 15, 20, 29, 31 and 32 and 40 are typically found 

in the mass spectra. Mass numbers 20 and 40 belonged to Ar
2+

 and Ar
+
, respectively. Mass 

numbers 15, 29, 31 and 32 belonged to MeOH and its fragments, specifically, CH3
+
, CHO

+
, 

CH3O
+
 and CH3OH

+
, and they appeared always at a fixed proportion to each other under the 

present ionization conditions. Here the MS was calibrated to mass number 31 for MeOH, 

since it represented the signal with the highest intensity. 

Electrical detection of the ions separated in the quadrupole mass filter according to the m/e 

ratio is achieved using a secondary electron multiplier (SEM), which in principle consists of a 
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set of consecutive dynodes. Here the SEM is operated in the ion counting mode. An ion 

leaving the rod system strikes the first dynode, which ejects a number of secondary electrons, 

which are multiplied in a series of further dynodes. This results in a discrete pulse that 

contains many millions of electrons generated from a single ion that hits the first dynode. The 

pulses are then detected by an ion counter preamplifier, which counts only pulses above a 

certain threshold value. 

For the isotope labelling experiments described in chapter 3.3, the masses 16, 17, 18, 28, 29, 

31, 32, 33, 40, 44 and 45 were monitored during the measurements. The counting time per 

mass was 16 s with a waiting time of 0.36 s when switching to a new mass. This gave a total 

time of 3 min per measurement. MeOH was identified via masses 31 and 32, which 

represented the signals with the highest intensities for MeOH containing 
12

C and 
13

C, 

respectively. The calibration of the MS on an absolute scale was realized not only by 

comparison to the signal of a test gas with a well-defined amount (partial pressure) of MeOH, 

as has been mentioned above, but also by a direct comparison between GC and MS 

measurements under various reaction conditions (with different MeOH formation rates) 

during the CO2 hydrogenation on Au/ZnO. Additionally, isotopic exchange between 
13

CO2 

and 
12

CO was separately determined over the Au/ZnO catalyst under identical reaction 

conditions (same temperature, pressure and space velocity as during the reaction). This was 

found to be negligible under present reaction conditions of pressure of 5 bar and temperature 

240 °C. 

 

2.4 Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

measurements 

Infrared (IR) spectroscopy is used to identify and characterize adsorbed species on the catalyst 

surface under working conditions. The diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS) technique is especially useful for heterogeneous catalysis since it 

allows for the observation of species adsorbed on the surface of the powder catalyst samples 

without further sample preparation. During in situ DRIFTS measurements, a continuous flow 

of gas mixtures is directed through the powder sample kept under elevated temperatures and 

pressures similar to the situation in the micro reactor during kinetic measurements [148]. The 

IR beam is also directed onto the sample and the diffuse reflected radiation is collected over a 

large solid angle. The collected radiation consists of radiation which is regularly reflected by 

the sample surface, also known as Fresnel reflection, and radiation that penetrates the sample, 

is partly absorbed and returned to the surface due to scattering processes inside the sample. 
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The latter is denoted as diffuse reflected light and this contains information about the surface. 

This radiation is reflected in all directions due to the arbitrary orientation of the particles that 

make up the sample. Measurement geometries have been developed in order to minimize the 

contribution of the regularly reflected radiation. A measurement geometry used in the present 

work is the “Praying Mantis” mirror construction, which is shown in Figure 2.4-1. Two 

ellipsoidal mirrors (M3 and M4) are installed off-axis of the incoming beam. The mirrors are 

tilted such that the diffuse reflected radiation is collected in an azimuthal angle of 120° in 

order to minimize the contributions of Fresnel/specular reflection in the diffuse reflected light. 

The collected radiation is subsequently focused on the detector.  

 

 

 

Figure 2.4-1 “Praying Mantis” mirror construction supplied by Harrick. 

 

The intensities of the collected radiation were evaluated in Kubelka-Munk units, which are 

linearly related to the coverage of adsorbed species on the catalyst surface [149-152]. The 

Kubelka-Munk equation is shown in the following: 

s

K

R

R
Rf 











2

)1(
)(

2

                               (Equation 2.4-1) 

where f(R∞) is the Kubelka-Munk function, R∞ is the diffuse reflection of an infinitely thick 

sample, K is the absorption coefficient and s the scattering coefficient (constant in most 

cases). 
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Due to the difficulty in measuring the absolute reflectance, R∞, the comparative reflectance 

R∞(sample) with respect to a standard powder such as KBr, for which K is near zero, is 

employed. R∞ is defined as: 

)(R

)(R
R

reference

sample




                                   (Equation 2.4-2) 

The Kubelka-Munk transform of the measured reflectance is approximately proportional to 

the absorption coefficient and hence is approximately proportional to the concentration. The 

linear relationship between the Kubelka-Munk transform and the concentration of adsorbate is 

given by the absorption coefficient, K, which can also be written as: 

cconstK  .                                         (Equation 2.4-3) 

where ε and c are the absorption coefficient of the attenuating species and the concentration of 

the species, respectively. Although absolute quantification of the adsorbed species is not 

possible with DRIFTS due to the difficulty of determining the exact penetration depth and the 

broadening of the IR beam on the surface, DRIFTS can be employed in a semi-quantitative 

manner because the Kubelka-Munk units are proportional to the concentration of the surface 

species under certain conditions. The Kubelka-Munk function is, however, limited by a 

variety of assumptions and exceptions. For further details, please see Reference [152]. 

For the in situ DRIFTS measurements in the present thesis, a high temperature reaction 

chamber (HVC-DRP-4, Harrick) equipped with a high pressure dome with 4 mm thick ZnSe 

windows (HVC-DWM-3, Harrick), which allow measurements up to 35 bar, was used. The 

spectrometer used was a Magna 560 spectrometer (Nicolet 6700 FTIR Spectrometer supplied 

by Thermo Fisher), which is equipped with an MCT narrow band detector. It is important to 

note that the in situ DRIFTS measurements were performed at reaction conditions identical to 

those of the kinetic measurements, i.e., at 5 bar and 240 °C. During the IR measurements the 

whole spectrometer (volume around the reaction cell) was continuously purged with a flow of 

approximately 10 Nl min
-1

 N2 to minimize the appearance of vibrational bands related to CO2 

and H2O from the ambient atmosphere. In a setup similar to the one used in the kinetic 

measurements (see above), the gas flows of each species were controlled by a set of mass 

flow controllers (Hastings HFC-202) and the pressure in the reaction cell was regulated by a 

backpressure controller (Bronkhorst P-702CV). The reactant gas mixture typically contained 

15% COx/45% H2/balance N2 with a total flow of 30 Nml min
-1

. In each measurement, 

approximately 15 mg of Au/ZnO catalyst powder diluted with -Al2O3 (Au/ZnO to -Al2O3 

mass ratio of 1:2) was placed on a bed of pure -Al2O3 in the reaction cell. Note that the 

amount of catalyst was lower than that used in kinetic experiments, resulting in lower 
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conversions during the DRIFTS experiments. However, this resulted in an optimum 

reflectivity of the sample and ensured a maximum signal-to-noise ratio. Before all 

measurements, the catalyst was pre-treated in the same way as prior to the kinetic 

measurements, i.e., calcination in a flow of 1% O2/N2 at 400 °C for 1 h (O400). Prior to the 

exposure of the catalyst to the reaction gas mixtures, background spectra were recorded on the 

freshly conditioned catalyst in a flow of pure N2 at the same temperature, pressure and total 

flow as the reaction. After recording the background spectra, the pressure in the cell was 

decreased to atmospheric pressure in N2. Subsequently, the flow of N2 was switched to the 

reaction gases and the pressure was increased to reaction pressure of 5 bar under the reaction 

atmosphere. With a flow rate of 30 Nml min
-1

 the time it took to reach a pressure of 5 bar in 

the DRIFTS cell was approximately 5 min. The first spectrum was collected immediately 

after the pressure in the cell reached the desired value. During both background and reaction, 

spectra were recorded with 400 scans (acquisition time of approximately 4 minutes) at a 

nominal resolution of 8 cm
-1

. To obtain a normalized DRIFTS spectrum of the reaction, the 

reaction spectrum was divided by the background spectrum. The absorption band intensities 

for different surface species were then evaluated in Kubelka Munk units, which are linearly 

related to the adsorbate coverage. 
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3 Results and Discussion 
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3.1 Hydrogenation of CO2 to methanol on supported Au catalysts under moderate 

reaction conditions: support and particle size effects 

The following sections were first published in ChemSusChem 2015, 8, 456-465: Y. Hartadi, 

D. Widmann, R.J. Behm “Hydrogenation of CO2 to MeOH on Supported Au Catalysts under 

Moderate Reaction Conditions: Support and Particle Size Effects” [153] and reproduced with 

permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Yeusy Hartadi 

conceived, designed and performed the experiments. Yeusy Hartadi, Dr. Daniel Widmann and 

Prof. Dr. R.J. Behm wrote the paper. Please note that the journal article has been slightly 

modified to fit the style and layout of the thesis, and to attain a consecutive numbering of 

figures and references throughout the thesis. Moreover, the original experimental section of 

the paper has been removed, because the experimental procedures have already been 

thoroughly described in chapter 2 of the present thesis. 

The conversion and storage of electrical energy has become a major challenge in renewable 

energy concepts. One strategy to overcome natural fluctuations in the supply of electrical 

energy involves the storage of excess electrical energy in the form of chemical energy, in 

which the resulting products can be subsequently either reconverted into electrical energy or 

used as chemical commodities [3]. Excess electrical energy generated from renewable sources 

can be used, for example, to electrolyze water to generate H2, which can be reacted further, 

for instance, with CO2 to produce methanol (MeOH). The latter can be easily stored and 

transported, and used as a base for further processing. If it replaces MeOH produced from 

fossil fuels, the production of "green MeOH" from CO2 capture and sequestration can also 

diminish overall CO2 emissions, which represents another major challenge [9,19,35-38]. A 

commercial use of this concept of green MeOH formation has been realized in Iceland 

(Carbon Recycling International). 

At present MeOH is produced almost exclusively from syngas obtained from the catalytic 

reforming of fossil fuels in large centralized facilities. The reaction usually takes place at 

pressures between 50 - 120 bar and temperatures between 200 - 300  °C, and the catalyst 

employed in this process is Cu/ZnO+MeOx [20]. As a result of the enormous importance of 

this process, this catalyst system and its functionality have been investigated and 

characterized extensively [23,26-30,91] and optimized to achieve a very high performance 

level. For application in renewable energy concepts as described above, however, the reaction 

conditions and requirements are distinctly different. Here dynamic operation as well as simple 

start-up and shut-down procedures are required, and may be more important than slight 
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improvements in activity and selectivity. This asks for different catalyst concepts and 

strategies for catalyst optimization. 

Herein I present the first results of a systematic study on the potential of metal oxide-

supported Au catalysts for these applications. Previous studies have demonstrated that Au 

nanoparticles supported on various metal oxides are also active for MeOH formation from CO 

or CO2 hydrogenation [64-71]. Most remarkably, these catalysts are active under mild 

reaction conditions at pressures of 8 - 50 bar and temperatures above 200  °C. Au-based 

catalysts are, in general, well known for their high catalytic activity under mild reaction 

conditions for a multitude of reactions, for example, CO oxidation [71-73], the water gas shift 

(WGS) reaction [193-195], and the selective hydrogenation of various organic molecules [74-

76]. Hence, for small-scale, decentralized MeOH production, located close to the generation 

of electricity from renewable sources, Au catalysts may represent an attractive alternative to 

conventional Cu catalysts for MeOH synthesis from CO2 and H2.  

The clarification of the potential of Au catalysts for these applications requires a detailed 

understanding of their general performance in CO2 hydrogenation, and particularly with 

regard to systematic catalyst optimization, of the underlying mechanisms. The establishment 

of correlations between the physical and chemical properties of these catalysts, such as the 

nature of the support, the Au particle size, and others on the one hand, and the reaction 

characteristics on the other hand can be a first step in that direction. Moreover, if we consider 

the well-known activity of Au-based catalysts for the reverse water gas shift (RWGS) reaction 

under these conditions, microscopic reversibility indicates that the selectivity for MeOH 

formation and its dependence on the physical and chemical properties of the catalysts are 

important [167]. Similarly important is the role of residual CO in the reaction atmosphere, 

which may be present in the feed gas. Finally, the deactivation and stability of these catalysts 

under dynamic operation and the development of simple procedures for the initial 

conditioning of the catalyst are of interest. Previous studies have provided a number of kinetic 

data and led to proposals on mechanistic aspects [67-70,102], which I will make use of. 

However, a comprehensive picture of the CO2 hydrogenation reaction on metal oxide-

supported Au catalysts that includes the above aspects is still missing. This is the topic of the 

present study.  

In the following I will present the physical characteristics of the catalysts and compare the 

activity and selectivity of different Au catalysts (Au/TiO2, Au/ZrO2, Au/ZnO and Au/Al2O3) 

for MeOH formation at low reaction pressure (5 bar) and temperatures (220 - 240   °C) using 

catalysts with an almost identical Au particle size. In the absence of Au particle size effects, 
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this allows direct conclusions to be drawn on support effects. Furthermore, I investigated the 

effect of the Au particle size on the activity for MeOH formation as well as on the RWGS 

reaction rate on Au/ZnO catalysts using a set of Au/ZnO catalysts with the same Au loadings 

but different Au particle sizes. 

3.1.1 Catalyst characterization 

The Au loading of all catalysts was determined by inductively coupled plasma optical 

emission spectroscopy (ICP-OES) and measured twice for each catalyst. The Au contents of 

the Au/TiO2, Au/ZrO2, Au/ZnO, and Au/Al2O3 catalysts used to investigate the support 

effects were 2.7, 3.0, 0.9, and 1.1 wt%, respectively (Table 3.1-1). For Au/TiO2, Au/ZrO2, and 

Au/ZnO these values are very close to the nominal loadings of 3.0, 3.0, and 1.0 wt%, 

respectively (Au/Al2O3 was obtained from STREM Chemicals). Notably, for Au/ZnO a low 

nominal loading was chosen as a high Au loading always resulted in catalysts with a large Au 

particle size after calcination. The Au/ZnO catalyst used for the study of the Au particle size 

effects had a Au loading of 2.1 wt%. 

The surface areas of the catalysts were determined by low temperature N2 adsorption (Table 

3.1-1). 
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Table 3.1-1 Physical properties of the Au/MexOy catalysts after calcination in 20 Nml 

min
-1

 of 1% O2/N2 at 400  °C for 1 h (O400).  

 

 Au/TiO2 Au/ZrO2 Au/ZnO Au/Al2O3 

Au loading
a
 / wt% 2.7 3.0 0.9 1.1

e
 

Au diameter
b
 / nm 2.4 ± 0.4 2.5 ± 0.6 2.9 ± 0.6 2.4 ± 0.5 

Dispersion
c
 / % 45 47 40 49 

Surface area
d
 / m

2
 

gcat
-1

 
47 201 34 200 – 300

e
 

a
 Measured by ICP-OES 

b
 Measured by TEM and STEM (Au/ZrO2) 

c
 Assuming half-spherical Au particles 

d
 Measured by low-temperature N2 adsorption (BET) 

e
 Values stated in the Certificate of Analysis from STREM Chemicals 

 

Representative TEM images for each of the Au catalysts on different supports are depicted in 

Figure 3.1-1 together with the corresponding particle size distributions. The average Au 

particle diameters are 2.4 ± 0.4 nm for Au/TiO2, 2.5 ± 0.6 nm for Au/ZrO2, 2.9 ± 0.6 nm for 

Au/ZnO and 2.4 ± 0.5 nm for Au/Al2O3. At least 300 Au particles were evaluated for 

Au/TiO2, Au/ZnO, and Au/Al2O3, and at least 200 Au particles were evaluated for Au/ZrO2. 

For Au/ZrO2, the Au particle size was determined by scanning transmission electron 

microscopy (STEM) imaging instead of TEM. On the basis of these data, the catalyst 

dispersion as well as the total amounts of Au surface and Au perimeter atoms were calculated 

with the assumption of half-spherical Au particles and a density of Au surface atoms of 1.15 x 

10
15

 cm
-2

 (Table 3.1-1). 
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Figure 3.1-1 Left panel: Representative TEM (bright field) and STEM (high angle annular 

dark field, HAADF) images of the Au catalysts on different supports after calcination in 20 

Nml min
-1

 of 1% O2/N2 at 400  °C for 1 h (O400): (a) Au/TiO2, (b) Au/ZrO2, (c) Au/ZnO and 

(d) Au/Al2O3. Right panel: Corresponding particle size distributions of the (e) Au/TiO2, (f) 

Au/ZrO2, (g) Au/ZnO and (h) Au/Al2O3. 
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3.1.2 Support effects in CO2 hydrogenation 

The Au mass-normalized rates of MeOH formation and CO formation measured as a function 

of time during CO2 hydrogenation at 5 bar and 220  °C over the four Au catalysts on different 

supports under differential reaction conditions are shown in Figure 3.1-2. Interestingly, the 

different Au catalysts showed almost no deactivation during time on stream (> 6 h), either for 

MeOH or for CO formation, and reached the steady-state almost immediately. Only the 

Au/ZrO2 catalyst showed a slight deactivation for the RWGS reaction with time on stream. 

The absence of catalyst deactivation contrasts the typical deactivation behavior of Au 

catalysts observed, for example, during CO oxidation or the WGS reaction, in which the 

catalysts usually undergo a significant deactivation in the first few hours of the reaction 

before the steady-state is reached [154,155]. Second, all catalysts (Au/TiO2, Au/ZrO2, 

Au/ZnO, and Au/Al2O3) are active for both reactions, MeOH and CO formation. The steady-

state activities and selectivities are collected in Table 3.1-2 and illustrated in Figure 3.1-3. 

Similar measurements were performed at 240  °C, and the resulting reaction rates and 

selectivities under steady-state conditions are also shown in Table 3.1-2 and Figure 3.1-3. 

The Au mass-normalized rates of MeOH formation at 220  °C under steady-state conditions 

increase in the order Au/Al2O3 (3.8 x 10
-7

 mol s
-1

 gAu
-1

) < Au/TiO2 (4.0 x 10
-7

 mol s
-1

 gAu
-1

) < 

Au/ZnO (17.5 x 10
-7

 mol s
-1

 gAu
-1

) < Au/ZrO2 (50.9 x 10
-7

 mol s
-1

 gAu
-1

). The rates increase for 

all catalysts except Au/Al2O3 on going to 240  °C to reach 1.8, 4.7, 38.9, and 61.0 x 10
-7

 mol 

s
-1

 gAu
-1

 for Au/Al2O3, Au/TiO2, Au/ZnO, and Au/ZrO2, respectively. Hence, at both 

temperatures the MeOH formation activity of the Au catalysts on different supports increases 

in the same order. The reason for the unusual behavior of the Au/Al2O3 catalyst is not known. 

Based on the considerable differences in MeOH formation activity, which can hardly result 

from the rather small differences in Au particle size, clearly, the nature of the support material 

has a big influence on the activity. 
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Figure 3.1-2 MeOH and CO formation rates during the CO2 hydrogenation (25% CO2/rest 

H2) at 220  °C on Au catalysts on different supports after calcination in 20 Nml min
-1

 of 1% 

O2/N2 at 400  °C for 1 h (O400). 

 

Similar effects are observed for the RWGS activity, where the Au mass-normalized rate 

increases in the order Au/ZnO << Au/Al2O3 < Au/TiO2 < Au/ZrO2 (rates see Table 3.1-2 and 

Figure 3.1-3). An increase in the reaction temperature from 220  °C to 240  °C results in an 

increase in the Au mass-normalized rate for CO formation on all catalysts. Finally, in addition 

to MeOH and CO, CH4 formation was also detected over Au/TiO2, Au/ZrO2 and Au/Al2O3 

but not on Au/ZnO. For Au/TiO2 and Au/ZrO2, however, the amount of CH4 produced was 

considerably lower than the amounts of MeOH and CO (see Table 3.1-2). Only for Au/Al2O3, 

which showed the lowest reaction rate for MeOH formation, the amount of CH4 formed is 

rather high, significantly higher than that for MeOH formation (24.6 and 45.0 x 10
-7

 mol s
-1

 

gAu
-1

 at 220  °C and 240  °C, respectively). 

The selectivity for MeOH formation was calculated from the above rates using Equation 2.3-

8. In agreement with earlier findings [67], Au/TiO2, Au/ZrO2 and Au/Al2O3 are active 
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predominantly for the RWGS reaction. Accordingly, the selectivity of these catalysts for 

MeOH formation is rather low, being 0.7%, 5.0%, 1.5% at 220  °C for Au/TiO2, Au/ZrO2 and 

Au/Al2O3, respectively. 

 

Figure 3.1-3 Au mass-normalized formation rates for MeOH and CO as well as selectivity 

for MeOH formation during the CO2 hydrogenation at 220 – 240  °C and 5 bar in 25% 

CO2/rest H2 over Au catalysts supported on different metal oxides after calcination in 20 Nml 

min
-1

 of 1% O2/N2 at 400  °C for 1 h (O400). Error bars represent the standard deviation from 

several repeat measurements. 
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The increase in the reaction temperature from 220 to 240  °C causes a slight decrease in 

MeOH selectivity, to 0.6%, 3.4% and 0.4% at 240  °C for Au/TiO2, Au/ZrO2 and Au/Al2O3, 

respectively. The highest selectivity for MeOH formation by far is found for the Au/ZnO 

catalyst, with 56.2% and 50.6% at 220° and 240  °C, respectively. As the MeOH formation 

rate of the Au/ZnO catalyst is of the same order of magnitude as that of the other catalysts 

(see above), the high selectivity is mainly a result of its much lower activity for the RWGS 

reaction. Hence, if I consider the comparable Au particle size of all catalysts, there is a clear 

support effect on the selectivity for MeOH formation. 

 

Table 3.1-2 CO2 conversion, product formation rates and selectivity for MeOH formation 

determined in the kinetic measurements at 220 and 240  °C over the Au/MexOy catalysts 

(steady-state conditions).  

 

 

Reaction 

temperature 

/   °C 

Catalysts 

Au/TiO2 Au/ZrO2 Au/ZnO Au/Al2O3 

CO2 conversion / % 

220 9.4 5.3 0.2 2.0 

240 13.1 9.34 0.4 3.7 

MeOH formation rate  

/ 10
-7

 mol s
-1

 gAu
-1

 

220 4.0 50.9 17.5 3.8 

240 4.7 61.0 38.9 1.8 

CO formation rate  

/ 10
-7

 mol s
-1

 gAu
-1

 

220 554 956.9 13.7 226 

240 763 1714.6 38.5 450 

CH4 formation rate  

/ 10
-7

 mol s
-1

 gAu
-1

 

220 1.3 4.5 - 24.6 

240 2.9 9.5 - 45.0 

Selectivity for MeOH 

formation / % 

220 0.7 5.0 56.2 1.5 

240 0.6 3.4 50.6 0.4 
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To identify possible contributions to the reactivity from the support material itself under the 

present reaction conditions, I also determined the activity and selectivity of the pure support 

materials. The measurements on pure TiO2, ZrO2, ZnO and Al2O3 were performed after the 

same calcination procedure and under identical reaction conditions as the Au catalysts. The 

amounts of MeOH and CO formed on pure TiO2, ZrO2 and Al2O3 were below the detection 

limit (≈ 20 ppm). Hence, the activity of these pure oxides is negligible and the presence of Au 

is mandatory for catalytic activity. However, for pure ZnO there was some MeOH and CO 

detected during the CO2 hydrogenation. The amount of MeOH formed on ZnO was so small 

that a quantitative evaluation was not possible. It is possible only to estimate the upper limit 

of MeOH formation on pure ZnO, which is approximately 0.5 and 2 x 10
-9

 mol s
-1

 gZnO
-1

 at 

220 and 240  °C, respectively. In the presence of Au, the catalyst mass-normalized MeOH 

formation rates are 1.6 and 3.5  10
-8

 mol s
-1

 gcat
-1

 at 220 and 240  °C, respectively. Thus, the 

presence of Au nanoparticles on ZnO results in an increase in the MeOH formation rates by 

more than one order of magnitude. 

The amount of CO detected was very small, especially at 220  °C, but sufficiently high for 

quantitative evaluation. The mass-normalized rates for CO formation on pure ZnO are 1.0 and 

4.2  10
-9

 mol s
-1

 gZnO
-1

 at 220 and 240  °C, respectively. These values are approximately one 

order of magnitude lower than the RWGS reaction rates on the Au/ZnO catalyst (1.2 and 3.5 

 10
-8

 mol s
-1

 gcat
-1

 at 220 and 240  °C, respectively). Hence, the presence of the Au 

nanoparticles on ZnO results in a drastic increase of the activities for MeOH formation and 

the RWGS reaction. Moreover, MeOH formation benefits more than the RWGS reaction from 

the deposition of Au nanoparticles on ZnO, which is evident from the higher increase in the 

MeOH formation rate than the RWGS reaction rate. The observation of MeOH formation on 

ZnO agrees with earlier reports of MeOH formation from CO and H2 over ZnO powder, 

although the reaction conditions were harsher in those cases (> 30 bar, up to 300  °C) 

[126,156,157]. Theoretical studies have also shown that MeOH could be formed from CO2 

and H2 over the polar O-terminated ZnO )1000(  surface [158-161]. Furthermore, several 

research groups have also demonstrated the activity of pure ZnO for the RWGS reaction [162-

164].   

Finally, for comparison with state-of-the-art commercial Cu/ZnO catalysts, I also tested the 

performance of a commercial Cu/ZnO/Al2O3 catalyst (50.7 wt% Cu from Alfa Aesar) for CO2 

hydrogenation and MeOH formation under the present reaction conditions (5 bar, 220  °C). 

The MeOH formation rate on this catalyst is 25.4  10
-7

 mol s
-1

 gCu
-1

, and hence slightly 

higher than that on Au/ZrO2 and Au/ZnO, the most active of the Au catalysts. As a result of 
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its higher activity for the RWGS reaction (42.8  10
-7

 mol s
-1

 gCu
-1

), however, the selectivity 

towards MeOH of the commercial Cu-based catalyst is only 37% and thus lower than on the 

Au/ZnO catalyst (56.2%) under these moderate reaction conditions. Hence, for MeOH 

formation from CO2 only, Au-based catalysts are indeed promising candidates. Moreover, 

from preliminary results on the activity during shut-down/start-up operation I can conclude 

that Au-based catalysts undergo almost no deactivation under these conditions. 

A comparison with the results of Sakurai et al. [67] shows that the MeOH formation rates on 

Au/TiO2 are quite similar in both studies (5.5  10
-7

 mol s
-1

 gAu
-1

 at 250  °C/8 bar compared to 

4.7  10
-7

 mol s
-1

 gAu
-1

 at 240  °C/5 bar in the present study). (Notably, in the paper by Sakurai 

et al. the Au loading of all catalysts is given by the atomic ratio of Au atoms to the total 

amount of cations of the supporting oxide, thus these rates had to be converted into reaction 

rates per g Au for comparison.) For the Au/ZrO2 and Au/ZnO catalysts, I observed 

significantly higher MeOH formation rates at slightly lower reaction temperature and lower 

total pressure (Au/ZrO2: here 61.0  10
-7

 mol s
-1

 gAu
-1

, Sakurai et al. 3.4  10
-7

 mol s
-1

 gAu
-1

; 

Au/ZnO: here 38.9  10
-7

 mol s
-1

 gAu
-1

,
 
Sakurai et al.

 
9.4  10

-7
 mol s

-1
 gAu

-1
). The differences 

are explained most easily by the larger Au particle sizes in the earlier study, which will be 

explored and discussed in more detail in Section 3.1.3 below. 

The trends in the selectivity for MeOH formation, however, agree well between the two 

studies, in spite of the different Au particle sizes and reaction conditions. In both studies 

Au/ZnO is by far the most selective catalyst (selectivity > 50%), whereas Au/TiO2 and 

Au/ZrO2 produce MeOH only with selectivities of below 2 and 5%, respectively. The low 

selectivity for Au/ZrO2 is also in agreement with results of a previous study of Baiker et al., 

who investigated the performance of three different catalyst systems based on group IB metal 

nanoparticles  (Cu, Ag, Au) supported on zirconia at 17 bar [65]. Those authors also reported 

that Au/ZrO2 is mainly active for the formation of CO through the RWGS reaction at 

temperatures above 200 °C, with selectivity for MeOH formation of below 20%. In contrast, 

for Cu and Ag the selectivities were significantly higher. 

The physical origin of the very different reaction characteristics and the underlying drastic 

support effects is not yet clear. In the absence of Au particle size effects, the reducibility of 

the support is often considered as a decisive factor for the activity of the respective Au 

catalysts. Schubert et al. distinguished between two major groups of support materials, 

reducible 'active' and non-reducible 'inert' support materials [77]. In the present case, 

however, the reducibility of the metal oxide support cannot play a major role in the activity of 
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the catalyst for MeOH formation. As demonstrated recently, the removal of surface lattice O 

atoms is significantly more efficient on Au/TiO2 catalyst than on Au/ZrO2 and Au/ZnO 

catalysts [165]. However, Au/ZrO2 and Au/ZnO are significantly more active for MeOH 

formation than Au/TiO2. The activity of the Au catalyst supported on non-reducible Al2O3 is 

similar to that of Au/TiO2. Overall, these results indicate clearly that the (surface) reducibility 

of the catalyst support surface is not the decisive factor for the MeOH formation activity. 

Sakurai et al. proposed that the acid-base properties of the support material play a decisive 

role for the CO2 hydrogenation activity [67]. The electronegativity of the metal cation in the 

metal oxide support was taken as a measure of its acidity and they showed that Au particles 

supported on more acidic oxides, such as TiO2, gave the highest total conversion of CO2, 

whereas Au catalysts based on basic oxides, such as ZnO, exhibited the lowest CO2 

conversion [69]. From a comparison of Au/TiO2, Au/ZrO2 and Au/ZnO, they concluded that 

more acidic metal oxide supports lead to a higher CO2 conversion, mainly because of the 

RWGS reaction, whereas Au catalysts based on basic oxides (Au/ZnO) convert only low 

amounts of CO2, but with a high selectivity towards MeOH. They attributed these differences 

in the catalytic activity for CO2 hydrogenation to the differences in the interaction of CO2 

with the metal oxide support, assuming that the initial activation of CO2 takes place on the 

oxide surface [69]. The rather strong adsorption of CO2 on basic oxides such as ZnO results in 

a low activity for CO2 hydrogenation. Qualitatively, this agrees with the results of the present 

work, since I also observed higher total CO2 conversions on Au catalysts based on acidic 

oxides, TiO2 and ZrO2, compared with the more basic oxides, Al2O3 and ZnO. At 220 °C, for 

example, the Au mass-normalized rates of conversion of CO2 are 1012, 559, 254, and 31.2  

10
-7

 mol s
-1

 gAu
-1

 over Au/ZrO2, Au/TiO2, Au/Al2O3 and Au/ZnO, respectively. This 

corresponds to total CO2 conversions of 5.3%, 9.4%, 2.0% and < 0.2%, respectively. 

The use of ZnO as support material seems to be essential to obtain a high activity and 

selectivity towards MeOH formation (> 50%), considering that also the commercially used 

Cu catalysts for MeOH production or Pd/ZnO catalysts are supported on ZnO. This will be 

discussed in more detail at the end of the following section. 

Recently, Strunk et al. proposed that oxygen vacancies located at the perimeter of the Au – 

ZnO interface represent the active sites for MeOH synthesis on Au/ZnO [102]. For reaction in 

CO/H2 and CO/CO2/H2 atmospheres (40 bar, 250° - 300 °C), they derived an approximately 

linear correlation between the number of oxygen vacancies on the surface of the Au/ZnO 

catalyst during the reaction, which was determined by titration with N2O directly after the 

reaction, and the number of Au perimeter atoms, estimated from TEM analysis. From this 
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correlation they concluded that these vacancies are mainly located at the perimeter of the Au – 

ZnO interface. As a higher amount of oxygen vacancies correlates with a higher catalytic 

activity for MeOH synthesis in both reaction atmospheres, the authors concluded that oxygen 

vacancies at the perimeter of the Au – ZnO interface represent the active sites for methanol 

synthesis on Au/ZnO. This would resemble the Au assisted Mars-van Krevelen mechanism 

proposed for CO oxidation on supported Au catalysts closely, in which the reaction proceeds 

through the generation and replenishment of surface lattice oxygen at the perimeter sites by 

reaction with CO and O2, respectively [166]. A comparable redox mechanism was also 

suggested as possibility for the WGS reaction on Au/CeO2 catalysts [167] and one might 

speculate that MeOH formation also proceeds through the formation (by reaction with 

hydrogen) and replenishment (by reaction with CO2) of perimeter lattice oxygen. In this case, 

the resulting adsorbed COad intermediate would be further hydrogenated to MeOH. The much 

higher oxygen-storage capacity of Au/TiO2 compared with Au/ZnO (see above and Reference 

[165]) indicates that this cannot be the only effect that determines the activity/selectivity for 

MeOH formation. The role of perimeter sites will be explored further in the next section. 

3.1.3 Particle size effects of Au/ZnO catalyst 

I investigated the effect of the Au particle size on the activity and selectivity for MeOH 

formation in the CO2 hydrogenation on Au/ZnO, for which I compared Au/ZnO catalysts with 

the same Au loading (2.1 wt%), but different Au particle size. These catalysts were prepared 

by varying the temperature used for calcination between 300 and 600 °C (O300 – O600). The 

Au particles in the Au/ZnO catalysts after calcination at different temperatures are well 

resolved in the representative TEM images shown in Figure 3.1-4 (left panel). Clearly, they 

illustrate the increasing Au particle size with increasing calcination temperature. Based on the 

Au particle size distributions (Figure 3.1-4, right panel, the mean Au particle sizes are 3.2 ± 

0.7, 3.7 ± 0.8, 4.3 ± 1.0, 7.4 ± 2.6 and 9.6 ± 3.1 nm after calcination at 300, 350, 400, 500 and 

600 °C (O300, O350, O400, O500 and O600), respectively. Furthermore, the distribution of 

the Au particle size became wider with increasing calcination temperature. To test whether 

the Au nanoparticles are stable under the present reaction conditions or whether there is 

agglomeration of Au particles, the Au particle size distributions were also measured after the 

reaction. The resulting values of the mean Au particle sizes (Table 3.1-3) varied only slightly 

compared to those obtained before reaction, indicating that the Au particles are stable under 

the present reaction conditions. 



Results and Discussion  47 

 

 

 

Figure 3.1-4 Left panel: Representative TEM images of the Au/ZnO catalyst after 

calcination in 20 Nml min
-1

 of 1% O2/N2 for 1 h at (a) 300 °C, (b) 350 °C, (c) 400 °C, (d) 500 

°C and (e) 600 °C, respectively. Right panel: corresponding Au particle size distributions. 
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Measurements of the surface area of the catalyst samples by low-temperature N2 adsorption 

(BET), which were also performed after the calcination procedure at different temperatures, 

revealed a decrease in the catalyst surface area with increasing calcination temperature, and 

surface areas of 13.3, 10.4, 6.6, and 6.3 m
2
 g

-1
 were obtained after calcination at 300, 400, 500 

and 600 °C (O300, O400, O500 and O600), respectively, in agreement with expectations. 

Additionally, the crystal structure was probed by XRD measurements. These measurements 

did not show any significant change in the ZnO crystallite size. Based on the Scherrer 

equation, the average ZnO crystallite sizes after calcination at different temperatures were 59 

 5, 60  5, 55  5 and 56  5 nm after calcination at 300, 400, 500 and 600 °C (O300, O400, 

O500 and O600), respectively. Assuming spherical ZnO particles, the calculated surface areas 

of ZnO are around 18 m
2
 g

-1
 after calcination at 300, 400, 500 and 600 °C (O300, O400, O500 

and O600), respectively, which is slightly higher compared to the surface area obtained by 

low temperature N2 adsorption of the sample after calcination at 300 °C. Obviously, the 

decrease of the surface area is mainly due to agglomeration of Au particles rather than by 

ZnO crystallite growth. Furthermore, the XRD results revealed that under the present reaction 

conditions ZnO exists as wurtzite structure. 

The Au mass-normalized MeOH and CO formation rates and MeOH selectivity during the 

CO2 hydrogenation over different Au/ZnO catalysts as a function of the Au particle size (220 

and 240 °C reaction temperature, total pressure 5 bar, reaction atmosphere 25% CO2/rest H2) 

are shown in Figure 3.1-5. Both MeOH and CO formation rates decrease strongly with the 

increasing Au particle size, but differently for the two reactions. The respective rates are 

tabulated in Table 3.1-4. If the reaction temperature is increased to 240 °C, similar trends are 

observed, with a relative increase in activity for each of the two reactions by a factor of 

approximately 3 (2.0/2.5 for O300). As a result of the more pronounced Au particle size effect 

for the RWGS reaction, the selectivity also depends on the Au particle size. This is illustrated 

in Figure 3.1-5, which shows a steady increase in selectivity with increasing Au particle size. 

This increase is most significant for Au particle sizes below 5 nm: an increase of the particle 

size from 3.2 to 3.7 and finally to 4.3 nm causes a considerable increase in the selectivity for 

MeOH formation, from approximately 73% to 78% and finally to 82% for CO2 hydrogenation 

at 220 °C and from approximately 70% to 78% to finally 82% for reaction at 240 °C. If the 

particle size is increased further to 7.4 and 9.6 nm by calcination at 500 and 600 °C (O500 

and O600), respectively, this causes only a moderate increase in selectivity to approximately 

85% for reaction at both temperatures. Accordingly, the selectivity remains nearly constant 

for catalyst samples with Au particle size ≥ 4.3 nm. 
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Table 3.1-3 Physical properties of Au/ZnO catalysts after calcination in 20 Nml min
-1

 of 

1% O2/N2 for 1 h at 300 °C (O300), 350 °C (O350), 400 °C (O400), 500 °C (O500) and 600 

°C (O600).  

 

Calcination temperature /  °C 300 350 400 500 600 

Au diameter
a
 before reaction / nm 3.2 ± 0.7 3.7 ± 0.8 4.3 ± 1.0 7.4 ± 2.6 9.6 ± 3.6 

Au diameter
a
 after reaction / nm 3.4 ± 0.8 3.7 ± 0.7 4.3 ± 1.1 7.2 ± 2.4 9.6 ± 3.1 

Dispersion
b
 / % 36 31 27 16 12 

Au surface atoms
b
 

/ 10
18

 atoms gcat
-1

 
23.3 20.1 17.3 10.1 7.8 

Au perimeter atoms
b
 

/ 10
18

 atoms gcat
-1

 
4.2 3.2 2.3 0.8 0.5 

Surface area
c
 

/ m
2
 gcat

-1
 

13.3 - 10.4 6.6 6.3 

Average ZnO crystallite size
d
 / nm 59 - 60 55 56 

a
 Measured by TEM 

b
 Based on dAu before reaction and assuming half-spherical Au particles 

c
 Measured by low-temperature N2 adsorption (BET) 

d
 Measured by XRD 

 

These results clearly demonstrate that the Au particle size has a pronounced influence on the 

activity of Au/ZnO catalysts for both MeOH and CO formation and on the selectivity for 

MeOH formation, in particular, for Au particle sizes below 5 nm. 
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Figure 3.1-5 Au mass-normalized formation rates for MeOH and CO and selectivity for 

MeOH formation during the CO2 hydrogenation at 220 °C (●) and 240 °C (○) and 5 bar over 

Au/ZnO catalysts after calcination in 20 Nml min
-1

 of 1% O2/N2 for 1 h at 300 °C (O300), 

350 °C (O350), 400 °C (O400), 500 °C (O500) and 600 °C (O600) plotted against the mean 

Au particle size. 
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Table 3.1-4 Summary of the results of kinetic measurements at 220 and 240 °C over 

Au/ZnO catalysts after calcination in 20 Nml min
-1

 of 1% O2/N2 at 300 °C (O300), 350 °C 

(O350), 400 °C (O400), 500 °C (O500) and 600 °C (O600). 

 

 

Reaction 

temperature 

/  °C 

Au/ZnO catalysts 

O300 O350 O400 O500 O600 

CO2 conversion / % 

220 0.21 0.17 0.10 0.05 0.02 

240 0.45 0.49 0.30 0.13 0.08 

MeOH formation rate 

/ 10
-7

 mol s
-1

 gAu
-1

 

220 10.8 9.0 5.5 3.0 1.4 

240 22.0 25.6 16.8 7.8 5.1 

CO formation rate 

/ 10
-7

 mol s
-1

 gAu
-1

 

220 4.0 2.6 1.2 0.5 0.2 

240 9.5 7.3 3.7 1.6 0.9 

Selectivity for MeOH 

formation / % 

220 72.8 78.3 81.7 86.4 85.5 

240 69.8 77.8 82.0 82.8 85.1 

 

 

To remove the influence of the decreasing dispersion from the activity data for Au/ZnO, I also 

calculated the turn-over frequencies (TOFs) per Au surface for both reactions (TOFAu,surface). 

For reaction at 220 °C, I obtained TOFAu,surface values of 6.1, 5.6, 3.9, 3.6 and 2.4 x 10
-4

 s
-1

 for 

MeOH formation and 2.3, 1.6, 0.9, 0.6 and 0.4 x 10
-4

 s
-1

 for CO formation for Au particles of 

3.2, 3.7, 4.3, 7.4 and 9.6 nm diameter, respectively (Table 3.1-4). For the reaction at 240 °C, 

all TOFAu,surface values increase, but they show the same trend of a decreasing TOF with the 

increasing Au particle size for both reactions (values see Table 3.1-5 and Figure 3.1-6). 
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Table 3.1-5 Summary of the TOFsAu,surface and TOFsAu,perimeter at 220 and 240 °C over 

Au/ZnO catalysts after calcination in 20 Nml min
-1

 of 1% O2/N2 at 300 °C (O300), 400 °C 

(O400), 500 °C (O500) and 600 °C (O600). 

 

 
T /  

°C 
O300 O350 O400 O500 O600 

MeOH TOFAu,surface 

/ 10
-4

 s
-1

 

220 6.1 5.6 3.9 3.6 2.4 

240 12.7 16.1 12.1 9.7 8.3 

CO TOFAu,surface 

/ 10
-4

 s
-1

 

220 2.3 1.6 0.9 0.6 0.4 

240 5.5 4.5 2.7 2.0 1.5 

MeOH TOFAu,perimeter 

/ 10
-3

 s
-1

 

220 3.6 3.6 2.9 4.5 3.9 

240 7.4 10.3 8.9 11.9 13.8 

CO TOFAu,perimeter 

/ 10
-3

 s
-1

 

220 1.4 1.0 0.7 0.7 0.6 

240 3.2 2.9 1.9 2.5 2.4 

 

These findings are at least qualitatively in agreement with the results of the previous study of 

Sakurai et al. [69]. They investigated the influence of the Au particle size on the MeOH 

formation rate for reaction at a pressure of 50 bar and temperatures of 250 °C and 300 °C and 

they determined that the TOF per Au surface atom for MeOH formation decreases with 

increasing Au particle size. They suggested that this may be caused by the higher number of 

perimeter sites at the Au – ZnO interface with decreasing Au particle size and concluded that 

these sites play an important role in MeOH production [69]. As they did not evaluate the CO 

formation rate, the role of Au particle size effects on the selectivity for MeOH formation is 

not accessible from this work. 

Similar conclusions of active perimeter sites were put forward by Strunk et al. for MeOH 

formation on Au/ZnO catalysts. They proposed that oxygen vacancies at the perimeter of the 

Au – ZnO interface are the active sites in MeOH formation (discussion see above) [102]. To 

test whether the decrease in TOF with the increasing Au particle size is compatible with 

constant activity per Au atom at perimeter sites, I also calculated the TOF per Au perimeter 

atom (TOFAu,perimeter) for the different Au/ZnO catalysts. The resulting values are tabulated in 

Table 3.1-5. Obviously, the values are not constant for either MeOH formation or the RWGS 
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reaction. However, the differences are not so pronounced that within the errors introduced, for 

example, by the assumption of hemispherical Au particles, they would allow me to support or 

rule out the identification of Au perimeter sites as active sites for MeOH formation or the 

RWGS reaction. 

Notably, the mass-normalized CO formation rates on ZnO, which are 1.0 and 4.1  10
-9

 mol s
-

1
 gcat

-1
 at 220 and 240 °C, respectively, are similar to the mass-normalized CO formation rates 

on Au/ZnO after calcination at 500 °C and 600 °C, which are 1.0 and 3.4  10
-9

 mol s
-1

 gcat
-1

 

(after O500) and 0.5 and 1.9  10
-9

 mol s
-1

 gcat
-1

 (after O600) at 220 and 240 °C, respectively. 

This result further suggests that large Au particles (≥ 7.5 nm) are essentially inactive for the 

RWGS reaction on this support. 

 

 

 

Figure 3.1-6 Turn-over frequencies (TOFs) for MeOH and CO formation obtained by 

normalization of the rates of formation to the amount of Au surface atoms during CO2 

hydrogenation at 220 °C and 240 °C over Au/ZnO catalysts with different Au particle size 

after calcination in 20 Nml min
-1

 of 1% O2/N2 for 1 h at 300 °C (O300), 350 °C (O350), 400 

°C (O400), 500 °C (O500) and 600 °C (O600). 
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Although a model that involves a reaction at the perimeter sites would explain the above data 

reasonably well, it does not explain the much higher selectivity of the Au/ZnO catalysts 

compared to the other metal oxide-supported catalysts. As discussed above, this cannot be 

related to a more facile reduction of the Au/ZnO catalysts compared to the other metal oxide-

supported catalysts investigated here. The acidity of the support may play a role, but this 

cannot be the only effect, especially if I consider the much lower activity and selectivity of 

Au/Al2O3 for MeOH formation. At present this can only be speculated upon. For Cu/ZnO 

catalysts it has been proposed by Behrens et al. that a dynamic strong metal-support 

interaction (SMSI) effect exists between Cu and ZnO, which leads to the partial coverage of 

Cu particles by ZnOx under reducing conditions [91]. If I consider the reducing reaction 

atmosphere and the high activity of other ZnO-supported catalysts, specifically Cu/ZnO (see 

references given in Ref. [91])
 
and Pd/ZnO [168,169]

 
and of the related (surface) alloys CuZn 

[170] and PdZn [171] for MeOH formation, I tentatively suggest that the reaction atmosphere 

leads to a gradual (surface) reduction of the support and subsequent formation of Zn surface 

species on the Au nanoparticles, which follows earlier ideas for Cu/ZnO catalysts [93]. This 

may involve a segregation equilibrium between Zn on surface sites and in the bulk of the Au 

nanoparticles. Surface Zn incorporated into the Cu surface at step sites was shown in recent 

DFT calculations on Cu (211) to result in the stronger binding of the intermediates and in a 

decrease in the barriers, which in turn leads to an increase in catalytic activity [91], and 

similar effects may be expected on Au surfaces. If sites at the perimeter of the Au – ZnO 

interface are particularly active, this would explain the observed particle size dependence in a 

simple way. Definite proof for that mechanism, however, does not yet exist. This will be the 

task of future work. 

Finally, I will briefly comment on the suitability of Au/ZnO catalysts for regenerative 

applications, for decentralized MeOH formation from CO and H2 produced from excess 

electricity. It is very important for these applications that the activation procedure for the 

metal oxide-supported catalysts Au catalysts, which include Au/ZnO, is simple and well 

suited for small-scale applications. Furthermore, based on the existing data, these catalysts do 

not deactivate rapidly. However, data on the long term stability under realistic reaction 

conditions and for relevant times are not yet available. In further work I would explore the 

influence of H2O and CO, which are created in the reaction as byproducts because of the 

limited selectivity for MeOH formation, on the reaction characteristics. 



Results and Discussion  55 

 

 

3.1.4 Conclusions 

The hydrogenation of CO2 to MeOH on metal oxide-supported Au catalysts under moderate 

reaction conditions (5 bar, 220 - 240 °C) has been investigated with the aim of using these 

catalysts for chemical energy storage in renewable energy concepts. From systematic kinetic 

measurements on the activity and selectivity for MeOH formation on Au catalyst, on the one 

hand by varying the support material (TiO2, ZrO2, ZnO, Al2O3) with a fixed Au particle size, 

and on the other hand by varying the Au particle size for the same support (ZnO) with 

constant Au loading, I arrive at the following results and conclusions: 

1. All Au catalysts investigated are active for MeOH formation as well as the reverse water 

gas shift (RWGS) reaction under the present reaction conditions. The nature of the 

support has a strong influence on the activity and selectivity of the catalysts. For MeOH 

formation, the activity decreases in the order Au/ZrO2 > Au/ZnO > Au/TiO2 ≈ 

Au/Al2O3, and for CO formation through the RWGS reaction, the activity decreases in 

the order Au/ZrO2 > Au/TiO2 > Au/Al2O3 >> Au/ZnO. In addition, the selectivity for 

MeOH formation depends strongly on the nature of the support, for which Au/ZnO is by 

far the most selective catalyst (selectivity > 50%), whereas the selectivity of the other 

catalysts (Au/TiO2, Au/ZrO2 and Au/Al2O3), which catalyze the RWGS reaction 

predominantly, is rather low (< 5%). 

2. The metal mass-normalized activity of the Au/ZnO catalyst is comparable to that of a 

commercial Cu/ZnO/Al2O3 catalyst under the present reaction conditions, but its 

selectivity for MeOH formation is significantly higher (> 50% compared to 37%). It 

showed no measurable deactivation during > 6 h time on stream. 

3. For all catalysts, the presence of Au nanoparticles is essential to achieve high activities 

for both reactions. ZnO is the only metal oxide among those investigated that exhibits a 

low but measurable activity for the formation of MeOH and CO. The activities of TiO2, 

ZrO2 and Al2O3 are below the detection limit. 

4. The highly selective Au/ZnO catalysts exhibit significant Au particle size effects (at 

constant Au loading), for which both the MeOH and CO formation rates decrease with 

the increasing Au particle diameter. This holds true both for Au mass-normalized rates 

and for Au surface area-normalized rates (turnover frequencies). In addition, the 

selectivity for MeOH formation depends sensitively on the Au particle size, it increases 

from 73% for the smallest Au particles (mean particle size 3.2 nm) to approximately 

85% for Au particle sizes > 5 nm under the present reaction conditions. 
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Overall, it has been demonstrated that oxide-supported Au catalysts, specifically Au/ZnO 

catalysts, are promising candidates for the MeOH formation from CO2 and H2 under moderate 

reaction conditions, which is of interest for renewable energy concepts. 
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3.2 Methanol formation by CO2 hydrogenation on Au/ZnO catalysts – Effect of total 

pressure and influence of CO on the reaction characteristics 

The following sections were first published in J Catal 2016, 333, 238-250: Y. Hartadi, D. 

Widmann, R.J. Behm “Methanol formation by CO2 hydrogenation on Au/ZnO catalysts – 

Effect of total pressure and influence of CO on the reaction characteristics” [172] and 

reproduced with permission from Elsevier Inc.. Yeusy Hartadi conceived, designed and 

performed the experiments. Yeusy Hartadi, Dr. Daniel Widmann and Prof. Dr. R.J. Behm 

wrote the paper. Please note that the journal article has been slightly modified to fit the style 

and layout of the thesis, and to attain a consecutive numbering of figures and references 

throughout the thesis. Moreover, the original experimental section of the paper has been 

removed, because the experimental procedures have already been thoroughly described in 

chapter 2 of the present thesis. 

Previous studies have demonstrated that oxide-supported Au catalysts, especially Au/ZnO 

catalysts, are promising candidates for the formation of methanol (MeOH) from CO2 and H2 

under moderate reaction conditions [153]. This is of particular interest for renewable energy 

concepts, where the conversion and storage of excess electrical energy in the form of 

chemical energy represent a promising approach to smoothen the natural fluctuations in the 

supply of renewable energy [3]. Here MeOH is particularly interesting, since its formation via 

the hydrogenation of CO2, using electro-catalytically generated H2, could additionally be part 

of concepts for the utilization of anthropogenic CO2 which originates, for example, from 

industrial exhausts or coal power plants [9,19,35-38].  

The potential of supported Au catalysts, e.g., Au/TiO2, Au/ZrO2, Au/ZnO and Au/Al2O3, for 

MeOH formation from CO or CO2 hydrogenation under milder reaction conditions compared 

to the industrial MeOH synthesis on Cu/ZnO/Al2O3 catalysts, in particular at lower pressures, 

has been demonstrated, namely at pressures of 8 - 50 bar and temperatures above 200  °C 

[64,65,67-70,102,153]. 

Nevertheless, more detailed knowledge and understanding of the performance of Au catalysts 

in CO2 hydrogenation as well as of the underlying mechanism are still crucial for the 

realization of these concepts. This is the topic of an ongoing study in my laboratory. First 

results on support effects and on the Au particle size dependence of the reaction 

characteristics have been published recently [153]. In the present paper I focus on the pressure 

dependence and the influence of CO in the reaction gas mixture on the reaction 

characteristics. 
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In recent studies it has been demonstrated that the nature of the support has a profound 

influence on the activity of the Au catalysts for both MeOH formation and CO formation, 

where the latter proceeds via the reverse water gas shift (RWGS) reaction, competing with 

MeOH formation during the CO2 hydrogenation [67-69,153]. The fact that various Au 

catalysts are active also for the RWGS reaction under the conditions of MeOH synthesis 

implies that the selectivity of the catalyst for MeOH formation is a second important criterion 

for MeOH synthesis from CO2 and H2, at least equally important as the activity. Several 

research groups, including my own group, have shown that Au/TiO2, Au/ZrO2 and Au/Al2O3 

catalyze predominantly the RWGS reaction: therefore, the selectivities for MeOH formation 

of these catalysts are rather low [67-69,153]. Au/ZnO catalysts, on the other hand, were found 

to exhibit astonishingly high selectivities for MeOH formation of above 50% at 5 bar and 220 

- 240  °C, making them promising candidates for applications in renewable energy concepts 

[153]. Here it was tentatively suggested that the reaction atmosphere leads to a gradual 

(surface) reduction of the support and subsequent formation of Zn surface species on the Au 

nanoparticles, following earlier ideas for Cu/ZnO catalysts, which is reponsible for the much 

higher selectivity of Au/ZnO compared to other metal oxide-supported Au catalysts [153]. It 

should be noted that, although there is also some MeOH and CO detected during the CO2 

hydrogenation on pure ZnO, the presence of Au nanoparticles is essential to achieve a high 

activity for MeOH formation. The presence of Au in Au/ZnO results in an increase in the 

MeOH formation rate by more than one order of magnitude compared to pure ZnO [153]. 

Additionally I also measured Au particle size effects for Au/ZnO in order to gain insight into 

the location of the active site in that particular study [153]. From the continuous decrease in 

the Au surface area-normalized TOFs with increasing Au particle size (but constant Au 

loading), I had concluded previously that the active site for CO2 hydrogenation/RWGS is 

likely at the perimeter sites. These data agree with the findings from Strunk et al., who 

suggested that oxygen vacancies at the Au-ZnO perimeter represent the active site for MeOH 

formation during the CO hydrogenation [102]. My previous data, however, did not allow me 

to draw a more definitive conclusion on the exact nature/location of the active site and, hence, 

to comment whether the active sites are correlated with oxygen vacancies at the perimeter 

sites. The strong change in selectivity for MeOH formation with increasing Au particle size 

indicated, however, that other effects play a role as well [153].  

The metal mass-normalized activity of Au/ZnO for MeOH formation under these reaction 

conditions was found to be comparable to that of an industrial Cu/ZnO/Al2O3 catalyst at 5 bar 

and 220 - 240  °C. On the other hand, the selectivity of Au/ZnO is significantly higher than 



Results and Discussion  59 

 

 

that of the Cu/ZnO/Al2O3 catalyst, with about 37% at 220  °C and 20% at 240  °C (total 

pressure 5 bar) [153].  

The conversion of CO2 and, hence, the MeOH formation rate at 5 bar total pressure, are, 

however, rather low, because of the thermodynamically limited CO2 conversion to MeOH of 

below 5% at reaction temperatures between 200 and 250  °C. This makes operation at 5 bar 

inefficient for practical applications. Therefore, information on the activity and selectivity for 

CO2 hydrogenation of supported Au/ZnO catalysts also at higher pressures, up to 50 bar, is 

needed for properly assessing the potential of Au/ZnO catalysts for MeOH formation in 

renewable energy concepts. Standard for all judgement will be the performance of 

conventional Cu-based catalysts under these conditions, which therefore have to be 

characterized in parallel. 

Another aspect that needs to be addressed is the role of CO in the reaction atmosphere, which 

is always present at higher CO2 conversions due to parallel proceeding RWGS reaction. Most 

of the previous experimental studies of the MeOH formation on supported Au catalysts have 

been performed under differential reaction conditions, resulting in rather low partial pressures 

of MeOH and CO. In practical applications, however, CO2 hydrogenation will be performed 

at much higher CO2 conversions in order to achieve higher MeOH concentrations. 

Accordingly, the partial pressure of CO will automatically also be much higher, at least at the 

end of the catalyst bed. Hence, the knowledge of the influence of the CO partial pressure on 

the MeOH formation characteristics is indispensable for assessing the performance of 

Au/ZnO catalysts under conditions of practical applications. 

The role of CO in the reaction is interesting also from another point of view, since it may 

assist in getting a more detailed picture of the mechanisms of the CO2 hydrogenation reaction. 

For supported Au catalysts, it is, for example, still under debate whether CO2 is directly 

hydrogenated to MeOH (CO2 + 3 H2 ↔ CH3OH + H2O) or whether CO2 is first converted to 

CO, via the RWGS reaction (CO2 + H2 ↔ CO + H2O) and the latter is subsequently 

hydrogenated to MeOH (CO + 2 H2 ↔ CH3OH). While in the first case CO is just a 

byproduct in the direct hydrogenation of CO2, it represents a reaction intermediate in the latter 

case, which is formed via the RWGS reaction. In the final product gas mixture it is, however, 

in any case undesired. In technical applications using industrial Cu/ZnO-based catalysts, 

MeOH is produced from CO2-containing syngas mixture (CO2/CO/H2). This reaction has 

been extensively investigated for several decades in order to determine whether CO or CO2 is 

the main reactant for MeOH formation [22,106-111,113-115,117,119,175,196] and there 

seems to be an agreement that CO2 rather than CO is the main carbon source for MeOH 
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[49,106,109,112,113,115,118,119]. Similar studies on Au catalysts, however, are scarce [67]. 

In order to unravel the predominant reactant molecule for MeOH formation on Au/ZnO, I 

added different amounts of CO to the CO2/H2 mixture in the present study. Comparison of the 

MeOH formation rate in a CO-free gas mixture (CO2/H2) with that in various CO-containing 

gas mixtures (CO2/CO/H2) should allow me to decide (i) whether CO2 hydrogenation 

proceeds via the RWGS in a first step or (ii) whether CO hydrogenation and CO2 

hydrogenation to MeOH are parallel, competing reactions under present reaction conditions.  

Further insights into the reaction pathway on the MeOH formation from CO and CO2 on 

Au/ZnO can be obtained from in situ infrared (IR) measurements, identifying which surface 

species are formed during the reaction. For Cu-based catalysts, for example, the formation of 

adsorbed formate species during the CO2 hydrogenation has been detected in in situ IR 

spectroscopy measurements, and these have been proposed to represent intermediates in the 

reaction pathway [121,122]. The authors of those studies proposed also that the formation of 

formate species upon coadsorption of CO2 and H2 is rapid, and that the rate determining step 

is the hydrogenation of the resulting adsorbed formate species to methoxy species [121,122]. 

In their mechanistic proposal the methoxy species is then further hydrogenated to MeOH. 

Several recent studies of MeOH synthesis on Cu-based catalysts have also indicated that 

formate is the intermediate for MeOH formation from CO2 and H2 [44,49]. Both earlier 

publications proposed formate as the common intermediate for MeOH formation and CO 

formation via the RWGS reaction [121,122]. In the more recent paper by Kunkes et al., 

however, it was demonstrated by kinetic isotope effect that formate is an intermediate in 

MeOH formation from CO2, but most likely only a spectator species in the RWGS reaction 

[44]. Moreover, based on differences in the extent of water inhibition on these two reactions 

the authors claimed that the two reations proceed on different surface sites in a parallel 

manner. On the other hand, Yang et al. argued in a recent publication that formate was only a 

spectator species for both MeOH and CO formation over Cu from a CO/CO2/H2 mixture 

[112]. Based on the results of FTIR measurements and DFT calculations they suggested, 

instead, that carboxyl is the common intermediate in MeOH formation from both CO2 and CO 

as well as CO formation from the RWGS reaction.  

For the CO hydrogenation on Cu/ZnO-based catalysts as well as on pure ZnO, in contrast, 

adsorbed formyl species were observed [125,126]. While Saussey et al. provided no 

information on the possible reaction pathway [125], Kurtz et al. concluded that the rate 

determining step is the formation of adsorbed formyl species. This should be followed by 
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stepwise hydrogenation of the adsorbed formyl species by reaction with dissociatively 

adsorbed hydrogen to give methoxy and finally MeOH [126]. 

In the following I will, after a short summary of the main characteristics of the Au/ZnO 

catalyst (Section 3.2.1), first describe the performance of Au/ZnO for the MeOH formation 

from CO2 and H2 at various pressures in the technically relevant range from 5 to 50 bar and at 

a temperature of 240  °C in order to elucidate the effect of pressure on the catalytic activity 

and selectivity. The activity and selectivity of the Au/ZnO catalyst under these conditions will 

be compared to those of two industrial Cu/ZnO/Al2O3 catalysts for the same reaction 

conditions (Section 3.2.2). Subsequently (Section 3.2.3), the effect of adding different, 

controlled amounts of CO to the CO2/H2 reaction gas mixture on the MeOH formation 

activity over Au/ZnO at 50 bar will be elucidated. The added CO will cover a concentration 

range from 0.1% to 15%. Last I will present (preliminary) results of in situ IR measurements 

performed during the CO2 hydrogenation (CO2/H2) and CO hydrogenation (CO/H2) on 

Au/ZnO at 5 bar and 240  °C in order to identify the surface species that are formed during 

the reactions. Finally I will discuss the implications of these results on the reaction 

mechanism of the CO2/CO hydrogenation. 

3.2.1 Catalyst characterization 

The Au loading of the Au/ZnO catalyst was determined by inductively coupled plasma optical 

emission spectroscopy (ICP-OES) and measured twice. The Au content of the Au/ZnO 

catalyst was 1.0 wt%. The average Au particle diameter was determined by transmission 

electron microscopy (TEM). A representative TEM image of the Au/ZnO catalyst after 

calcination (O400) and the corresponding Au particle size distribution, obtained from the 

evaluation of more than 400 Au particles, are shown in Figures 3.2-1a and 3.2-1b, 

respectively. The images recorded revealed an even distribution of the Au nanoparticles, and 

the mean Au particle diameter was calculated to be 2.4 ± 0.4 nm, corresponding to a 

dispersion of 48.5%. The surface area of the Au/ZnO catalyst after calcination was measured 

by low-temperature nitrogen adsorption (BET) and was found to be 42 m
2
 g

-1
. A summary of 

the characterization results after calcination of the Au/ZnO catalyst is given in Table 3.2-1. 
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Figure 3.2-1 (a) Representative TEM image of the Au/ZnO catalyst after calcination in 20 

Nml min
-1

 of 1% O2/Ar at 400 °C for 1 h at atmospheric pressure (O400) and (b) the 

corresponding particle size distribution. 

 

XRD measurements on both commercial Cu catalysts yielded average Cu particle sizes/grain 

sizes of 5.0 and 5.4 nm for the samples from Alfa Aesar and Catalysts & Chemicals 

Specialties, respectively. Assuming hemispherical Cu particles, this would correspond to 

dispersions of 20.7% and 19.2%. 
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Table 3.2-1 Au particle size, Au dispersion and catalyst surface area of the Au/ZnO 

catalyst (i) after calcination in 1% O2/Ar at 400 °C for 1 h (O400), (ii) after CO2 

hydrogenation at 240 °C and 50 bar (20 h reaction) and (iii) after CO hydrogenation at 240 °C 

and 50 bar (20 h reaction). 

 

 After O400 
After CO2 

hydrogenation 

After CO 

hydrogenation 

Au particle size / nm 
a)

 2.4 ± 0.4 2.4 ± 0.6 2.4 ± 0.5 

Dispersion / % 
b)

 48.5 48.5 48.5 

Surface area / m
2
 gcat

-1
 
c)

 41.6 35.6 36.2 

a) Measured by TEM 

b) Calculated assuming hemispherical Au nanoparticles 

c) Measured by low temperature N2 adsorption (BET) 

3.2.2 Activity/selectivity for MeOH formation at elevated pressures 

First I investigated the influence of the total pressure at a constant CO2/H2 ratio (1/3) on the 

reaction characteristics in kinetic measurements. From my previous study on the support and 

particle size effects on the CO2 hydrogenation over Au catalysts, it is already known that at 5 

bar the size-dependent TOFs for MeOH formation on Au/ZnO at 240 °C and in the same 

reaction mixture range from 0.8 x 10
-3

 s
-1

 for dAu = 9.6 nm to 1.3 x 10
-3

 s
-1

 for dAu = 3.2 nm 

[153]. Moreover, it was already demonstrated that there is no deactivation with time on 

stream (up to 7 h) when running the reaction at 5 bar [153]. The same is true for the 

commercial Au/ZnO catalyst investigated in the present study, which also showed no 

deactivation over 7 h time on stream at 5 bar (Figure 3.2-2a). The Au mass-normalized 

MeOH formation rate, the corresponding TOF, and the selectivity at 5 bar, in contrast, are 

slightly different for the present catalyst compared to the self-prepared catalyst I investigated 

earlier (3.8 x 10
-6

 mol s
-1

 gAu
-1

 / 1.6 x 10
-3

 s
-1

 / 49% in the present study compared to 1.7 x 10
-6

 

mol s
-1

 gAu
-1

 / 1.2 x 10
-3

 s
-1

 / 82% after O400 in the previous study). This discrepancy can 

easily be explained by the smaller size of the Au nanoparticles on the commercial Au catalyst 

(2.4 nm compared to 4.3 nm); in fact, the result fits nicely to my previous findings of a 

decreasing mass-normalized reaction rate and an increasing selectivity with increasing Au 

particle size [153]. 
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Figure 3.2-2 MeOH (filled symbols) and CO (empty symbols) formation rates during CO2 

hydrogenation (15% CO2/45% H2/balance Ar) at 240 °C at (a) 5 bar (●, ○) and (b) 50 bar (■, 

□) on the Au/ZnO catalyst after calcination in 20 Nml min
-1

 in 1% O2/Ar at 400 °C for 1 h 

(O400). 

 

For comparison with the reaction behavior at 5 bar, the Au mass-normalized MeOH and CO 

formation rates measured as a function of time during CO2 hydrogenation at 50 bar and 240 

°C on the Au/ZnO catalyst under differential conditions are shown in Figure 3.2-2b. In 

contrast to the reaction characteristics at 5 bar, there is a slight loss in activity of the Au/ZnO 

catalyst for both MeOH and CO formation in the first 100 minutes of the reaction. This 

decrease is, however, rather small (deactivation by approximately 15% und 20% relative to 

the initial activity for MeOH and CO formation, respectively), and after 100 min reaction a 

steady-state is reached. From there on the activities for MeOH formation and for CO 
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formation remain stable during the following 20 h on stream, with a MeOH formation rate of 

12.0 x 10
-6

 mol s
-1

 gAu
-1

. After 7 h on stream under CO2 hydrogenation reaction conditions, 

the Au particle size, dispersion and surface area of the Au/ZnO catalyst were measured once 

again in order to test if there are any reaction induced changes, e.g, whether the decrease in 

the activity during the first 100 minutes originates from the agglomeration of the Au particles. 

The results of these measurements, which are summarized in Table 3.2-1 in the previous 

section, clearly demonstrate that there are no significant reaction induced changes in the 

physical properties of the catalyst. This indicates that the Au/ZnO catalyst is structurally 

stable under present reaction conditions. 

Hence, there is a more than threefold increase in the MeOH formation rate on Au/ZnO 

catalyst as the pressure increases from 5 to 50 bar (Table 3.2-2). The CO formation rate, on 

the other hand, increases only slightly, from 4.0 x 10
-6

 mol s
-1

 gAu
-1

 at 5 bar to 5.0 x 10
-6

 mol s
-

1
 gAu

-1
 at 50 bar. This results in an increase in selectivity from approximately 49% at 5 bar to 

nearly 70% at 50 bar. Additionally, it should be mentioned that (i) even at 50 bar the 

conversion is ≤ 1%, underlining that the reactor is operated differentially and (ii) MeOH, CO 

and H2O are the only products formed on the Au/ZnO catalyst. Moreover, considering the 

rather low CO2 conversions, which are well below the equilibrium conversions over the whole 

range of pressures investigated (see above), it is clear that I am working in a purely kinetically 

controlled regime. 

 

Table 3.2-2 CO2 conversion, Au mass-normalized MeOH and CO formation rates, 

corresponding TOFs, and selectivity for MeOH formation under steady-state conditions at a 

total pressure of 5 and 50 bar during CO2 hydrogenation (CO2/H2 = 1/3) at 240 °C over a 

Au/ZnO catalyst (STREM Chemicals). 

 

Pressure 

/ bar 

CO2 

conversion / % 

Formation rate 

/ 10
-6

 mol s
-1

 gAu
-1

 
TOF / 10

-3
 s

-1
 Selectivity 

/ % 

MeOH CO MeOH CO 

5 0.4 3.8 4.0 1.6 1.6 49 

50 1.0 12.0 5.0 4.9 2.6 70 
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In previous studies on the CO2 hydrogenation on Au/ZnO at an equally high pressure of 50 

bar and a reaction temperature of 250 °C, Sakurai et al. reported a much higher CO2 

conversion of 8.2% compared to 1% in the present study [68,69]. However, considering the 

much higher Au loading of the Au/ZnO catalyst used in their study of approximately 10.8 

wt% (in the paper by Sakurai et al. the Au loading is given as atomic ratio of Au atoms to the 

total amount of cations of the supporting oxide), the Au mass-normalized reaction rates are of 

comparable magnitude in their studies and in the present one. The selectivity, however, was 

only 49% in the studies of Sakurai et al., much lower compared to the selectivity I determined 

on the present Au/ZnO catalyst at 240 °C (nearly 70%). This discrepancy in selectivity cannot 

be related to Au particle size effects, since the mean Au particle size in the previous study was 

even higher than in the present work (3.5 nm vs. 2.4 nm), which should lead to an even higher 

selectivity [153]. Hence, it can be speculated that the lower selectivity in the study by Sakurai 

et al. is somehow related to the rather high CO2 conversion. Since a strict correlation between 

CO2 conversion and selectivity was not yet reported for this reaction (methanol formation 

from CO2), I tested this by changing the space velocity and, hence, the CO2 conversion over 

the Au/ZnO catalyst at otherwise identical reaction conditions (50 bar, 240 °C, 15% CO2/45% 

H2/Ar). In a range from 10 – 100 Nml min
-1

, the CO2 conversion was found to decrease with 

increasing flow rate, from 1.4% to 0.4%. The selectivity, in contrast, increases continuously 

from approximately 58% to 73%. Hence, there is indeed a correlation between CO2 

conversion and selectivity, which can explain the different selectivities measured in this and 

in previous studies as described above. Moreover, the absolute reaction rates for MeOH and 

CO formation from CO2 and H2 are also changing with changes in space velocity. This will be 

discussed in more detail in Section 3.2.4 after the discussion of the influence of CO on the 

MeOH formation rate in Section 3.2.3. 

Next I will compare the reaction characteristics of the Au/ZnO catalyst with those of two 

commercial Cu catalysts. In the previous chapter (3.1) I had already demonstrated that the 

catalytic performance of a Au/ZnO catalyst in the CO2 hydrogenation to MeOH surpasses that 

of a commercial Cu catalyst at 5 bar [153]. Here I compare the activity and selectivity of the 

Au/ZnO catalyst with those of two samples of commercially available industrial 

Cu/ZnO/Al2O3 catalysts at elevated pressures, up to 50 bar. For all three catalysts the 

activity/selectivity was first measured at a total pressure of 5 bar, afterwards it was stepwise 

increased up to 50 bar, with activity measurements also in between, at 10, 20, and 40 bar. The 

results of these measurements, the metal mass-normalized activities for MeOH and CO 

formation as well as the corresponding selectivities at 5 – 50 bar and 240 °C, are plotted in 

Figure 3.2-3 and listed in Table S1 (Supporting Information in Appendix A).  



Results and Discussion  67 

 

 

 

Figure 3.2-3 Active metal mass-normalized formation rates for (a) MeOH and (b) CO, as 

well as (c) selectivity for MeOH formation during CO2 hydrogenation at 240 °C and pressures 

between 5 and 50 bar in 15% CO2/45% H2/balance Ar over Au/ZnO (■), Cu/ZnO/Al2O3 (Alfa 

Aesar/AA, ●) and Cu/ZnO/Al2O3 (Catalysts & Chemicals Specialties/C&CS, ) catalysts. 

Catalyst mass-normalized reaction rates as well as turnover frequencies (TOFs) under these 

conditions and for all catalysts are listed separately in the Supporting Information in 

Appendix. 
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For all Au und Cu based catalysts there is a continuous increase in activity for MeOH 

formation as well as for CO formation with increasing pressure. This increase is in any case 

more pronounced for the MeOH formation rate, which results in an increasing selectivity with 

increasing pressure, as was already described above for the Au/ZnO catalysts. At every 

pressure measured, the metal mass-normalized activity of the Au/ZnO catalyst for MeOH 

formation is slightly higher than that of the two Cu/ZnO/Al2O3 catalysts, which showed 

almost identical reaction rates. On the other hand, the metal mass-normalized CO formation 

activity of the Au/ZnO catalyst is only approximately half of that of Cu/ZnO/Al2O3 over the 

whole pressure range investigated, resulting in consistently higher selectivities of the Au/ZnO 

catalyst compared to the Cu/ZnO/Al2O3 catalysts under present reaction conditions. Taking 

into account the particle size distribution, e.g., from TEM, or the mean particle size, e.g., from 

XRD, and assuming hemispherical metal particles, one can also calculate and compare the 

corresponding turnover frequencies (TOFs). For the Au/ZnO catalyst I used the TEM and the 

TEM based particle size distribution to calculate the corresponding TOF values. For the 

Cu/ZnO catalyst, the rather high Cu loading is likely to result in Cu particle agglomeration, 

which in turn will reduce the Cu surface area. Therefore I decided to use the value of the Cu 

surface area which had been given as typical for commercial Cu/ZnO catalysts with similar 

Cu loading (25 – 30 m
2
 gcat

-1
) [173], which is approximately half of the value obtained when 

calculated using the ‘particle size’ of 5.0 nm determined by XRD. The resulting TOFs are 

given in the Supporting Information in Appendix A in Table S2 and Figure S1. For the MeOH 

formation from CO2/H2, the TOFs are slightly higher for the Cu catalysts than for the Au 

catalyst. At 50 bar, for example, the TOFs for MeOH formation are 4.9 × 10
-3

 s
-1

 for Au/ZnO 

and 5.8 / 7.0 × 10
-3

 s
-1

 for the Cu catalysts. The TOFs for CO formation from CO2/H2, 

however, are significantly lower for the Au/ZnO catalyst than for Cu/ZnO catalyst, reflecting 

its lower intrinsic activity for the RWGS reaction. 

The catalyst mass-normalized reaction rates, in contrast, are always much higher for the Cu 

catalysts, as was expected due to the much higher metal loading of the Cu catalysts compared 

to the Au catalyst. Considering the 50-fold higher metal loading, the catalyst mass-normalized 

MeOH formation rates are approximately 40-fold higher for the Cu catalysts. The 

corresponding values are listed in the Supporting Information (Table S3, Figure S2).   

While the selectivity of the Au/ZnO catalyst is approximately 44%, 52%, 59%, 65% and 67% 

at 5, 10, 20, 40 and 50 bar, respectively, the corresponding values of the Cu-based catalysts 

are only approximately 16%, 24%, 33%, 40% and 42% at the same reaction pressures (see 

also Table S1 in Supporting Information in Appendix A). Note that also here, as with the 
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Au/ZnO catalyst, the products on the Cu/ZnO/Al2O3 catalysts are almost exclusively MeOH 

and CO. There was no significant formation of other products such as methane, dimethyl 

ether (DME) or higher alcohols. Moreover, the performance of the two Cu/ZnO/Al2O3 

catalysts is almost identical and also very close to the results from Saito et al., who reported a 

MeOH formation rate of 721 g MeOH kgcat
-1

 h
-1 

under differential reaction conditions, 

corresponding to 12.5 x 10
-6

 mol s
-1

 gCu
-1

, during CO2 hydrogenation (CO2/H2 ratio of 1/3) at 

50 bar and 250 °C over Cu/ZnO/Al2O3 [174]. In that paper, however, no information on the 

selectivity was provided. Although literatures on MeOH synthesis on Cu-based catalysts are 

readily available [23,25,28,29,32,91,114], a direct comparison to my results on 

Cu/ZnO/Al2O3 is hardly possible because of distinct differences in the feed gas composition, 

which typically contained both CO and CO2 in previous studies. 

Overall the data demonstrate a superior MeOH selectivity for MeOH synthesis from CO2 and 

H2 of Au/ZnO catalysts compared to conventional Cu-based catalysts at a rather low pressure 

of 5 bar as well as at high pressures, up to 50 bar, making Au an attractive alternative to the 

Cu catalysts, at least from a fundamental point of view. Based on my previous discussion on 

the possible role of Zn in the CO2 hydrogenation/MeOH formation on Au/ZnO (see chapter 

3.1 and Reference [153]), optimization of the Zn surface content on the Au nanoparticles, for 

example, by addition of Zn to the Au/ZnO catalyst, may be one strategy to further improve 

the selectivity of the these catalyst for methanol formation. 

3.2.3 Influence of CO on the MeOH formation rate on Au/ZnO catalyst 

From the results described above it is clear that in a technical application there will always be 

CO present in the feed gas due to the reverse water-gas shift (RWGS) reaction occurring 

simultaneously with the MeOH formation from CO2 and H2, although the selectivity for 

MeOH formation is considerably higher at a reaction pressure of 50 bar (> 60%). As stated in 

the introduction, CO present in the reaction atmosphere may have a distinct influence on the 

MeOH formation rate. Knowledge of this influence is particularly interesting in practical 

applications, which aim at high CO2 conversions and, hence, automatically result also in 

rather high CO concentrations. In order to study whether and how CO affects the MeOH 

formation via CO2 hydrogenation, I studied the reaction behavior upon adding increasing 

amounts of CO between 0.15 and 15% to the CO2/H2 reaction mixture at a pressure of 50 bar 

and a reaction temperature of 240 °C (CO2/H2 constant at 1/3). In these measurements, Ar 

was replaced by CO in order to keep the partial pressures of CO2 and H2 as well as the 
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CO2/H2 ratio constant. Consequently, the addition of CO results in an overall higher C/H 

ratio. 

 

Figure 3.2-4 Au mass-normalized formation rates for (a) MeOH and (b) CO as well as (c) 

selectivity for MeOH formation during CO2 hydrogenation at 240 °C and 50 bar in the 

presence of low CO concentrations between 0 and 1% in the reactant gas mixture (15% 

CO2/45% H2/balance Ar) on the Au/ZnO catalyst after calcination in 20 Nml min
-1

 of 1% 

O2/Ar at 400 °C for 1 h (O400). 
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The results obtained upon adding up to 1% CO to the CO2/H2 containing reaction mixture are 

shown in Figure 3.2-4. Comparison of the MeOH formation rates and selectivities in the 

different reaction atmospheres clearly shows that the presence of low CO concentrations in 

the CO2/H2 mixture has very little effect on the reaction behavior. The Au mass-normalized 

formation rates of MeOH and CO as well as selectivities are very close to the values obtained 

during pure CO2 hydrogenation, which are 12.0 and 5.0 x 10
-6

 mol s
-1

 gAu
-1

 for the MeOH and 

CO formation, respectively, resulting in a selectivity of nearly 70%. The exact values of the 

rates and selectivities for all reaction atmospheres are summarized in Table S4 in Supporting 

Information in Appendix A. 

In the presence of higher CO concentrations (5 – 15% CO, see Figure 3.2-5 and Table 3.2-3), 

in contrast, there is a continuous decrease in the Au mass-normalized MeOH formation rate 

with increasing CO concentration. For reaction atmospheres containing 0, 5, 10 and 15% CO 

the Au mass-normalized MeOH formation rates are 12.0, 11.2, 9.5 and 8.7 x 10
-6

 mol s
-1

 gAu
-1

, 

respectively. Note that at such high CO concentrations in the reaction feed, the rate of CO 

formation via the RWGS reaction and, hence, the selectivity can no longer be calculated, 

since it is not possible to disentangle CO consumption (via the CO hydrogenation) and CO 

formation (via the RWGS reaction) from the CO signal measured at the reactor outlet. 

Moreover, the amount of CO consumed/formed is much less compared to the amount of CO 

in the reaction gas feed (5 – 15%), which results in rather high deviations in any such 

calculation. 
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Figure 3.2-5 Au mass-normalized formation rates for MeOH formation during CO2 

hydrogenation in the presence of high CO concentrations between 5 and 15% in the reactant 

gas mixture (15% CO2/45% H2/balance Ar) as well as pure CO hydrogenation (15% CO/45% 

H2/balance Ar) at 240 °C and 50 bar over Au/ZnO after calcination in 20 Nml min
-1

 of 1% 

O2/Ar at 400 °C for 1 h (O400). 
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Au/ZnO catalyst (STREM Chemicals). 
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Interestingly this decrease in MeOH formation rate with increasing CO concentration occurs 

despite the increasing total amount of carbon containing species (CO2 + CO) in the reaction 

atmosphere. If CO were an intermediate in the CO2 hydrogenation reaction, with the 

formation of CO from CO2 via the RWGS reaction in a first step, one would in any case 

expect an increasing MeOH formation rate with increasing CO content, especially if CO is 

added while keeping the CO2 and H2 partial pressures constant. The relevance of this finding 

for the mechanistic understanding of the CO2 hydrogenation will be discussed below after the 

presentation of the Au mass-normalized MeOH formation rate during the CO hydrogenation 

as a function of time (50 bar, 240 °C), which I measured for comparison. The results of this 

latter measurement are presented in Figure 3.2-6, showing that for the Au/ZnO catalyst there 

is first a slight increase in activity for MeOH formation in the first hour of reaction, up to 11.9 

× 10
-6

 mol s
-1

 gAu
-1

, followed by a continuous decrease. After 20 hours of reaction the reaction 

rate was found to be 7.4 x 10
-6

 mol s
-1

 gAu
-1

, and even after this time steady-state is not yet 

reached. A similar deactivation behavior during the exposure to CO and H2 only was also 

reported by Klier and co-workers for a Cu/ZnO catalyst [175]. Exposing this catalyst to CO2-

free synthesis gas it irreversibly deactivated, with progressively higher deactivation with 

increasing exposure time. For CO2 containing syngas, in contrast, this deactivation was not 

observed. These authors proposed that the deactivation originates from an overreduction of 

the catalyst in the presence of only CO and H2. One may speculate whether the deactivation 

of the Au/ZnO catalyst I observed is also due to overreduction, since this deactivation was 

only observed for hydrogenation of pure CO, while for all other reaction gas mixtures 

containing CO2 (15% CO2 with/without addition of up to 15% CO) I found almost no 

deactivation and steady-state was always reached within 100 min of reaction. Additional 

TEM and N2 adsorption measurements, performed after CO hydrogenation, clearly show that 

there are no reaction induced changes in the Au particle size or the catalyst surface area (2.4 ± 

0.4 nm/41.6 m
2
 gcat

-1
 and 2.4 ± 0.5 nm/36.2 m

2
 gcat

-1
 before and after reaction, respectively). 

Accordingly it can be ruled out that the deactivation mainly originates from changes in 

dispersion or catalyst surface area. 

Hence, while the MeOH formation rate from CO/H2 after approximately 1 h reaction is 

comparable to that from CO2/H2, it is slower than MeOH formation from CO2/H2 for shorter 

and longer reaction times (steady-state: MeOH formation rates of 7.4 x 10
-6

 mol s
-1

 gAu
-1

 for 

CO hydrogenation and 12.0 x 10
-6

 mol s
-1

 gAu
-1

 for CO2 hydrogenation, respectively). 
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Figure 3.2-6 MeOH formation rate during CO hydrogenation (15% CO/45% H2/balance 

Ar) at 50 bar and 240 °C on the Au/ZnO catalyst after calcination in 20 Nml min
-1

 of 1% 

O2/Ar at 400 °C for 1 h (O400). 

 

In the presence of CO2, however, there is no deactivation and the MeOH formation rate 

clearly decreases with increasing CO partial pressure. Hence, considering the influence of CO 

on the MeOH formation in the presence of CO2, which is the main topic of the present study, 

it is obvious that CO has an inhibiting effect on the MeOH formation activity (from CO2). 

Based on the lower activity for MeOH formation in 15% CO2/15% CO/45% H2 compared to 

that in 15% CO2/45% H2, MeOH formation from CO in the presence of CO2 is slower than 

that from pure CO2. Only in the absence of CO2, MeOH formation from CO is in the same 

range of activities as that from CO2/H2, depending on the state of the catalyst during time on 

stream. In this case (MeOH from CO/H2) there seems to be an optimum state of the catalyst in 

agreement with the results from Klier et al. for Cu/ZnO catalysts (see above) [175]. Hence, 

the primary source of carbon for MeOH must be CO2, which is directly hydrogenated to 

MeOH (CO2 + 3 H2 → CH3OH + H2O) and not first converted to CO via the RWGS reaction 

(CO2 + H2 → CO + H2O), followed by subsequent hydrogenation of CO to MeOH (CO + 2H2 

→ CH3OH). 

A similar comparison of the reaction characteristic of pure CO2 hydrogenation and pure CO 

hydrogenation over Au/ZnO at various temperatures between 150 and 400 °C and at 8 atm 
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however, they observed the opposite trend, with a lower MeOH yield from the CO2/H2 

mixture compared to the CO/H2 mixture. Apparently, temperature has an influence on the 

relative rates of MeOH formation from CO2 and CO. Here it may be of interest to determine 

whether there is a change in the primary source of carbon for MeOH from CO2 to CO with 

increasing temperature. In a first approach to derive information on such changes with 

temperature, I measured the apparent activation energies for the MeOH formation from 

CO2/H2 and from CO/H2 on the Au/ZnO catalyst at 50 bar and in a temperature range from 

200 – 300  °C with COx/H2 = 1/3. The resulting apparent activation energies for MeOH 

formation by CO2 hydrogenation and by CO hydrogenation are 70 kJ mol
-1

 and 66 kJ mol
-1

, 

respectively, and hence rather similar (see Supporting Information in Appendix A, Figure S3). 

However, considering that the apparent activation energies of CO and CO2 hydrogenation 

reactions include contributions at least also from the CO and CO2 adsorption energies, 

respectively, it is not possible to conclude on the nature of the rate determining step or to 

derive any mechanistic information, e.g., on the primary source of carbon, from these data. 

From the comparison of the apparent activation energies for MeOH and CO formation from 

CO2 hydrogenation one can get also additional information on the influence of temperature on 

the catalysts selectivity for MeOH formation. Since the apparent activation energy is 

significantly higher for the RWGS reaction (99 kJ mol
-1

) than for MeOH formation (70 kJ 

mol
-1

), the selectivity for MeOH formation will decrease with increasing reaction temperature. 

In a recent study of the MeOH synthesis on Au/ZnO, Strunk et al. compared the activity of 

the catalyst during CO hydrogenation in CO2-free and CO2-containing reaction atmospheres 

at pressures between 20 and 40 bar and at temperatures between 250 and 300 °C [102]. These 

authors found that at 300 °C the partial replacement of CO by CO2 (going from 15% CO/85% 

H2 to 6% CO/8% CO2/64% H2) lowers the methanol formation rate. The lower MeOH 

formation activity in the presence of CO2 was explained by either the blocking of oxygen 

vacancies in ZnO, which were proposed to represent the active sites, by stable adsorbed 

formate species, or by the re-oxidation/annihilation of these sites by surplus oxygen upon the 

introduction of CO2. In my work I found that on the one hand the addition of CO to a 15% 

CO2/45% H2 (balance Ar) gas mixture results in a decrease of the methanol formation rate. 

On the other hand, comparing reaction in a 15% CO/45% H2 (balance Ar) gas mixture with 

that in 15% CO2/45% H2 (balance Ar), I obtained a lower reaction rate in the former case 

under steady-state conditions, but a comparable rate when using the maximum rate obtained 

after 1 h on stream. On a first view there may be an apparent contradiction between the data 

reported by Strunk et al. and the data in the present work. Looking at the data more closely, 
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however, it turns out that a quantitative comparison is hardly possible. Considering the 

discrepancies in the exact reaction conditions (composition of the reaction gases, reaction 

temperatures (300 °C vs. 240 °C), there is no direct discrepancy between the data. Finally, as 

described above, Sakurai et al. observed opposite trends for the MeOH yield from a CO2/H2 

mixture compared to a CO/H2 mixture at 250 °C and 300 °C on an identical Au/ZnO catalyst 

[68], indicating that the different reaction temperatures may at least partly be responsible for 

the different trends in MeOH yields of Stunk et al. and in this work. 

Following the line of arguments described above regarding the possible reaction pathways, 

the hydrogenation reactions of CO2 and of CO to MeOH proceed via different reaction 

pathways. Moreover, from the fact that the MeOH formation decreases upon the addition of 

CO, despite the increasing total amount of carbon, it appears that these two reactions are 

competitive. With increasing CO in the reaction gas feed, less CO2 is converted to MeOH. 

Most easily this may be explained by a competitive adsorption of CO and CO2 on similar or 

closely adjacent active sites. Higher CO concentrations lead to a higher COad coverage and, in 

parallel, lower coverages of CO2,ad and/or reactive intermediates formed upon interaction 

between CO2 and H2. Given the lower MeOH formation rate of CO in the presence of CO2 

compared to that from CO2 (see above), this will finally result in lower MeOH formation rates 

with increasing CO content in CO2/H2 reaction gas mixtures. 

For the industrial Cu/ZnO-based catalysts the question of the main carbon source for MeOH 

formation has been investigated extensively for many decades [22,23,108,113,115,118,175]. 

In early times it was assumed that MeOH formation occurs only via the hydrogenation of CO, 

even in H2-rich feed gases containing CO and CO2 [22]. Klier et al. were the first research 

group to consider CO2 as a direct reactant for MeOH [175]. In their experiments, which were 

conducted on a Cu/ZnO catalyst at 75 atm and between 225 and 250 °C, CO was gradually 

replaced by CO2 in the CO/H2 synthesis gas. They observed an increase in the MeOH 

synthesis rate when small amounts of CO2 were present, which they attributed to a 

promotional effect of CO2. Later, Graaf et al. showed that CO and CO2 both contribute to the 

formation of MeOH and, moreover, proposed the competitive adsorption of CO and CO2 on 

the same active sites for a Cu-Zn-Al catalyst at p = 15 – 50 bar and T = 210 – 245 °C [108]. 

At present, the prevailing view is that in CO2 containing syngas MeOH is produced 

predominantly from CO2 on Cu-based catalysts [20,60]. Experimental evidence for this 

conclusion came mainly from experiments with isotopic labelled CO and/or CO2 [113,118]. 

This way, Chinchen et al. demonstrated that MeOH is mainly produced from CO2, even in a 

reaction atmosphere with a very low CO2/CO ratio [118]. In a similar approach, Liu et al. 
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performed measurements with 
18

O labelled CO2 and demonstrated that on a Cu-Zn catalyst 

MeOH is produced from both CO and CO2 [115]. But even for a partial pressure ratio of 
2CO

p

/
CO

p  = 1/20, they found the hydrogenation of CO2 to be competitive with that of CO, which 

led them to conclude that CO2 hydrogenation is inherently faster than CO hydrogenation 

[115]. On Cu/MgO and Cu/ZnO/Al2O3 at 503 K and 30 bar, 
13

CO2 labelling experiments from 

Studt and co-workers revealed that for both catalysts, in spite of significant differences in the 

MeOH formation rates, the vast majority of MeOH is formed from CO2 [49]. This finding is 

also supported by results of a more recent study of Yang et al. on Cu/SiO2 [112]. Using 
13

C 

labelled CO in the MeOH formation from a CO2/CO mixture on Cu/SiO2, they could 

demonstrate that MeOH is mainly formed from CO2 under commercial conditions (230 – 280 

°C) and that there is a gradual shift in the dominant C source from CO2 to CO as the 

temperature is lowered to 160 °C [112]. These observations of a faster CO2 hydrogenation 

than CO hydrogenation and the conclusion that at higher temperatures, similar to commercial 

conditions, CO2 is the main source of carbon for MeOH formation in CO2 and CO containing 

reaction mixtures on Cu/ZnO-based catalysts, agree fully with my findings on the Au/ZnO 

catalyst. 

From an application point of view, this makes a high selectivity of Au catalysts for methanol 

formation even more important, since a low selectivity/high CO formation rate will not just 

increase the concentration of the undesired byproduct CO, but will also reduce the MeOH 

formation from CO2 hydrogenation. 

3.2.4 Influence of H2O on the MeOH formation rate on Au/ZnO catalyst 

One aspect which has not yet been addressed is the influence of the product water on the 

MeOH formation during CO2 hydrogenation. For Cu/ZnO catalysts it is well known that 

MeOH production depends sensitively on product inhibition by water [116]. Following the 

approach presented by Sahibzada et al. [116], I varied the total flow rate (space velocity) 

during the CO2 hydrogenation on Au/ZnO while keeping all other parameters constant (240  

°C, 50 bar, CO2/H2 = 1/3), in order to gain more information on this point. With increasing 

flow rate from 10 – 100 Nml min
-1

, the rates for MeOH formation as well as for CO 

formation both increased (see Figure 3.2-7). Exact values for each measurement are listed in 

the Supporting Information (Table S5 in Appendix A). Since this goes along with a decrease 

in CO2 conversion (from 1.4% down to 0.4%) and, hence, a decrease in product concentration 

in the catalyst bed, the data provide clear evidence for a product inhibition effect in the MeOH 
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formation reaction on Au/ZnO under present reaction conditions. Otherwise the reaction rate 

should be independent of the space velocity.  

 

 

Figure 3.2-7 Au mass-normalized MeOH and CO formation rates as well as selectivity 

during CO2 hydrogenation (15% CO2/45% H2/balance Ar) at 50 bar and 240 °C on the 

Au/ZnO catalyst at different flow rates between 10 and 100 Nml min
-1

 after calcination in 20 

Nml min
-1

 of 1% O2/Ar at 400 °C for 1 h (O400). 
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Since it is already known from the results discussed above that CO has essentially no 

influence on the MeOH formation rate from CO2 and H2 under present reaction conditions, 

where the CO2 conversion of < 1.5% limits the CO concentration to < 0.7% (see also 

Reference [153]), the observed inhibition effect must originate from the products MeOH 

and/or water. Further work to quantify this effect, however, will be done in a forthcoming 

study on the effect of water on the MeOH formation on Au/ZnO. 

3.2.5 Adsorbed surface species during CO2 hydrogenation on Au/ZnO catalyst 

In order to determine the type of surface species which are formed under reaction conditions 

in the respective reaction atmosphere and possible differences therein, I performed in situ 

DRIFTS measurements during CO2 hydrogenation and also during CO hydrogenation on the 

Au/ZnO catalyst at 5 bar and 240 °C. 

DRIFT spectra recorded 10 min and 6 h after starting the reaction and, hence, after increasing 

the pressure in the reaction cell up to 5 bar in reaction atmosphere (15% CO2/45% H2/balance 

N2) are shown in Figure 3.2-8. Before discussing these results, I notice that the intensity of the 

bands related to adsorbed species is rather low. This originates from (i) the rather high 

reaction temperature (240 °C), where the steady-state coverage of many adsorbed species is 

rather low and (ii) an increase in the absorption of the Au/ZnO sample due to (surface) 

reduction in the highly reducing atmosphere during reaction. Because of this reduction there 

is an increased concentration of donor-type defects on the ZnO surface such as oxygen 

vacancies, which results in the formation of a broad absorption band in the range of 2500 – 

1500 cm
-1 

[176]. 

Nevertheless, several species can be identified upon interaction of the Au/ZnO catalyst with 

the CO2/H2 reaction atmosphere at 5 bar and 240 °C. Based on characteristic vibrations I can 

distinguish three main regions in the spectra. The region between 3800 and 3400 cm
-1

 

includes the stretching vibrations of OH groups (   ). The range 3000 – 2700 cm
-1

 is 

characteristic for the stretching vibrations of CHx groups (    ) of adsorbed species. Finally, 

the region between 1700 and 1200 cm
-1

 contains a large variety of different bands, among 

them the symmetric and asymmetric stretching vibration of carboxylic groups (       and 

       ) and the C=O double bond vibrations (    ) of various carbonate species. Moreover, 

also a very broad absorption band of gas phase CO2 is detected between 2190 and 2400 cm
-1

, 

together with overtones of CO2 between 3800 and 3400 cm
-1

. Since these coincide with the 

region typical for gas phase CO, which may be produced by the RWGS reaction, and with the 
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stretching modes of OH groups, respectively, it is essentially impossible to evaluate the 

absorption band intensities of the latter species. 

 

 

Figure 3.2-8 DRIFT spectra of (a) OH region, (b) CH region and (c) COO region recorded 

after 10 min (bottom spectrum) and 6 h (top spectrum) during CO2 hydrogenation (15% 

CO2/45% H2/balance N2) at 5 bar, 240 °C on the Au/ZnO catalyst after calcination in 20 Nml 

min
-1

 of 1% O2/N2 at 400 °C for 1 h (O400). 
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Interestingly, there are almost no differences in the type and amount of adsorbed species after 

10 min and 6 h time on stream. All adspecies which can be detected after several hours are 

already present after 10 min. This fits well to the results from kinetic measurements which 

indicated that there is no change in catalytic performance, i.e. no deactivation, with time on 

stream. 

Between 3000 and 2700 cm
-1

 several bands are observed, which are located at 2948, 2938, 

2906, 2872 and 2859 cm
-1

. The band at 2948 cm
-1

 was previously assigned to formate 

adsorbed on Au [132]. The bands at 2872 and 2859 cm
-1

 belong to the CH stretching vibration 

(   ) of formate species adsorbed on the ZnO support [131,132,177-181]. The band at 2938 

cm
-1

 was proposed to correspond to the asymmetric CH3 stretching mode (       ) of 

methoxy species adsorbed on ZnO, indicating the presence of such species during the reaction 

[131,132,177-180]. A band at 2906 cm
-1

 is tentatively attributed to the stretching mode of the 

CH bond, which most likely belongs to MeOH. In the region below 1700 cm
-1

 several bands 

develop, with the most prominent ones located at 1576 and 1365 cm
-1

. These latter bands are 

assigned to the symmetric and asymmetric COO stretching vibrations (       and        ) of 

adsorbed formate species [94,131,132,177-180]. Several other bands in this region, e.g., at 

1543, 1508 and 1419 cm
-1

, likely belong to other carbon-containing species. Although a more 

precise assignment is not possible due to the complexity of the adlayer and the rather low 

band intensities, their reproducible appearance in the spectra indicates that they are indeed 

real. The identification of the bands in this region is further hindered by the broad absorption 

band centered at 2500 – 1500 cm
-1

 originating from the high concentration of oxygen 

vacancies (see above). 

In the region below 1200 cm
-1

 several studies reported bands that correspond to the CO 

stretching vibration of methoxy species adsorbed on the support cations (1058 cm
-1

) and 

gaseous MeOH (1034 cm
-1

) during dissociative MeOH adsorption on ZnO and Au/ZnO 

[131,132,177,178,180]. These bands were not observed during CO2 hydrogenation under 

present reaction conditions. In particular the absence of a band at around 1050 cm
-1

 (   ), 

which is assigned to methoxy species adsorbed on ZnO [131,179], is remarkable, since this 

usually appears simultaneously with the band I observed at 2938 cm
-1

. The observation of 

only the high wavenumber peak, however, agrees well with previous findings on Cu/ZnO that 

both bands related to methoxy species were observed only for rather low adsorption/reaction 

temperatures (170 °C) [179]. With increasing temperature, the intensity of the low 

wavenumber peak continuously decreases, and finally disappears above 220 °C. Moreover, 

Kähler et al. observed bands at 2932 cm
-1

 and 1055 cm
-1

 only upon MeOH adsorption on 
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ZnO, but not on Au/ZnO [131]. They reported that the broad band resulting from Au/ZnO 

surface reduction superimposes all other bands and makes it impossible to analyze this region. 

Hence, under present reaction conditions it is reasonable to assign the band at 2938 cm
-1

 to 

methoxy species, even in the absence of a low frequency band at around 1050 cm
-1

. 

From these results I suggest that the exposure to a CO2/H2 mixture produces mainly adsorbed 

formate species. Considering a number of previous IR spectroscopic studies, which pointed to 

a pivotal role of formate in the mechanism of the MeOH formation reaction from CO2, both 

on supported Cu catalysts [44,49,107,114,121,122,124] and on a Au/ZnO catalyst [131], these 

formate species are likely one of the key intermediates in MeOH synthesis from CO2. 

Adsorbed formate species have also been proposed to represent the intermediate in the WGS 

reaction and, considering microscopic reversibility, in the reverse reaction (RWGS) 

[121,182,183]. Very recently, however, Kunkes et al. showed by H/D substitution, that 

formate is only a spectator species in the RWGS reaction, but an intermediate for MeOH 

formation from CO2 on Cu/ZnO/Al2O3 at 30 bar and 250  °C [44]. They proposed that the 

MeOH formation and the RWGS reaction do not proceed via a common intermediate and that 

therefore methanol formation from CO2 does not proceed via consecutive RWGS and CO 

hydrogenation reactions [44], which is essentially identical to my conclusions on Au/ZnO 

(see above). Finally I would like to note that while the DRIFTS results provide clear evidence 

for the formation of adsorbed formate species, they do not allow me to conclude 

incontrovertibly whether formate species indeed act as intermediate in the MeOH formation 

reaction from CO2 and H2 or whether they just represent a stable adsorbed side product. 

For zirconia supported group IB metals (Cu, Ag and Au) Baiker et al. proposed a reaction 

pathway in which adsorbed formate was formed by a rapid reduction of adsorbed CO2 in a 

first step, which was subsequently converted to COad [65]. This latter species was then 

successively hydrogenated to adsorbed formaldehyde, surface bound methylate and finally 

MeOH [65]. Since I did not observe any indication of adsorbed formyl or formaldehyde 

species when exposing the catalyst to CO2 and H2, my data do not support that mechanism. 

Considering the presence of methoxy species, which are most likely formed by the 

hydrogenation of formate, it appears more likely that on Au/ZnO catalysts CO2 is directly 

hydrogenated to MeOH, via the formation of formate and methoxy species. Such a reaction 

pathway would also fit to my results from kinetic measurements, where (i) CO2 was found to 

be more reactive than CO and (ii) the presence of CO even diminished the MeOH formation 

from CO2. 
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3.2.6 Adsorbed surface species during CO hydrogenation on Au/ZnO catalyst 

DRIFT spectra obtained during CO hydrogenation on Au/ZnO at 5 bar and 240  °C (15% 

CO/45% H2/balance N2) at several stages of the reaction, between 10 min and 10 h reaction 

time, are depicted in Figure 3.2-9. Under these conditions (5 bar) it is unfortunately not 

possible to detect and identify COad species since the dominant signal for gas phase CO 

overlaps with the absorption band of COad. Moreover, numerous peak-like structures are 

detected at almost regular intervals between 3900 and 3500 cm
-1

, near the band at 3016 cm
-1

 

and between 1600 and 1400 cm
-1

. These peak-like structures cannot be assigned to any 

specific adsorbate. Hence, there are only very few bands that can be observed in the spectra 

during CO hydrogenation. These are located at 3016, 1653 and 1305 cm
-1

 and have previously 

been assigned to gaseous CH4 [184,185], Zn-H [185,186] and bidentate carbonate species 

[125,161,187], respectively. It is interesting to note that all of these bands continuously 

decrease in intensity with reaction time, up to 10 h. Although their role in the reaction 

pathway cannot be concluded from these measurements, this decrease obviously goes along 

with a continuous decrease in activity, as has been previously observed in the kinetic 

measurements. This is very different from the CO2 hydrogenation on Au/ZnO, where I did not 

observe any deactivation in kinetic measurements. Accordingly, almost no differences in the 

type and amount of adsorbed species were detected after the first 10 min and after 6 h on 

stream in the latter reaction. 

The most important finding from these measurements is that there is a significant difference 

between the spectra measured during CO hydrogenation (Figure 3.2-9) and during CO2 

hydrogenation (Figure 3.2-8). The observation of a distinct formation of adsorbed formate and 

methoxy species during CO2 hydrogenation on Au/ZnO catalyst, but not at all during CO 

hydrogenation, provides direct evidence that both reactions proceed in parallel and via 

different reaction pathways, as was already concluded from the results of the kinetic 

measurements with increasing amounts of CO in the reaction gas feed. 
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Figure 3.2-9 DRIFT spectra of (a) OH region, (b) CH region and (c) COO region recorded 

at several stages of the reaction during CO hydrogenation (15% CO/45% H2/balance N2) at 5 

bar, 240 °C on the Au/ZnO catalyst after calcination in 20 Nml min
-1

 of 1% O2/N2 at 400 °C 

for 1 h (O400). From bottom to top: after 10 min, 30 min, 1 h, 2 h, 4 h, 6 h and 10 h. 
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3.2.7 Conclusions 

Aiming at a potential application of Au/ZnO catalysts for the synthesis of “green MeOH” as 

an energy storage molecule in renewable energy concepts, I have investigated the 

hydrogenation of CO2 over a Au/ZnO catalyst at elevated pressures between 5 and 50 bar and 

240 °C. Kinetic measurements, performed in order to reveal the effect of total pressure and of 

the presence of CO on the activity and selectivity of Au/ZnO catalyst for MeOH formation, 

were supplemented by in situ DRIFTS measurements to identify and compare the adsorbed 

surface species formed during the formation of MeOH either from CO2/H2 or CO/H2. The 

results of these measurements led me to the following conclusions: 

1. The activity as well as the selectivity of a commercially available Au/ZnO catalyst 

increase with increasing pressure from 5 – 50 bar. While there is a threefold increase in 

the MeOH formation rate, the CO formation rate increases only slightly in the same 

pressure range, resulting in an increase in selectivity from approximately 49% at 5 bar to 

approximately 70% at 50 bar. 

2. Over the entire pressure range investigated, between 5 and 50 bar, the metal mass-

normalized MeOH formation rate of the Au/ZnO catalyst is comparable to that of two 

industrial Cu/ZnO/Al2O3 catalysts. The CO formation rate, on the other hand, is much 

higher on the Cu/ZnO/Al2O3 catalysts. As a consequence the selectivity for MeOH 

formation of the Au/ZnO catalyst is considerably higher than that of the Cu/ZnO/Al2O3 

catalysts. Hence, also at elevated pressures, up to 50 bar, Au/ZnO catalysts are highly 

promising catalysts for the MeOH formation from CO2 and H2, in agreement with my 

earlier findings for lower pressure (5 bar). 

3. Low amounts of CO in the reaction atmosphere, up to 1%, have no measurable effect on 

the CO2 hydrogenation reaction. Accordingly, small amounts of CO produced via the 

RWGS reaction during the CO2 hydrogenation (up to 1% CO) will not affect the activity 

and selectivity of the Au/ZnO catalyst. 

4. The presence of higher CO concentrations, between 5 and 15%, in the CO2/H2 reactant 

gas mixture results in a distinct decrease of the MeOH formation. The decreasing 

MeOH formation rate with increasing CO concentration, despite the increasing total 

amount of carbon (CO2 + CO) indicates that the hydrogenation of CO2 and CO are 

competitive reactions, with lower MeOH formation rates for the CO hydrogenation 

compared to the CO2 hydrogenation. The latter point was also confirmed in additional 

measurements, which revealed that the rate of CO2 hydrogenation (in CO2/H2 mixtures) 
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on Au/ZnO is considerably higher than the rate of CO hydrogenation (in CO/H2 

mixtures). This also demonstrates that CO2 is ‘directly’ hydrogenated to MeOH and not 

converted to CO in a first step, followed by hydrogenation of adsorbed CO. 

5. Adsorbed formate and methoxy species are formed during CO2 hydrogenation on the 

Au/ZnO catalyst, where they may possibly act as reaction intermediates, but not during 

CO hydrogenation. The fundamentally different species formed during CO2 

hydrogenation and during CO hydrogenation imply that these reactions proceed via 

different, independent reaction pathways, in agreement with my findings from the 

kinetic measurements. 

Overall, these results clearly demonstrate that Au/ZnO catalysts are promising candidates for 

the MeOH formation from CO2 and H2 at elevated pressures, up to 50 bar, with high activities 

and, particularly important, high selectivities. Although the selectivity for MeOH formation is 

significantly higher than that of industrial Cu/ZnO/Al2O3 catalysts, it has to be improved 

further to exclude the negative effects of the remaining CO, which is formed via the RWGS 

reaction, on the CO2 hydrogenation to MeOH at high conversions, as they are strived for in 

practical application. The development of related concepts is topic of future work. 
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3.3 Methanol synthesis via CO2 hydrogenation over a Au/ZnO catalyst – An isotope 

labelling study on the role of CO in the reaction process  

The following sections were first published in Phys Chem Chem Phys 2016, 18, 10781-

10791: Y. Hartadi, D. Widmann, R.J. Behm “Methanol synthesis via CO2 hydrogenation over 

a Au/ZnO catalyst: An isotope labelling study on the role of CO in the reaction process” [188] 

by the PCCP Owner Societies. The experiments were conceived, designed and performed by 

Yeusy Hartadi. The paper was written by Yeusy Hartadi, Dr. Daniel Widmann and Prof. Dr. 

R.J. Behm. Please note that the journal article has been slightly modified to fit the style and 

layout of the thesis, and to attain a consecutive numbering of figures and references 

throughout the thesis. Moreover, the original experimental section of the paper has been 

removed, because the experimental procedures have already been thoroughly described in 

chapter 2 of the present thesis. 

A promising approach in renewable energy concepts to overcome natural fluctuations in the 

supply of renewable energy involves the conversion and storage of excess electrical energy in 

the form of chemical energy [2,3]. Methanol (MeOH) as a storage molecule is of particular 

interest, since it can be easily stored and transported [9,19]. It can be used as a source of CO2-

neutral synthetic fuels [18] or as feedstock for the synthesis of a variety of basic materials 

[19,20]. At present MeOH is mainly produced from syngas, which contains CO, CO2 and H2, 

which is obtained from catalytic reforming of fossil fuels [20]. However, by replacing fossil 

fuels as the carbon source with anthropogenic CO2 from industrial exhaust or coal power 

plants [35-39], for example, the so-called "green MeOH" can be produced 

[33,34,40,42,46,91]. This way also the overall CO2 emission can be diminished [33,34,35-

39,40,42,46,91]. Technically this process was applied first in the Emission-to-Liquid (ETL) 

technology developed by Carbon Recycling International (CRI), which, since 2011, has been 

operating the commercial George Olah Renewable Methanol Plant with a production capacity 

of 5 million liters per year [33,43]. 

In the industrial MeOH production from CO2-enriched syngas typically Cu/ZnO+MeOx 

catalysts are employed [20]. These have been optimized to a very high performance level 

under industrial reaction conditions (at elevated temperatures and pressures) because of the 

enormous importance of industrial MeOH production [22-25,27-32]. Accordingly, one may 

assume that it is also a reasonable, highly active candidate for CO2 hydrogenation for the 

above described application. MeOH formation from CO2, however, is usually accompanied 

by the undesirable formation of CO via the reverse water gas shift (RWGS) reaction [44-

46,60,153,172]. Thus, besides high MeOH formation rates, the selectivity towards MeOH 
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formation represents another crucial factor that has to be considered. So far only a very 

limited number of catalytic systems is known, which show no or almost no activity for the CO 

formation in CO2/H2 reaction gas mixtures for MeOH formation, for example, differently 

promoted Cu-based catalysts [48,70,189], Au and Ag supported on 3ZnOZrO2 [70], carbon 

nanotubes supported Pd-ZnO catalysts [37], or a pre-reduced LaCr0.5Cu0.5O3 catalyst [191]. 

Previous studies on commercial Cu-based catalysts have shown that these are active for the 

reverse water gas shift (RWGS) reaction between 230 and 260  °C, resulting in the formation 

of rather large amounts of CO in addition to MeOH and, hence, rather low selectivities 

towards MeOH [153,172,197-200]. For example, testing the activity and selectivity of two 

commercial Cu/ZnO/Al2O3 catalyst samples at total pressures between 5 and 50 bar (CO2/H2 

= 1/3), I recently obtained selectivities towards MeOH of only 16% and 42%, respectively 

[153]. Some supported Au catalysts, on the other hand, are significantly more selective 

compared to the commercial Cu-based catalysts under identical reaction conditions [153,172]. 

This is particularly true for Au/ZnO [153,172]. While their noble metal mass-normalized 

activity for MeOH is comparable to that of Cu catalysts, their selectivity is much higher, 

about 50% at 5 bar and almost 70% at 50 bar [153,172]. A more detailed comparison of the 

catalytic performance (activities and selectivities) over commercial Cu- and Au-based 

catalysts is given in References 153 and 172. At present, the much higher price of gold 

compared to that of copper renders CO2 hydrogenation to MeOH on supported Au catalysts 

economically not competitive, but these previous findings clearly demonstrated their 

promising potential for certain applications, e.g., for small scale operation under dynamic 

operation conditions, as expected in renewable energy concepts [153]. It is also very 

interesting from a scientific point of view to understand the origin of the high activity and 

selectivity of Au/ZnO catalysts for CO2 hydrogenation to MeOH. Here it is worth mentioning 

that for both Au- and Cu-based catalysts the presence of Zn species seems to be mandatory in 

order to achieve high MeOH formation rates as well as selectivities [91,93,153]. This suggests 

that Au/ZnO and Cu/ZnO benefit from the same effect, namely the partial reduction of ZnO 

under reaction conditions in the highly reductive atmosphere and subsequent migration of 

ZnOx surface species on the Au or Cu nanoparticles, resulting either in the formation of a 

AuZn or CuZn (surface) alloy, or the formation of a ZnOx shell [49,91,93,96,201,201]. While 

for Cu-based catalysts the formation of such species and their contribution in the reaction 

mechanism of CO hydrogenation and CO2 hydrogenation to MeOH were already 

demonstrated [49,91,93,96,201,201], similar information on Au/ZnO catalysts is so far scarce 

[153]. Nevertheless, it may be envisioned that such effects are also present on Au surfaces, 

which can thus explain the superior catalytic performance of Au/ZnO for the MeOH 



Results and Discussion  89 

 

 

formation from CO2 and H2 compared to other metal oxide-supported Au catalysts [153]. 

Interestingly, Martin et al. just recently demonstrated the promotion of Cu-ZnO-Al2O3 

catalysts for the MeOH formation by the addition of gold, which they explained by a 

stabilization of metallic Cu
0
 species in close vicinity to ZnOx [48].  

Although Au/ZnO catalysts predominantly produce MeOH, there will always be significant 

amounts of CO present in the reaction atmosphere because of its formation via the reverse 

water gas shift (RWGS) reaction. In particular this is the case at the end of the catalyst bed in 

practical applications, which aim at high CO2 conversions. Hence, there will be an increasing 

CO partial pressure along the catalyst bed. In order to minimize any detrimental effects of CO 

on the main reaction, a detailed understanding of its influence is essential. Recently I reported 

on the influence of CO on the MeOH formation characteristics in the presence of low and 

high CO partial pressures. Based on the significantly higher activities for MeOH formation 

from pure CO2/H2 mixtures than those obtained upon addition of CO to the reaction gas feed, 

I proposed that CO2 is not converted to CO first via the RWGS reaction (Equation 3.3-1), 

which is subsequently hydrogenated to MeOH (Equation 3.3-2), but is directly hydrogenated 

to MeOH (Equation 3.3-3) [172]. 

CO2 + H2 ↔ CO + H2O           (Equation 3.3-1) 

      CO + 2 H2 ↔ CH3OH     (Equation 3.3-2) 

CO2 + 3 H2 ↔ CH3OH + H2O    (Equation 3.3-3) 

In this case CO does not represent a reaction intermediate in the CO2 hydrogenation, but a 

byproduct in the direct hydrogenation of CO2. Moreover, both CO2 hydrogenation and CO 

hydrogenation proceed parallel to each other under the reaction conditions used in that study. 

Furthermore, it seems likely that CO2 is the main carbon source for MeOH in CO2/CO/H2 

mixtures. A definite proof for this proposal, however, was not possible in that study, since the 

individual contributions of CO and CO2 to the MeOH formation from a CO2/CO/H2 mixture 

could not be determined. 

This is the topic of the present study, in which I explored the activities of a Au/ZnO catalyst 

for CO and CO2 hydrogenation in a gas mixture containing both components, CO2 and CO, 

together with H2 by isotope labelling techniques. By adding well-defined amounts of 
12

CO 

(between 0.5 and 15%) to a reaction gas mixture containing 15% 
13

CO2 (CO2/H2 = 1/3) and 

following the corresponding changes in the amounts of 
13

CH3OH and 
12

CH3OH formation, I 

could quantify the individual contributions of 
13

CO2 and 
12

CO to the total amount of MeOH 

formed. Besides, one can also derive insights into the reaction pathway for CO2 and CO 
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hydrogenation from such studies, in particular whether CO2 is directly hydrogenated to 

MeOH or whether it is first converted to CO, which is subsequently hydrogenated. 

In contrast to Cu-based catalysts, where a number of previous studies presented ample 

evidence that the main carbon source for MeOH from synthesis gas containing both CO2 and 

CO is CO2, e.g., by kinetic investigations [114,120], isotope labelling measurements [49,112-

115] and theoretical calculations [60], direct information to resolve this question for Au 

catalysts is not yet available. 

In the following, I will, after a short summary of the physical properties of the commercial 

Au/ZnO catalyst used in this study (Section 3.3.1), present the results of the kinetic isotope 

labelling measurements using 
13

C labelled CO2 and 
12

CO (Setion 3.3.2). The influence of the 

reaction temperature, upon increasing it from 240  °C to 300  °C for a fixed ratio of 

13
CO2/

12
CO, is elucidated and discussed in Section 3.3.3. In addition to mechanistic insights I 

finally discuss the consequences of these findings for potential applications of Au/ZnO 

catalysts for the chemical storage of renewable energies. 

3.3.1 Catalyst characterization 

The Au loading of the Au/ZnO catalyst was determined by inductively coupled plasma optical 

emission spectroscopy (ICP-OES) and was found to be 1.0 wt%. TEM images of the sample 

after O400 pretreatment revealed an even distribution of the Au nanoparticles on the ZnO 

support.  A representative TEM image of the Au/ZnO catalyst after O400 pre-treatment and 

the corresponding Au particle size distribution, which is obtained from the evaluation of more 

than 400 Au particles, are shown in Figure 3.3-1. From the Au particle size distribution the 

volume-area mean diameter of the Au particles was determined to be 2.4 ± 0.4 nm, 

corresponding to a dispersion of 48.5%. The surface area of the Au/ZnO catalyst after 

calcination was 42 m
2
 g

-1
 (measured by low temperature N2 adsorption). A summary of the 

physical properties of the freshly calcined Au/ZnO catalyst is given in Table 3.3-1. 
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Figure 3.3-1 (a) Representative TEM image of the Au/ZnO catalyst after calcination in 20 

Nml min
-1

 of 1% O2/Ar at 400 °C for 1 h at atmospheric pressure (O400) and (b) the 

corresponding particle size distribution. 

Table 3.3-1 Au particle size, dispersion and catalyst surface area of the Au/ZnO catalyst 

after calcination in 1% O2/Ar at 400 °C for 1 h (O400). 

 

 After O400 

Au particle size / nm 
a)

 2.4 ± 0.4 

Dispersion / % 
b)

 48.5 

Surface area / m
2
 gcat

-1
 
c)

 41.6 

a) Measured by TEM 

b) Calculated assuming hemispherical Au nanoparticles 

c) Measured by low temperature N2 adsorption (BET) 
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Note that I already demonstrated in a previous study that the changes in the average Au 

particle size and size distribution as well as in the surface area of the Au/ZnO catalyst during 

its exposure to reaction conditions are negligible [172]. 

3.3.2 MeOH formation from 
13

CO2 and 
12

CO 

I will first focus on the overall MeOH formation rates during the CO and CO2 hydrogenation 

in CO/H2 and CO2/H2 reaction gas mixtures, respectively, at 5 bar and 240 °C. For the 

CO2/H2 reaction gas mixture I additionally also measured the influence of CO addition on the 

overall MeOH formation rate. Such data had been measured before, but only at a total 

pressure of 50 bar. Time dependent turnover frequencies (TOFs) of the MeOH formation 

during CO hydrogenation (15% CO/45% H2/balance Ar) and CO2 hydrogenation (15% 

CO2/45% H2/balance Ar) on a freshly pre-treated Au/ZnO catalyst (O400) are presented in 

Figure 3.3-2 below. 

 

 

 

Figure 3.3-2 Time dependent MeOH formation activity (turnover frequency, TOF) of the 

Au/ZnO catalyst (STREM chemicals) during CO2 hydrogenation (●, 15% CO2/45% 

H2/balance Ar) and during CO hydrogenation (○, 15% CO/45% H2/balance Ar) at 5 bar and 

240 °C after calcination in 1% O2/Ar at 20 Nml min
-1

 and 400 °C for 1 h (O400). For CO2 

hydrogenation also the activity (TOF) (♦) and selectivity (▲) for MeOH formation are 

included. 
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Obviously, both the reaction characteristics and the MeOH formation rates differ 

significantly, despite the identical partial pressures of CO and CO2 and, hence, identical C/H 

ratios. The initial activity (TOF) of Au/ZnO for the (overall) CO2 hydrogenation is ~ 5 × 10
-3

 

s
-1

. It then decreases steadily in an approximately exponential way, until it reaches a final 

activity of 3.4 × 10
-3

 s
-1

 after approximately 1000 min on stream. Focusing on MeOH 

formation only, the situation is very different. It starts at 1.1 × 10
-3 

s
-1

 and increases during the 

initial 70 min to 1.8 × 10
-3

 s
-1

. Afterwards there is a slight decrease in activity with time on 

stream (deactivation), which finally results in a TOF of 1.5 × 10
-3

 s
-1

 after 1000 min, and 

when almost no more changes in activity are observed. The initial increase in the MeOH 

formation rate is reflected also by the selectivity towards MeOH formation, which increases 

over the first 100 min, from ~ 25 to ~ 40%. For the remaining time, the selectivity continues 

to increase slowly, to approximately 45% after 1000 min on stream. This results agrees 

closely with previous findings presented in chapter 3.2 under similar reaction conditions, but 

differs somewhat from the reaction characteristics of Au/ZnO during CO2 hydrogenation at 50 

bar. For the reaction at 50 bar described in detail in chapter 3.2, the Au/ZnO catalyst is 

immediately in its most active state, and that there is hardly any deactivation with time on 

stream.  

The situation differs significantly for CO hydrogenation. In this case the initial activity at 5 

bar is close to zero. It then increases steadily during the reaction, until it reaches its maximum 

value (TOF 0.8 × 10
-3 

s
-1

) after approximately 200 min. Subsequently it decreases 

continuously with time on stream, reaching a steady-state activity of 0.5 × 10
-3 

s
-1

 after about 

1000 min. The discrepancy between the rather high initial activity for the CO2 hydrogenation 

to methanol and CO hydrogenation (to MeOH) is already the first indication that under 

present reaction conditions MeOH formation from CO2 does not proceed via the formation of 

CO (by the RWGS reaction) and its subsequent hydrogenation to MeOH, as the initial activity 

of CO hydrogenation is close to zero. The present findings for CO hydrogenation at 5 bar and 

its temporal evolution differ remarkably also from the behavior at 50 bar (chapter 3.2, Figure 

3.2-6) under otherwise identical conditions. In the case of CO hydrogenation at 50 bar, the 

activity is highest right at the start of the reaction, which is followed by a slight but 

continuous decrease with time on stream for at least 1000 min. 

The difference in the initial phase of the reaction, where an increase in the MeOH formation 

rate both for CO2 hydrogenation and for CO hydrogenation is observed for reaction at 5 bar, 

whereas at 50 bar it is approximately constant for CO2 hydrogenation and the highest for CO 

hydrogenation, may well be due to an experimental artifact. While for reaction at 5 bar the 
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first gas sample was taken about 25 min after changing from bypass to reaction gas mixture, 

this delay time was much longer for reaction at 50 bar, since it took significantly longer time 

to reach steady-state condition in the reactor gas composition. When the first gas sample is 

taken at 50 bar, the catalyst was exposed already for more than 1 h to a gas atmosphere which 

is getting increasingly closer to the final reaction gas composition. In that case it is not 

surprising that the initial activation observed at 5 bar is not detected for reaction at 50 bar, but 

occurs before the first probe is taken. Finally I would like to note that the long term 

performance of the Au/ZnO catalyst, which is relevant for possible technical applications, is 

very promising. For operation at 50 bar I did not find any indication of deactivation over 50 

hours on stream. 

The comparison of the MeOH formation activities from CO2 and CO under steady-state 

reaction conditions shows that this is significantly lower, by a factor of about 3, during the 

CO hydrogenation (3.6 × 10
-6

 mol s
-1

 gAu
-1

 and 1.2 × 10
-6

 mol s
-1

 gAu
-1 

for CO2 hydrogenation 

and for CO hydrogenation, respectively, corresponding to TOFs of 1.5 × 10
-3

 s
-1

 and 0.5 × 10
-

3
 s

-1
). This trend is consistent with previous results at 50 bar, demonstrating that at both 5 and 

50 bar CO2 hydrogenation on Au/ZnO is faster than CO hydrogenation at 240 °C under 

steady-state conditions.  

 

Figure 3.3-3 Steady-state Au mass-normalized MeOH formation rates (TOFs) during 

13
CO2 hydrogenation (15% 

13
CO2/45% H2/balance Ar) in the absence and presence of 

between 0.5 and 15% 
12

CO as well as during the 
12

CO hydrogenation (15% 
12

CO/45% 

H2/balance Ar) on a Au/ZnO catalyst (STREM Chemicals) at 5 bar and 240 °C. 
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Next I determined the influence of adding various amounts of CO (0.5 – 15% CO) to the 

CO2/H2 reaction gas mixture on the overall MeOH formation rate of Au/ZnO. The TOFs of 

MeOH formation obtained under steady-state conditions are shown in Figure 3.3-3. 

Evidently, the addition of up to 15% CO has almost no effect on the MeOH formation rate 

under present reaction conditions. Similar to reaction in a CO2/H2 mixture, the Au mass-

normalized MeOH formation rates of all different CO2/CO/H2 mixtures are about 3.6 x 10
-6

 

mol s
-1

 gAu
-1

, which corresponds to a TOF of 1.5 x 10
-3

 s
-1

 (Table 3.3-2). These MeOH 

formation rates are also comparable to the value reported previously in chapter 3.2 (see Table 

3.2-2 and Figure 3.2-3) for the CO2 hydrogenation on the same Au/ZnO catalyst under 

identical reaction conditions (3.8 x 10
-6

 mol s
-1

 gAu
-1

, 1.6 x 10
-3

 s
-1

) at 5 bar and 240 °C. 

Moreover, also the selectivity to MeOH in CO2/H2 mixtures in both studies is almost identical 

(44% and 48%, respectively). Hence, in spite of the increasing total amount of carbon 

containing species (CO2 and CO) and the increased C/H ratio, there is no significant increase 

in the rate of MeOH formation. This indicates that, similar to previous conclusions in chapter 

3.2 for the CO2 hydrogenation reaction at 50 bar, CO is not an intermediate in the CO2 

hydrogenation reaction (CO2 + H2 ↔ CO + H2O). If CO2 is first converted to CO, via the 

RWGS reaction, and the resulting CO is subsequently hydrogenated to MeOH (CO + 2 H2 ↔ 

CH3OH), one would expect an increase in the MeOH formation rate with increasing CO 

content, independent of whether the first reaction step (RWGS of CO2) or the second step 

(CO hydrogenation) is rate limiting. This is obviously not the case under present reaction 

conditions. At 50 bar under otherwise identical reaction conditions, the MeOH formation rate 

even decreased as CO was added to a reaction gas mixture containing CO2 only [172]. Hence, 

in both cases hydrogenation of CO2 and CO seem to proceed via different reaction pathways, 

which can occur in parallel. 

Further information on the effect of CO on the hydrogenation of CO2 was obtained from 

isotope labelling experiments, determining 
12

CH3OH and 
13

CH3OH product formation from 

13
CO2/

12
CO/H2 mixtures. This provides direct information on the carbon source for MeOH. 

The individual contributions of 
13

CO2 and 
12

CO to the total amount of MeOH formed at 5 bar 

and 240 °C with increasing amounts of 
12

CO added to the 
13

CO2/H2/Ar mixture are presented 

in Figure 3.3-4 (see also Table 3.3-2). 
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Figure 3.3-4 (a) Ratios of MeOH formation from CO2 and CO, respectively, during 
13

CO2 

hydrogenation (15% 
13

CO2/45% H2/balance Ar) in the absence and presence of between 0.5 

and 15% 
12

CO as well as during pure 
12

CO hydrogenation (15% 
12

CO/45% H2/balance Ar) 

and (b) corresponding MeOH formation activities (TOFs) on a Au/ZnO catalyst (STREM 

Chemicals) at 5 bar and 240 °C. 

 

As already described above, the overall MeOH formation rate is essentially the same for all 

gas mixtures except for CO only. The activity for MeOH formation from CO2, however, 

slightly decreases upon the addition of 0.5% CO (CO2/CO = 30/1), from 1.5  10
-3

 s
-1

 to 1.2  

10
-3 

s
-1

 (Figure 3.3-4). Obviously, MeOH formation from CO2 is somewhat inhibited by the 

presence of CO. At the same time, approximately 10% of the overall MeOH formed originate 

from CO (TOF = 0.14  10
-3 

s
-1

), although the partial pressure of CO is much lower than that 

of CO2. Accordingly, the fraction of MeOH from CO2 decreases from 100% (for CO2/H2 

only) to 90% in the presence of 0.5% CO (Figure 3.3-4). 
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Table 3.3-2 Au mass-normalized MeOH formation rates, turnover frequencies (TOFs) 

and MeOH isotopic compositions during 
13

CO2 hydrogenation (15% 
13

CO2/45% H2/balance 

Ar) in the absence and presence of 
12

CO (0.5 – 15%) in the reactant gas mixture as well as 

during pure 
12

CO hydrogenation (15% 
12

CO/45% H2/balance Ar) at 5 bar and 240 °C at 

steady-state conditions over a Au/ZnO catalyst (STREM Chemicals). 

 

CO 

concentration 

/ % 

MeOH 

formation rate / 

10
-6

 mol s
-1

 gAu
-1

 

MeOH 

formation 

TOF / 10
-3

 s
-1

 

Fraction of 

MeOH 

from 
13

CO2 

Fraction of 

MeOH 

from 
12

CO 

0 3.6 1.5 100 0 

0.5 3.3 1.4 90 10 

1 3.5 1.5 82 18 

5 3.4 1.4 83 17 

10 3.6 1.5 80 20 

15 3.6 1.5 78 22 

pure CO 1.2 0.5 0 100 

 

Upon increasing the CO concentration to 1% (CO2/CO = 15/1) the fraction of MeOH formed 

from CO2 decreases further to approximately 80%. Hence, up to 1% CO in the reaction gas 

mixture there is an almost linear decrease/increase in the MeOH formation rate from CO2/CO, 

respectively. Increasing the CO concentration further to 5% and higher (up to 15%; CO2/CO 

= 1/1), however, does not result in significant changes to the CO2 and CO contributions to the 

total MeOH production. For each of the reaction gas mixtures tested (15% CO2, 45% H2, 

+1%, +5%, +10% and +15% CO, balance Ar), the fractions of MeOH from CO2 and CO are 

about 80% and 20%, respectively (see Table 3.3-2). Hence, even for identical partial pressures 

of CO and CO2 the majority of MeOH formed originates from CO2, clearly indicating that 

over a wide range of CO2/CO compositions CO2 is the main carbon source for MeOH 

formation under present reaction conditions (240 °C, 5 bar). Moreover, there is no further 

increase in the MeOH formation rate from CO upon increasing the CO concentration to 

values higher than 1%. Most easily this can be explained by a saturation of CO adsorption 
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sites under these conditions, which results in a reaction order for CO close to zero for CO 

concentrations of 1% and higher. Remarkably, there is also no further inhibition of the CO2 

hydrogenation upon CO addition, clearly demonstrating that the main reaction pathway for 

this reaction is not affected by the increasing presence of CO. This situation is, however, 

different for the other products formed (MeOH and water), which have been demonstrated to 

have an inhibiting effect on the MeOH formation rate on Au/ZnO catalyst (similar to Cu-

based catalysts) (see shapter 3.2.5). This provides further evidence that the dominant reaction 

pathways for both reactions, CO2 and CO hydrogenation reactions, proceed in parallel and 

independent of each other. This finding is in good agreement with my previous findings, 

where I came to similar conclusions on the influence of CO on the overall MeOH formation 

rate for the reaction at 50 bar (for more detail refer to chapter 3.2). In chapter 3.2 I had also 

performed spectroscopic measurements in order to detect differences in the reaction 

mechanisms, for example, different adsorption sites for CO2 and CO, following the formation 

of adsorbed surface species during the CO2 hydrogenation as well as during the CO 

hydrogenation under reaction conditions of 240 °C and 5 bar by the diffuse reflectance 

infrared Fourier transform spectroscopy (DRIFTS). As the reader may well remember, from 

these measurements it was, however, unfortunately impossible to derive any insights on the 

adsorption sites for CO2 or CO. 

It should be noted that although the majority of MeOH originates from CO2 hydrogenation 

and that it is nearly independent of the CO2/CO ratio, this does not mean that MeOH 

formation from CO is little effective. This is illustrated best by the fact that even at a 

composition of CO2/CO = 30/1 (CO2 = 15%, CO = 0.5%), approximately 10% of the resulting 

MeOH comes from CO hydrogenation, which is significantly more than what would be 

expected from the composition of the reaction gas (assuming reaction orders of 1 for CO2 and 

CO). On the other hand, considering that the overall objective of this work is to efficiently 

convert CO2 to MeOH, it is most important to determine whether the formation of CO reduces 

the activity for CO2 hydrogenation to MeOH in general, which is hardly the case at present 

reaction conditions.  

In this sequence of measurements up until now I had not considered that the addition of CO to 

the CO2/H2 mixture at constant CO2 and H2 partial pressures results in increasingly higher 

C/H ratios than during the initial CO2 hydrogenation (CO2/H2 = 1/3). Since this may hamper 

the understanding of the effect of CO on the hydrogenation of CO2, I also tested the reaction 

at a similar C/H ratio of 3/1 (with 45% H2) using a reaction gas mixture of 7.5% 
13

CO2/7.5% 

12
CO/45% H2/balance Ar). Comparable with the reaction in the presence of 15% CO2 and 
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15% CO, this results again in an equimolar CO2/CO ratio, but this time with a C/H ratio of 

1/3, identical to the original gas mixture during CO2 hydrogenation only (15% CO2/45% 

H2/balance Ar). In this case the overall MeOH formation rate is slightly lower compared to 

the carbon rich reaction atmosphere (TOF 1.1  10
-3

 s
-1

), but the fractions of MeOH formed 

from CO2 and CO (77% and 23%, respectively) are almost identical to the reaction 

atmosphere with 15% CO2 and 15% CO. Obviously, the ratio of MeOH formed from CO2 and 

CO does not depend on the C/H ratio under present reaction conditions. This also means that 

the direct comparison between CO2/H2 and CO2/CO/H2 is possible despite the increasing 

amount of carbon in the reaction gas feed. 

In another additional measurement I also tested for changes in the MeOH formation rate upon 

increasing the partial pressure of CO2, while keeping the partial pressure of H2 constant. 

Hence, instead of adding CO I added CO2 to the original reaction gas mixture, which equally 

results in an increased C/H ratio, similar to the above described experiments (CO2 + CO). The 

corresponding results are shown in the Supporting Information in Appendix B (Figure S1). 

Also in this case there are almost no changes in the MeOH formation rate detected and in the 

selectivity for MeOH formation, which stays almost constant at about 3.8 x 10
-6

 mol s
-1

 gAu
-1

 

and between 44 and 41% for all reaction gas mixtures investigated (15 – 30% CO2, 45% H2 

and balance Ar), respectively. Hence, similar to the findings described above for CO, all CO2 

adsorption sites seem to be blocked in a reaction gas mixture containing 15% CO2, and further 

addition of CO2 is not beneficial for the MeOH formation rate (zero reaction order for CO2). 

However, considering the lower MeOH formation rates in the presence of 7.5% CO2 as has 

been described previously (7.5% CO2/7.5% CO/45% H2), I can assume that for CO2 contents 

lower than 15% CO2 this is no longer true and the reaction order for CO2 becomes positive at 

lower CO2 partial pressures. 

Regarding the main source of carbon in the MeOH formation on supported Au catalysts, the 

findings here are in agreement with an earlier proposal from Sakurai et al., who also claimed 

that MeOH is mainly formed from the CO2 hydrogenation [67]. This conclusion was based on 

a comparison of the CO2 hydrogenation and CO hydrogenation activity over Au catalysts and, 

hence, neither in the presence of both reactants simultaneously nor directly by isotope 

labelling experiments. On the other hand, the results obtained for Au/ZnO catalyst in this 

work are similar to the results of previous tracer atom experiments on Cu-based catalysts. 

First experiments to determine the main source of carbon in the MeOH formation from 

CO2/CO/H2 mixtures on a commercial copper-containing oxide catalyst and Cu/ZnO/Al2O3 

catalyst, respectively, were reported by Rozovskii et al. and Chinchen et al., using 
14

C 
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labelled species [113,118]. At conditions similar to those employed industrially, i.e., at 50 bar 

and temperatures between 180 and 250 °C using reaction mixtures containing 20% CO2/1% 

CO [113] or 10% CO2/10 % CO [118], both studies arrived at the conclusion that MeOH was 

predominantly formed from CO2. In addition, Chinchen et al. varied the ratio of the partial 

pressures of CO2 and CO. In that case they found that at higher partial pressures of CO2 

(CO2/CO = 1/2), MeOH was essentially formed from CO2 only, and that MeOH formation 

from CO only occurred at extremely low levels of CO2 (< 100 ppm CO2) [118]. In another, 

more recent isotope labelling experiment on Cu-based catalysts performed at 30 bar and 230 

°C with a gas mixture containing 8% 
13

CO2/6% 
12

CO/59% H2 (balance inert gas), Studt et al. 

found that more than 90% of the resulting MeOH originated from CO2, both for Cu supported 

on irreducible MgO, which exhibited a poor MeOH formation rate, and also for Cu on ZnO, 

which exhibited a high turnover MeOH rate [49]. Although the reaction conditions in these 

studies were markedly different from the reaction conditions in the present thesis, in particular 

the total pressure during reaction (5 bar here, 30 bar in the study by Studt et al.), there is 

nevertheless a good agreement on the dominant contribution of CO2 hydrogenation to MeOH, 

which points to rather similar reaction characteristics on supported Cu and Au catalysts. 

Similar findings, yet for much lower total pressures, were reported by Yang et al. who 

observed for reaction of a 
12

CO2/
13

CO/D2 reaction gas mixture (1/1/6) on a Cu/SiO2 catalyst 

under almost identical reaction conditions (6 bar and 240 °C), that also at much lower 

pressures than in the studies cited above, the majority (78%) of the MeOH formed originates 

from CO2 [112]. 

3.3.3 Influence of the reaction temperature on the MeOH formation from CO2 

For the reaction gas mixture with 15% 
13

CO2/15% 
12

CO/45% H2, I also investigated the 

changes in the isotopic composition of the product MeOH with increasing reaction 

temperature at a constant total pressure of 5 bar. After reaching steady-state at 240 °C, the 

reaction temperature was increased to 270 °C and finally to 300 °C. The corresponding 

changes to the MeOH formation rates and the isotopic composition of MeOH are plotted in 

Figure 3.3-5 (see also Table 3.3-3). 

As expected for the kinetically controlled regime (please note that for both cases, CO2 and 

CO, conversions are always well below the thermodynamic limit), the overall rate of MeOH 

formation increases with increasing reaction temperature, from 3.6  10
-6

 mol s
-1

 gAu
-1

 (TOF 

1.5  10
-3

 s
-1

) to 8.6  10
-6

 mol s
-1

 gAu
-1

 (3.6  10
-3

 s
-1

) and finally to 10.4  10
-6

 mol s
-1

 gAu
-1

 

(4.4  10
-3

 s
-1

) at 240 °C, 270 °C, and 300 °C, respectively. Although the MeOH formation 
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rate from CO2 hydrogenation also increases with increasing temperature, its fraction of the 

overall MeOH formation decreases due to the more pronounced increase of the CO 

hydrogenation with temperature, from about 78% at 240 °C to 73% at 270 °C and finally to 

68% at 300 °C. Obviously, the reaction temperature has a profound influence on the ratio of 

the (parallel) reaction pathways for CO2 and CO hydrogenation, with continuously decreasing 

contribution from CO2 with increasing temperature. Such tendency had already been reported 

by Sakurai et al. when the CO2 and CO hydrogenation activities of Au/ZnO catalysts at 

temperatures between 150 and 400 °C and at 8 atm total pressure were compared [67]. They 

observed that up to 250 °C the MeOH yield from CO2 (for CO2/H2 = 3 as well as for CO2/H2 

= 2) was higher than that from CO (CO/H2 = 2). At higher temperatures (≥ 300 °C), however, 

the MeOH yield from the CO/H2 reaction gas mixture became dominant. While their findings 

are in good agreement with our present results, both with the reaction activities measured 

separately in CO2/H2 and CO/H2 gas mixtures at 240 °C, and with the temperature dependent 

trend in the activities for COx hydrogenation in CO2/CO/H2 mixture described above, their 

proposal was somewhat tentative because those authors did not perform measurements in the 

simultaneous presence of both CO and CO2. 

 

 

 

Figure 3.3-5 MeOH formation rates (TOFs, left axis) and fraction of MeOH formed from 

13
CO2 (right axis) under steady-state conditions during reaction in 15% 

13
CO2/15% 

12
CO/45% 

H2/balance Ar (CO2/CO = 1/1) at 5 bar on a Au/ZnO catalyst (STREM Chemicals) at various 

temperatures between 240 and 300 °C. 
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Table 3.3-3 Au mass-normalized MeOH formation rates, turnover frequencies (TOFs), 

and fraction of MeOH formation from 
13

CO2 during hydrogenation of a gas mixture 

containing 15% 
13

CO2/15% 
12

CO/45% H2/balance Ar at 5 bar at steady-state conditions over a 

Au/ZnO catalyst (STREM Chemicals) at different reaction temperatures between 240 and 300 

°C. 

 

Temperature /  

°C 

MeOH formation rate 

/ 10
-6

 mol s
-1

 gAu
-1

 

MeOH TOF 

/ 10
-3

 s
-1

 

Fraction of MeOH 

from 
13

CO2 

240 3.6 1.5 78 

270 8.6 3.6 73 

300 10.4 4.4 68 

 

In a recent study on MeOH formation on Au/ZnO catalyst at pressures between 20 and 40 bar 

and at a temperature of 300 °C, Strunk et al. compared of the activity of the catalyst for 

MeOH formation in CO2-containing and CO2-free reaction gas mixtures (CO/H2) [102]. They 

found that the partial replacement of CO by CO2 at 300 °C (switching from 15% CO/85% H2 

to 6% CO/8% CO2/64% H2) resulted in lower MeOH formation rates [102]. (This involved 

notably a change in the C/H ratio.) They explained this decrease of the MeOH formation rate 

in the presence of CO2 by either blocking of oxygen vacancies on ZnO, which they had 

proposed as active sites for CO hydrogenation, by stable adsorbed formate species or by the 

annihilation of these sites by the extra oxygen present in CO2. At a first view the higher 

MeOH formation rate in CO/H2 compared to a CO2-containing reaction gas mixture 

(CO/CO2/H2) reported in their study seems to be contradictory to our previous findings at 50 

bar and 240 °C on Au/ZnO which were presented in chapter 3.2, where (i) the addition of 

between 5 and 15% CO to a 15% CO2/45% H2/balance Ar mixture resulted in a decrease in 

the MeOH formation rate and where (ii) the MeOH formation rates in the presence of CO2 (in 

the absence and presence of CO) were always significantly higher than those obtained in a 

reaction gas mixture containing only CO/H2. However, taking into account the continuously 

higher contributions from CO to the overall MeOH formation with increasing temperature, 

this apparent discrepancy can easily be rationalized. Obviously, CO hydrogenation becomes 

increasingly more important for MeOH formation upon increasing the reaction temperature 

from 240 °C to 300 °C. 
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The more pronounced increase in the MeOH formation from CO with increasing temperature 

points directly to a higher apparent activation energy for the CO hydrogenation compared 

with the CO2 hydrogenation. To derive more insights into the apparent activation barriers in 

the MeOH formation via the CO2 hydrogenation and the CO hydrogenation, I measured their 

activities in a temperature range between 220 °C and 270 °C in CO2/H2 and CO/H2 mixture. 

The results obtained are presented in Figure 3.3-6. 

 

Figure 3.3-6 (a) Steady-state MeOH formation rates (TOFs) during CO2 (15% CO2/45% 

H2/balance Ar) and CO (15% CO/45% H2/balance Ar) hydrogenation at 5 bar and 

temperatures between 220 and 270 °C and (b) Arrhenius plots of the MeOH formation rates 

obtained in the measurements above. For comparison, I also show the activities for MeOH 

formation from CO2 and CO in a mixture containing 15% CO2/15% CO/45% H2/balance Ar 

under the same reaction conditions. 
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The results of these measurements show that for both reactions, the TOF for MeOH formation 

continuously increases as temperature increases. Consistent with the results presented above, 

the MeOH formation from CO2 is always higher than that from CO in the temperature range 

investigated (up to 270 °C). The apparent activation energies for MeOH formation calculated 

from the temperature dependence of the rates are 66  5 and 92  5 kJ mol
-1

 for the CO2 

hydrogenation and CO hydrogenation on Au/ZnO at 5 bar, respectively (see Figure 3.3-6). 

For comparison, the activities for MeOH formation from CO2 and CO measured in the 

simultaneous presence of CO and CO2 (15% CO2/15% CO/45% H2/balance Ar) at 240  °C, 

270  °C, and 300  °C are also included in this figure. For 240 and 270 °C, the MeOH 

formation rates from CO2 in the CO2/CO mixture and in pure CO2 are rather close to each 

other and show an almost identical temperature dependency. Only at 300 °C the MeOH 

formation from CO2 is somewhat lower than expected, but this may easily be rationalized by a 

decreasing selectivity for MeOH formation with increasing reaction temperature. Similar to 

that, also for MeOH formation from CO, the activities are slightly higher for pure CO than 

those obtained in the presence of CO2. Furthermore, the temperature dependence of the 

activities of MeOH formation in a CO2/CO mixture and those in pure CO2 and pure CO is 

comparable up to 270 °C. Overall it is obvious from these measurements that the apparent 

activation energy for CO hydrogenation is higher compared to that for MeOH formation from 

CO2 for the individual reactions as well as for reaction gas mixtures containing CO2 and CO. 

This provides additional evidence that the CO2 hydrogenation to MeOH proceeds not via the 

RWGS reaction (CO2 + H2 ↔ CO + H2O). Otherwise, CO hydrogenation would be part of the 

MeOH formation from CO2 and accordingly should have at least the same activation barrier 

as CO2 hydrogenation. Hence, also these results indicate that CO2 is directly hydrogenated to 

MeOH under present reaction conditions. Since neither for the CO2 hydrogenation nor for the 

CO hydrogenation the nature and number of active sites or the local coverages of adspecies 

and reaction intermediates are known, the physical origin of the different apparent activation 

energies and hence the increasing contribution from CO to the overall MeOH formation with 

increasing temperature need to be addressed in future studies. 

In chapter 3.1 I had already compared Au catalysts with different oxide supports and different 

Au particle sizes (for Au/ZnO) in order to unravel the active site(s). Moreover, I had also 

performed operando IR spectroscopic measurements both during CO2 hydrogenation and 

during CO hydrogenation on Au/ZnO to gain further insight into the nature of the adspecies 

formed during reaction. So far, however, these measurements did not allow me to draw firm 

conclusions on the nature of the active site or of the reaction intermediates. This is the topic of 
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an ongoing study in the institute, which aims at gaining more mechanistic insight, for 

example, by using Au/ZnO catalysts with different Au loadings. 

3.3.4 Consequences of the results on applications in renewable energy storage 

The main aim of the present study is to elucidate clearly the role of CO in the hydrogenation 

of CO2 to MeOH. The CO2 hydrogenation reaction may be part of concepts for renewable 

energy storage, if the H2 required for this reaction is produced by renewable energies. It may 

help to overcome natural fluctuations in the supply of renewable energy as well as to diminish 

the overall CO2 emission if CO2 is obtained from industrial exhausts, such as coal power 

plants or cement plants. This, however, is only feasible if (i) the catalysts used for CO2 

hydrogenation are  highly selective towards MeOH formation, if (ii) the CO formed via the 

parallel RWGS reaction has no or only little detrimental effect on the MeOH formation 

activity from CO2, and if (iii) the CO resulting from the RWGS reaction can also be 

efficiently hydrogenated to MeOH. I have already demonstrated previously that Au/ZnO 

catalysts have, to the best of my knowledge, higher selectivity towards MeOH formation in 

this process compared with that of the commercial Cu-based systems. Although there is a 

small number of catalyst systems that exhibit even higher selectivities of up to 100% under 

comparable reaction conditions, for example differently promoted Cu-based catalysts, Au and 

Ag supported on 3ZnO·ZrO2, carbon nanotube supported Pd-ZnO catalysts and a pre-reduced 

LaCr0.5Cu0.5O3 catalyst, [48,70,189-191], during the CO2 hydrogenation on particularly 

Au/ZnO catalyst, there is always some CO present in the reaction gas atmosphere, whose 

partial pressure within the catalyst bed will increase together with the formation of MeOH. 

The present study provides clear evidence that the presence of up to 15% CO in the reaction 

atmosphere has almost no influence on the overall MeOH formation under present reaction 

conditions (5 bar, 240 °C). Although the MeOH formation from CO2 is slightly diminished in 

the presence of CO, this is counterbalanced by additional MeOH formation from the CO 

hydrogenation. The origin of the resulting MeOH formation, CO2 or CO hydrogenation, is 

unraveled. It should be noted that different from the present findings for reaction at 5 bar, the 

MeOH formation from CO2 was found to decrease slightly in the presence of CO 

concentrations > 1% for reaction at 50 bar. This has to be considered for practical 

applications, where the reaction will most likely be performed at rather high reaction 

pressures due to the higher MeOH yields at higher pressure. 

After the principal potential of Au/ZnO catalysts for CO2 hydrogenation to MeOH has been 

clearly demonstrated, future work shall focus (i) on improving the activity and thus lower the 
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catalyst costs, and (ii) on addressing mechanistic aspects by using operando spectroscopy. In 

this context the specific role of Au/ZnO is of particular interest. 

3.3.5 Conclusions 

From detailed kinetic isotope labelling measurements on MeOH formation from CO2 and CO 

containing reaction gas mixtures (
13

CO2/
12

CO/H2) on highly selective Au/ZnO catalysts, 

performed at 5 bar total pressure and in the temperature range of 240 to 300 °C, I arrived at 

the following conclusions: 

1. Under the present reaction conditions the activity of the Au/ZnO catalyst for CO2 

hydrogenation in CO2/H2 is significantly higher than that for CO hydrogenation in 

CO/H2 reaction gas mixture. Moreover, for reaction in CO2/CO/H2 mixtures, up to 

equimolar amounts of CO and CO2 (15% CO2 and 15% CO), CO2 is the preferred 

carbon source of MeOH. 

2. During reaction in CO2/CO/H2 mixtures, the fraction of MeOH formed from CO 

increases linearly from 10% to approximately 20% for CO contents up to 1%. At higher 

CO concentrations, however, the changes in the CO contribution to the final MeOH 

product are negligible. This is tentatively explained by saturation of the active CO 

adsorption sites under these conditions. 

3. The presence of CO in the reaction gas mixture has little effect on the activity of the 

Au/ZnO catalyst for CO2 hydrogenation to MeOH, as indicated by the very small decay 

in the TOF for MeOH formation from CO2. Furthermore, the addition of CO (0.5 - 15% 

CO) to a gas mixture containing only CO2/H2 has almost no effet on the overall MeOH 

formation rate of Au/ZnO. 

4. From the fact that the main reaction pathway for CO2 hydrogenation is little affected by 

the presence of CO, I conclude that CO2 and CO hydrogenation reactions proceed in 

parallel reaction pathways, independent of each other. Further evidence for this 

suggestion comes (i) from the time dependence of the reaction rates in CO2/H2 and 

CO/H2, where the very low activity observed for CO hydrogenation in the initial phase 

of the reaction is contradictory to the much higher initial activity for methanol formation 

from CO2 hydrogenation and (ii) from the significantly higher apparent activation 

energy of Au/ZnO for MeOH formation from CO compared to CO2. 

5. The relative activities for CO and CO2 hydrogenation depend strongly on the 

temperature. For reaction with equimolar amounts of CO2 and CO (CO2/CO/H2 = 1/1/3) 
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the main carbon source for MeOH at reaction temperatures between 240 and 300 °C is 

always CO2, but with an increasing tendency towards CO hydrogenation with increasing 

temperature. Hence, at even higher temperatures, CO is expected to eventually dominate 

the MeOH formation under otherwise identical conditions.  

Considering (i) the similar trends when comparing the activity for CO2 hydrogenation and CO 

hydrogenation as well as (ii) the qualitatively identical influence of CO addition to a CO2/H2 

gas mixture on the overall MeOH formation rate at 5 bar and at 50 bar, I am confident that the 

present findings are valid as well at elevated pressures (for example up to 120 bar), which are 

more relevant for practical applications. Overall, the results further underline the remarkable 

potential of Au/ZnO catalysts for application in the hydrogenation of CO2 to “green MeOH” 

as an energy storage molecule. 
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4 Summary 

The main objective of the present PhD thesis was the general characterization of MeOH 

synthesis by CO2 hydrogenation on metal oxide-supported Au catalysts, in particular on 

Au/ZnO catalyst, under conditions suitable for technical applications (5 - 50 bar and 220 - 240 

°C). This also involved the mechanistic understanding and, in addition, some preliminary 

conclusions on the reaction pathway of the CO2 hydrogenation on Au catalysts have been 

derived. Accordingly, I have described and presented the results of the investigations on a 

molecular level of the CO2 hydrogenation to MeOH over various metal oxide-supported Au 

catalysts using a combination of methods such as (i) conventional kinetic measurements to 

determine the activity and hence the selectivity of the Au catalysts, (ii) DRIFTS 

measurements to identify the adsorbed surface species formed during CO2 and CO 

hydrogenation and (iii) isotope labelling experiments with 
13

CO2 and 
12

CO to determine the 

individual contributions of CO2 and CO to the total MeOH formation in gas mixtures 

containing both CO2 and CO. For the hydrogenation of CO2, it is important to consider not 

only the activity of the catalysts, but also the selectivity toward MeOH formation since 

MeOH formation occurs in competition with CO formed via the RWGS reaction. Especially 

for the purpose of this work, I designed and constructed a high pressure gas mixing unit and 

reactor system with the capability of performing high pressure kinetic measurements at 

pressures between 5 and 50 bar. I also introduced for the first time in the Institute for Surface 

Chemistry and Catalysis at Ulm University DRIFTS measurements performed at a pressure 

above atmospheric pressure (p = 5 bar). 

These investigations were made in close relation to electrical energy storage strategies for the 

renewable energy sector, where clean H2 generated from renewable sources is reacted with 

anthropogenic CO2 to produce “green MeOH”. In this application MeOH production will be 

of a much smaller scale than the industrial MeOH production. Additionally, these MeOH 

plants would be decentralized since they are located close to the generation of electricity from 

renewable sources. Consequently here a dynamic operation and simple start-up and shut-

down procedures are required. 

MeOH is a very promising energy storage molecule because of several reasons, namely (i) its 

convenient liquid form which enables simple storage and transport, (ii) it can be used directly 

as a fuel due to its considerably high volumetric energy density and (iii) it is an important raw 

material in the chemical industry for the synthesis of manmade hydrocarbons and their 
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products. Au catalysts for the hydrogenation of CO2 were investigated in this thesis as an 

attractive alternative to Cu/ZnO/Al2O3 catalysts, which are widely used in the industrial 

MeOH production from syngas. Here the attractivity of supported Au catalysts results mainly 

from their already described high selectivity for the MeOH formation at much more moderate 

reaction conditions (5 - 50 bar, 200 - 250 °C) than those in the industry (50 - 100 bar, 200 - 

300 °C). The following points related to the CO2 hydrogenation on Au catalysts were 

addressed in this thesis: 

(i) The influence of the support material on both the activity and the MeOH selectivity of 

the Au catalysts and hence the exact nature of the support effect. Here the role of Au 

particles will also be briefly discussed. 

(ii) The influence of the Au particle size on the activity and the selectivity of the Au 

catalysts and hence the possible location of the active sites for CO2 hydrogenation. 

(iii) The comparison of the performance of Au catalysts, more specifically the Au/ZnO 

catalyst, with the industrial Cu/ZnO/Al2O3 catalysts in a pressure range and at 

temperatures relevant for practical applications, which are between 5 and 50 bar and 

240 °C, respectively. 

(iv) Product inhibition by CO, i.e., the influence of the byproduct CO on the reaction 

characteristics of CO2 hydrogenation over the Au/ZnO catalyst. 

(v) A mechanistic understanding of CO2 hydrogenation on Au/ZnO catalyst, which can be 

derived from the results of kinetic and DRIFTS measurements. At the same time, the 

open question of the main carbon source for MeOH from CO2/CO/H2 gas mixtures 

was also addressed. 

(vi) Product inhibition by water, i.e., the influence of the byproduct water on the activity of 

the Au/ZnO catalyst for CO2 hydrogenation. 

 

(i) A comparative study of Au catalysts supported on different metal oxides but with similar 

Au loadings and Au particle sizes (Au/ZrO2, Au/TiO2, Au/ZnO and Au/Al2O3) clearly 

demonstrated that not only the activity for CO2 hydrogenation (the formation of both MeOH 

and CO), but also the selectivity depends sensitively and directly on the nature of the support 

material. The acidity of the metal oxide support, which is measured by the electronegativity of 

the metal cation of the oxide can qualitatively explain the trends observed in the total CO2 

conversion to MeOH and CO. Au supported on more acidic oxides such as TiO2 and ZrO2 
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displays much higher total CO2 conversions to both MeOH and CO than Au supported on 

basic oxides such as ZnO and Al2O3. The acidity of the metal oxide support, however, cannot 

explain the observed results of the selectivity of the Au catalysts for MeOH formation. 

Au/TiO2, Au/ZrO2 and Au/Al2O3 exhibit rather low selectivities of < 5%. Only Au/ZnO 

shows a high selectivity toward MeOH formation, which is between 49 and 70% in the 

pressure range of 5 - 50 bar and at a temperature of 240 °C. Clearly support materials play a 

role in the activity and the selectivity of the Au catalysts even if the central questions of the 

physical origin of the very different reaction characteristics and the underlying support effects 

remain at the moment unanswered. Considering also the commercial Cu catalysts and other 

ZnO supported catalysts such as Pd/ZnO, the use of ZnO as support material seems essential 

to achieve a high activity and selectivity. Based on the results of the measurements presented 

here, I propose for Au/ZnO catalysts, similar to what has been proposed for Cu/ZnO-based 

catalysts, that the highly reducing atmosphere of MeOH synthesis can lead to a gradual 

reduction of the support and the subsequent formation of Zn surface species on the Au 

nanoparticles, for example in the form of a AuZn surface alloy, which leads to an increase in 

the catalytic activity for MeOH formation. Furthermore, considering the possible role of Zn in 

CO2 hydrogenation/MeOH formation, there is even a potential for improving the selectivity of 

Au/ZnO catalysts, for example, by the addition and optimization of the Zn surface content on 

the Au nanoparticles. This can be achieved, for example, by synthesizing nanoparticles of 

AuZn alloy or Au nanoparticles with a ZnOx shell, both of which are supported on ZnO. This 

can be a highly interesting topic for further research on the subject of CO2 hydrogenation on 

Au/ZnO catalysts. Moreover, kinetic measurement results demonstrated that ZrO2, TiO2 and 

Al2O3 alone do not show any measurable activity for either MeOH or CO formation at the 

present working conditions. Pure ZnO shows very low but measurable activities for both 

MeOH and CO formation, which increase significantly when Au nanoparticles are deposited 

on the ZnO. These results suggest that, regardless of the support material, the deposition of 

Au nanoparticles results in a drastic increase in the MeOH and CO formation activity. Au 

nanoparticles are therefore necessary for achieving high activities for both reactions.  

 

(ii) The activity and selectivity of the most selective Au catalyst, the Au/ZnO catalyst, are 

compared for Au/ZnO samples with different Au particle size but with identical Au loading. 

With increasing Au particle size, both the Au mass-normalized and Au surface area-

normalized rates of MeOH and CO formation decrease significantly but in a different way for 

the two reactions, i.e., the decrease in CO formation rate is stronger than that in the MeOH 
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formation rate. Thus the selectivity also depends sensitively on the Au particle size. 

Selectivity increases from approximately 70% to more than 80% with increasing Au particle 

size from 3 nm to about 5 nm whereas it remains nearly constant at approximately 85% for 

samples with Au particle size larger than 5 nm. This is a strong indication that both MeOH 

and CO formation reactions by the hydrogenation of CO2 are reactions that are surface-

structure sensitive. Furthermore, the TOF normalized to the number of Au atoms located on 

the surface of the Au nanoparticles decrease with increasing Au particle size. On the other 

hand, the TOF normalized to the number of perimeter Au atoms show only small variations in 

values. The differences in these particular TOF values are rather small and may be due the 

errors introduced, for example, by the assumption of hemispherical Au particles. The trend 

observed in the TOF normalized to Au perimeter atoms therefore gives an indication that the 

perimeter sites at the Au – ZnO interface represent the active sites in the synthesis of MeOH. 

 

(iii) The activity for MeOH formation on Au/ZnO, in terms of both metal mass-normalized 

formation rate and TOF per surface metal atom, at moderate conditions (5 bar, 220 - 240 °C) 

as well as at conditions suitable for industrial applications (50 bar, 220 - 240 °C) is 

comparable to that of the Cu/ZnO/Al2O3 catalysts. Most remarkably, however, is that the 

metal mass-normalized formation rates and TOF for CO formation on Au/ZnO catalyst at 

both reaction conditions are significantly lower than those on the Cu/ZnO/Al2O3 catalysts. 

Thus the selectivity of the Au/ZnO catalyst (49 and 70% at pressures of 5 and 50 bar, 

respectively) is significantly and consistently higher than that of the Cu/ZnO/Al2O3 catalysts 

(16 and 42% at 5 and 50 bar, respectively). Note that the selectivity, at least of Au catalysts, 

depends on particle size with larger particles resulting in higher selectivities. This is not the 

case here because for the selectivites mentioned above, the mean particle size of Au catalyst 

used for the experiments was 2.4 nm and that of Cu was 5.0 nm. On the whole, the results 

presented here demonstrate clearly that Au/ZnO catalysts are fundamentally attractive 

alternatives to the industrial Cu/ZnO/Al2O3 catalysts.  

 

(iv) CO produced via the RWGS reaction is always present during CO2 hydrogenation over 

Au/ZnO catalyst and may exert an influence on the reaction characteristics of the CO2 

hydrogenation. 

In the presence of low concentrations of CO of up to 1% in the CO2/CO/H2 gas mixtures, the 

total Au mass-normalized rates of formation of MeOH from CO2 and CO at 240 °C and at 
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both reaction pressures of 5 and 50 bar are nearly the same as that in a CO2/H2 mixture under 

identical reaction conditions. When the CO concentration was increased to more than 1% (up 

to equimolar amounts of CO2 and CO, i.e., 15%)  the changes to the total Au mass-normalized 

formation rate of MeOH from CO2 and CO at 5 bar compared to that from pure CO2 remain 

negligible. At 50 bar, on the other hand, high concentrations of CO between 5 and 15% result 

in a decrease in the total MeOH formation from CO2 and CO. Clearly, the total rate of 

formation of MeOH does not increase even with a considerable increase in the total amount of 

carbon species (CO2 + CO). If MeOH formation proceeds by the formation and subsequent 

hydrogenation of CO, the total rate of MeOH formation should rationally increase with the 

addition of CO to the CO2/H2 mixture. Therefore I conclude that CO2 and CO hydrogenation 

reactions proceed via different pathways, which are independent of each other and can occur 

in parallel. In addition, the rate of MeOH formation by CO2 hydrogenation (in CO2/H2 

mixtures) is considerably higher than that formed by CO hydrogenation (in CO/H2 mixtures) 

at both pressures near/at steady-state conditions. This further supports that MeOH is formed 

directly from CO2 (CO2 + 3 H2 → CH3OH + H2O) and not by consecutive RWGS reaction 

(CO2 + H2 → CO + H2O) and CO hydrogenation (CO + 2H2 → CH3OH). This is also the first 

indication that the preferred carbon source for MeOH is CO2 and not CO. 

The evaluation of the individual contribution of CO2 and CO to the total MeOH formation is 

made possible with the use of isotope labelling techniques where 
13

CO2 and 
12

CO are present 

simultaneously. During the reaction in 
13

CO2/
12

CO/H2 gas mixtures, the fraction of MeOH 

formed from CO increases linearly from 10% to approximately 20% for CO contents up to 

1%. Here it should be noted that even for 0.5% CO in the reaction gas mixture approximately 

10% of the resulting MeOH originates from CO hydrogenation. Accordingly, MeOH 

formation from CO is rather effective, although the majority of MeOH originates from CO2. 

At CO contents higher than 1%, however, the changes in the CO contribution to the final 

MeOH product are negligible, i.e., it remains constant at approximately 20%. Firstly, this 

provides quantitative proof for the conjecture made previously that the main carbon source for 

MeOH from a CO2/CO/H2 mixtures is CO2. Secondly, this confirms the conclusion made 

earlier that the dominant pathways for CO2 and CO hydrogenation proceed in parallel and 

independent of each other because CO has only little effect on the MeOH formation from 

CO2. This is an indication that the main reaction pathways of CO2 hydrogenation is only 

affected in a minor way by increasing amounts of CO. The small decay in the MeOH 

formation from CO2 is offset by MeOH formation from CO. Further evidence that the effect 

of CO on CO2 hydrogenation is insignificant is provided by the time evolution of the reaction 
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rates in CO2/H2 and CO/H2, where the very low activity observed for CO hydrogenation in the 

initial phase of the reaction is in contrast to the much higher initial activity for methanol 

formation from CO2 hydrogenation, and by the significantly higher apparent activation energy 

of Au/ZnO for MeOH formation at 5 bar from CO compared to CO2. This last fact can be 

observed directly in the isotope labelling experiments with increasing reaction temperatures 

between 240 and 300 °C. With 78 and 68% at 240 and 300 °C, respectively, CO2 still 

accounts for the majority of the MeOH formed in this particular temperature range, however, 

an obvious shift in the main carbon source for MeOH from CO2 to CO is observed when the 

reaction temperature is increased from 240 to 300 °C (the proportion of MeOH formed from 

CO thus increases correspondingly from 22 to 32%).  

 

(v) DRIFTS measurements show that there are pronounced differences in the type of adsorbed 

surface species formed during CO2 and CO hydrogenation. During CO2 hydrogenation, 

formate and methoxy species are observed to be formed, whereas during CO hydrogenation, 

formate and methoxy species could hardly be observed. Since the surface species formed 

during CO2 and CO hydrogenation are fundamentally different, I propose that CO2 and CO 

hydrogenation proceed via different and independent reaction pathways, which is in good 

agreement with the findings from the kinetic and isotope labelling measurements. 

 

(vi) An increase in the formation rates of MeOH and CO is observed with increasing total 

flow rate of the reaction gases at 50 bar and 240 °C. The increase in formation rates is 

accompanied by a decrease in total CO2 conversion and hence a decrease in product 

concentration in the catalyst bed. This result provides an evidence for product inhibition effect 

on the MeOH formation reaction on Au/ZnO. Since CO formed during the reaction is at very 

low concentrations (< 1%), it has essentially no inhibiting effect on the MeOH formation via 

CO2 hydrogenation under the present reaction conditions, the observed inhibiting effect must 

originate from the products MeOH and/or water. 

 

Overall, the combination of kinetic, DRIFTS and isotope labelling measurements used in the 

present work has provided valuable information about the physical properties of metal oxide-

supported Au catalysts, which are necessary for gaining insights into the performance of these 

catalysts for CO2 hydrogenation. The investigation of the influences of products CO and 

water has also helped to shed more light to the reaction mechanisms of CO2 hydrogenation 
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over Au/ZnO catalysts. These particular Au catalysts are indeed very promising catalysts for 

the synthesis of MeOH as part of electrical energy storage strategies for the renewable energy 

sector due to their exceptionally high selectivity. The results of this work therefore contribute 

to a deeper understanding of the mode of action of the Au/ZnO catalysts. 
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5 German Summary 

 

Das grundlegende Ziel der vorliegenden Dissertation war eine umfassende Beschreibung der 

Methanol-Synthese mittels CO2-Hydrierung über Metalloxid-geträgerten Au-Katalysatoren 

unter technisch relevanten Arbeitsbedingungen (5 - 50 bar und 220 - 240 °C), insbesondere 

über Au/ZnO-Katalysatoren. Dies schloss auch das mechanistische Verständnis mit ein, und 

es wurden zusätzlich erste Erkenntnisse über den Reaktionsmechanismus der CO2-Hydrierung 

über Au-Katalysatoren gewonnen. 

Unter diesen Gesichtspunkten habe ich in dieser Arbeit die CO2-Hydrierung zu MeOH über 

verschiedenen Metalloxid-geträgerten Au-Katalysatoren auf molekularer Ebene unter 

Verwendung einer Kombination verschiedener Messmethoden untersucht. Diese Methoden 

waren unter anderem (i) kinetische Messungen zur Bestimmung der Aktivität und der 

Selektivität der Au-Katalysatoren, (ii) DRIFTS Messungen zur Identifizierung der 

adsorbierten Oberflächenspezies, die während der CO2- bzw. der CO-Hydrierung gebildet 

werden, und (iii) kinetische Messungen mit isotopenmarkierten Gasen (
13

CO2) zur 

Bestimmung der einzelnen Beiträge von CO2 and CO zu der insgesamt gebildeten Menge an 

MeOH in Gasgemischen, die sowohl CO2 als auch CO enthalten. Bei der Hydrierung von CO2 

ist es wichtig, nicht nur die Aktivität der Katalysatoren zu berücksichtigen, sondern auch 

deren Selektivität für die MeOH-Bildung, da parallel zur MeOH-Bildung immer auch die CO-

Bildung über die RWGS Reaktion stattfindet. Extra für die in dieser Arbeit beschriebenen 

Untersuchungen habe ich eine Hochdruck-Gasmischeinheit und ein Hochdruck-

Reaktorsystem entwickelt und aufgebaut, mit denen es möglich ist, kinetische Messungen bei 

Drücken zwischen 5 und 50 bar durchzuführen. Darüber hinaus habe ich am Institut für 

Oberflächenchemie und Katalyse der Universität Ulm zum ersten mal DRIFTS Messungen 

bei einem Druck oberhalb Atmosphärendruck durchgeführt (p = 5 bar). 

Diese Untersuchungen der CO2-Hydrierung zu MeOH über Au-Katalysatoren wurden in 

enger Beziehung zu den Strategien der Energiespeicherung für erneuerbare Energien 

durchgeführt. Hier wird aus der überschüssigen elektrischen Energie aus erneuerbaren 

Energiequellen durch Elektrolyse zunächst H2 erzeugt, der dann mit anthropogenem CO2 zur 

Reaktion gebracht wird, um "grünes MeOH" zu erzeugen. Hier ist ein dynamisches Verfahren 

und einfache Anfahr- und Abschaltvorgänge der MeOH-Anlage sehr wichtig. 
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MeOH ist aus vielen Gründen ein sehr vielversprechender chemischer Energiespeicher. 

Insbesondere folgende Eigenschaften sind dabei von Vorteil: (i) da MeOH in flüssiger Form 

vorliegt, sind eine einfache Lagerung und ein einfacher Transport möglich; (ii) MeOH kann 

aufgrund seiner hohen volumetrischen Energiedichte direkt als Kraftstoff verwendet werden; 

(iii) MeOH ist ein wichtiger Grundstoff in der chemischen Industrie, zum Beispiel für die 

Synthese künstlicher Kohlenwasserstoffe und deren Folgeprodukte. 

Bei der großtechnischen Herstellung von MeOH aus Synthesegas werden fast ausschließlich 

Cu-basierte Katalysatoren eingesetzt. In dieser Arbeit wurden Au-Katalysatoren für die 

Hydrierung von CO2 untersucht, die eine attraktive Alternative zu diesen herkömmlichen 

Cu/ZnO/Al2O3-Katalysatoren darstellen. Deren Attraktivität resultiert hauptsächlich aus ihrer 

weiter oben bereits beschriebenen hohen Selektivität für die MeOH-Bildung unter wesentlich 

milderen Reaktionsbedingungen (5 - 50 bar, 200 - 250 °C) als sie momentan in der Industrie 

verwendet werden (50 - 100 bar, 200 - 300 °C).  

Die folgenden Punkte bezüglich der CO2-Hydrierung über Au-Katalysatoren wurden in dieser 

Arbeit behandelt: 

(i) Der Einfluss des Trägermaterials auf die Aktivität der Au-Katalysatoren und auf deren 

Selektivität für die MeOH-Bildung und somit auch die genaue Funktionsweise des 

dominierenden Trägereffekts. Hier wird zudem die Funktion und die Bedeutung der 

Au Nanopartikel in der Hydrierung von CO2 kurz erörtert. 

(ii) Die Abhängigkeit der Aktivität und der Selektivität der Au-Katalysatoren von der Au 

Partikelgröße. Hierüber kann zudem auf die mögliche Lage der aktiven Stellen für die 

CO2-Hydrierung geschlossen werden. 

(iii) Ein Vergleich der Leistungsfähigkeit von Au-Katalysatoren, insbesondere des 

Au/ZnO-Katalysators, mit industriell verwendeten Cu/ZnO/Al2O3-Katalysatoren in 

einem für technische Anwendungen relevanten Druck- und Temperaturenbereich (5 - 

50 bar, 240 °C). 

(iv) Der Einfluss des (Neben-)Produkts CO auf die katalytischen Eigenschaften von 

Au/ZnO-Katalysatoren für die CO2-Hydrierung, insbesondere eine dadurch 

verursachte Hemmung der Reaktion. 

(v) Ein aus den Ergebnissen der kinetischen und IR spektroskopischen (DRIFTS) 

Messungen abgeleitetes mechanistisches Verständnis der CO2-Hydrierung auf dem 

Au/ZnO-Katalysator. Dabei wurde zusätzlich auch die bisher offene Frage nach der 

hauptsächlichen Kohlenstoffquelle für MeOH während der Reaktion in CO2/CO/H2-

Reaktionsgasgemischen behandelt. 
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(vi) Der Einfluss des (Neben-)Produkts Wasser auf die Aktivität des Au/ZnO-Katalysators 

für die CO2-Hydrierung. 

 

(i) Vergleichende Untersuchungen von vier unterschiedlich geträgerten Au-Katalysatoren mit 

ähnlicher Au-Beladung und Au-Partikelgröße (Au/ZrO2, Au/TiO2, Au/ZnO and Au/Al2O3) 

haben eindeutig gezeigt, dass sowohl die Aktivität für die CO2-Hydrierung (Bildung von 

MeOH und CO) als auch die Selektivität für die MeOH-Bildung entscheidend und direkt von 

der Natur des Trägermaterials abhängen. Mit der Azidität des als Träger verwendeten 

Metalloxids, für welche als Maß die Elektronegativität des Kations im Metalloxid 

herangezogen wird, kann der für den CO2-Umsatz (zu MeOH und CO) beobachtete Trend 

qualitativ erklärt werden: Au Katalysatoren mit einer höheren Azidität des Trägers, wie etwa 

Au/TiO2 und Au/ZrO2, weisen eine deutlich höhere Aktivität für die CO2-Hydrierung (zu 

MeOH und CO) auf als Katalysatoren mit eher basischen Oxiden als Träger (Au/ZnO und 

Au/Al2O3). Die beobachtete Selektivität der Au-Katalysatoren für die MeOH-Bildung kann 

hingegen nicht mit der Azidität des Metalloxidträgers erklärt werden. Au/TiO2, Au/ZrO2 und 

Au/Al2O3 weisen eine relativ geringe Selektivität von < 5% auf, und eine hohe Selektivität 

wurde nur über Au/ZnO beobachtet. Dieser besitzt bei Drücken zwischen 5 und 50 bar und 

bei einer Reaktionstemperatur von 240 °C eine Selektivität von 49% bis 70% für die MeOH-

Bildung. Diese Ergebnisse zeigen eindeutig, dass das Trägermaterial einen entscheidenden 

Einfluss sowohl auf die Aktivität als auch auf die Selektivität der Au-Katalysatoren hat, auch 

wenn die physikalischen Ursachen für die sehr unterschiedlichen Reaktionseigenschaften der 

verschiedenen Katalysatoren und die zugrunde liegenden Trägereffekte bisher nicht 

vollständig geklärt werden konnten. Berücksichtigt man auch die Ergebnisse anderer Studien 

über kommerziellen Cu-Katalysatoren und anderen Katalysatoren mit ZnO als Trägermaterial, 

wie z.B. Pd/ZnO, zeigt sich, dass die Verwendung von ZnO als Trägermaterial unbedingt 

notwendig ist, um eine hohe Aktivität und Selektivität zu erreichen. 

Auf Basis der hier vorgestellten Ergebnissen kann postuliert werden, dass für Au/ZnO-

Katalysatoren die stark reduzierende Reaktionsatmosphäre während der MeOH-Synthese zu 

einer schrittweisen Reduktion des Trägers und anschließend zur Bildung von Zn-

Oberflächenspezies auf den Au-Nanopartikeln führen kann, z.B. in Form einer AuZn-

Oberflächenlegierung. Dies führt schließlich zu einer Erhöhung der katalytischen Aktivität für 

die MeOH-Bildung. Unter Berücksichtigung dieser möglichen Rolle von Zn bei der CO2-

Hydrierung bzw. bei der MeOH-Bildung besteht hier sogar ein Potential zur Verbesserung der 

Selektivität von Au/ZnO-Katalysatoren, beispielsweise durch die Zugabe von Zn und dadurch 
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eine Optimierung des Zn-Oberflächengehaltes auf den Au-Nanopartikeln. Dies kann z.B. 

durch die Synthese von bimetallischen AuZn-Nanopartikeln oder von Au-Nanopartikeln mit 

einer ZnOx-Hülle und deren Abscheidung auf ZnO erreicht werden. Dies kann ein sehr 

interessanter Ansatz für zukünftige Studien zur CO2-Hydrierung über Au/ZnO-Katalysatoren 

sein. Zusätzliche Ergebnisse kinetischer Messungen über den reinen Metalloxiden ZrO2, TiO2 

und Al2O3 alleine haben zudem gezeigt, dass diese unter den gegebenen 

Reaktionsbedingungen keine messbare Aktivität für die MeOH- bzw. für die CO-Bildung 

zeigen. Reines ZnO dagegen zeigt eine sehr geringe, aber noch messbare Aktivität sowohl für 

die MeOH- als auch für die CO-Bildung, die sich signifikant erhöht, sobald Au-Nanopartikel 

auf dem ZnO abgeschieden sind. Aus diesen Ergebnissen kann geschlossen werden, dass die 

Abscheidung von Au-Nanopartikeln unabhängig vom Trägermaterial eine drastische 

Erhöhung der Aktivität für die MeOH- und die CO-Bildung zur Folge hat. Au-Nanopartikel 

sind also entscheidend und unbedingt notwendig, um hohe Aktivitäten für beide Reaktionen 

zu erreichen. 

 

(ii) Für den Katalysator mit der mit Abstand höchsten Selektivität (Au/ZnO) wurden zudem 

die Aktivität und die Selektivität in Abhängigkeit der Au-Partikelgröße bei konstanter Au-

Beladung bestimmt. Mit zunehmender Au-Partikelgröße nimmt sowohl die auf die Au-Masse 

als auch die auf die Au-Oberfläche normierte Reaktionsrate für die MeOH- und die CO-

Bildung signifikant ab. Dabei hat sich jedoch gezeigt, dass die Veränderungen der Rate mit 

der Au-Partikelgröße für die MeOH- bzw. die CO-Bildung unterschiedlich stark ausfallen. 

Die CO-Bildungsrate nimmt mit zunehmender Partikelgröße viel stärker ab als die MeOH-

Bildungsrate. Folglich hängt auch die Selektivität des Au/ZnO-Katalysators für die MeOH-

Bildung von der Au-Partikelgröße ab. Bis zu einer Partikelgröße von ca. 5 nm nimmt die 

Selektivität von etwa 70% auf mehr als 80% zu, und ab einer Partikelgröße von 5 nm bleibt 

die Selektivität nahezu konstant bei etwa 85%. Dies weist darauf hin, dass sowohl die MeOH- 

als auch die CO-Bildung während der CO2-Hydrierung empfindlich von der 

Oberflächenstruktur der Au-Nanopartikel abhängen. Daher nimmt auch die auf die Anzahl der 

Au-Oberflächenatome normierte Umschlagshäufigkeit (turnover frequency, TOF) mit 

zunehmender Partikelgröße für beide Reaktionen ab. Die auf die Anzahl der Au Atome am 

Perimeter der Grenzfläche zwischen Au und ZnO normierte Umschlagshäufigkeit variiert 

dagegen nur gering. Allerdings sind die Unterschiede in diesen TOF-Werten so gering, dass 

sie möglicherweise durch einen Fehler in ihrer Berechnung erklärt werden können, z.B. durch 

die Annahme hemisphärischer Au-Nanopartikel. Entsprechend sind die nahezu konstanten, 
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auf die Au-Perimeteratome normierten Umschlagsraten ein Hinweis darauf, dass eben diese 

Stellen am Perimeter der Grenzfläche Au-ZnO die aktiven Zentren für die MeOH-Bildung 

sind. 

 

(iii) Die Aktivität für die MeOH-Bildung über Au/ZnO unter moderaten 

Reaktionsbedingungen (5 bar, 220 - 240 °C) ebenso wie unter für industrielle Anwendungen 

geeigneten Bedingungen (50 bar, 220 - 240 °C) ist mit der von kommerziellen 

Cu/ZnO/Al2O3-Katalysatoren vergleichbar. Dies gilt sowohl für die auf die Metallmasse 

normierte Aktivität (Reaktionsrate) als auch für die auf die Anzahl der Oberflächenatome 

normierte Umschlagsrate (TOF). Viel bemerkenswerter ist allerdings, dass die Aktivität des 

Au/ZnO-Katalysators für die CO-Bildungen (Reaktionsrate und Umschlagshäufigkeit) unter 

beiden Reaktionsbedingungen signifikant niedriger ist, als die der beiden kommerziellen 

Cu/ZnO/Al2O3-Katalysatoren. Die Selektivität des Au/ZnO-Katalysators liegt zwischen 49% 

bei 5 bar und 70% bei 50 bar und ist somit wesentlich höher als die der Cu/ZnO/Al2O3-

Katalysatoren (16% und 42% bei 5 bar bzw. 50 bar). Insgesamt zeigen die hier vorgestellten 

Ergebnissen also deutlich, dass Au/ZnO-Katalysatoren in der Tat eine sehr attraktive 

Alternative zu den industriellen Cu/ZnO/Al2O3-Katalysatoren sind. 

 

(iv) Während der CO2-Hydrierung über dem Au/ZnO-Katalysator ist immer auch CO 

vorhanden, das über die RWGS-Reaktion gebildet wird. Dieses kann die 

Reaktionseigenschaften der CO2-Hydrierung beeinflussen. 

Für geringe CO-Konzentrationen von bis zu 1% in einem CO2/CO/H2-Gasgemisch ist die 

Bildungsrate für MeOH (aus CO2 und CO) bei 240 °C und bei Drücken von 5 bar und 50 bar 

nahezu identisch zu der in einem reinen CO2/H2-Gemisch unter ansonsten identischen 

Reaktionsbedingungen. Bei einer weiteren Erhöhung der CO-Konzentration auf über 1% (bis 

zu äquimolaren Mengen an CO und CO2, in diesem Fall 15%) ändert sich die Reaktionsrate 

für die insgesamt gebildete Menge an MeOH aus CO2 und CO während der Reaktion bei 5 

bar ebenfalls nur geringfügig. Bei 50 bar hingegen bewirken höhere CO-Konzentrationen 

(zwischen 5% und 15% CO) eine Abnahme der insgesamt gebildeten Menge an MeOH (aus 

CO2 und CO). Die Bildungsrate für MeOH nimmt also selbst trotz der beträchtlichen 

Erhöhung der Gesamtmenge an Kohlenstoffoxiden (CO2 + CO) nicht zu. Nimmt man an, dass 

die MeOH-Bildung aus CO2 über die Bildung und die anschließende Hydrierung von CO 

abläuft, sollte die gesamte MeOH-Bildungsrate durch die Zugabe von CO zu einer CO2/H2-
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Mischung logischerweise ebenfalls zunehmen. Daher kann man aus diesen Ergebnissen 

darauf schließen, dass die CO2- und die CO-Hydrierung über unterschiedliche, voneinander 

unabhängige und parallel ablaufende Reaktionswege erfolgen. Darüber hinaus ist die 

Geschwindigkeit der MeOH-Bildung während der CO2-Hydrierung (in CO2/H2-

Gasgemischen) nach Erreichen eines dynamischen Gleichgewichts bei beiden Drücken 

deutlich höher als während der CO-Hydrierung (in CO/H2-Gemischen). Dies ist ein weiterer 

Nachweis, dass MeOH direkt aus CO2 gebildet wird (CO2 + 3 H2 → CH3OH + H2O), und 

nicht durch die Bildung von CO (über die RWGS-Reaktion: CO2 + H2 → CO + H2O) in 

einem ersten Schritt und eine anschließende CO-Hydrierung (CO + 2 H2 → CH3OH). Dies ist 

zudem ein erster Hinweis darauf, dass CO2, und nicht CO, die bevorzugte Kohlenstoffquelle 

für MeOH ist. 

Durch die Verwendung von isotopenmarkierten Gasen ist es möglich, die einzelnen Beiträge 

von CO2 und CO zur insgesamt gebildeten Menge an MeOH zu bestimmen. Hierbei sind 

13
CO2 und 

12
CO gleichzeitig im Reaktionsgasgemisch vorhanden. Während der Reaktion in 

solchen 
13

CO2/
12

CO/H2-Gasgemischen nimmt der Anteil an aus CO gebildetem MeOH für 

CO-Konzentrationen bis 1% CO linear von 10% auf ca. 20% zu. Hierbei ist zu beachten, dass 

selbst für 0.5% CO im Reaktionsgasgemisch etwa 10% des insgesamt gebildeten MeOH aus 

der CO-Hydrierung stammen. Entsprechend ist die MeOH-Bildung aus CO ziemlich effektiv, 

auch wenn der Großteil des MeOH aus CO2 gebildet wird. Für CO-Konzentrationen von über 

1% sind die Änderungen des Beitrags von CO zum Produkt MeOH jedoch vernachlässigbar 

klein, dieser bleibt konstant bei etwa 20%. Diese Ergebnisse stellen zunächst einen 

quantitativen Beweis für die Annahme dar, dass die MeOH-Bildung in einem CO2/CO/H2-

Reaktionsgasgemisch hauptsächlich aus CO2 erfolgt. Da CO nur wenig Einfluss auf die 

MeOH-Bildung aus CO2 hat, bestätigen diese Ergebisse zudem frühere Schlussfolgerungen, 

dass die Hauptreaktionswege für die CO2- und die CO-Hydrierung parallel und unabhängig 

voneinander verlaufen. Der Hauptreaktionsweg der CO2-Hydrierung wird also nur 

geringfügig durch eine Erhöhung der CO-Konzentration beeinflusst. Die geringfügige 

Abnahme der MeOH-Bildung aus CO2 bei Zugabe von CO wird durch die MeOH-Bildung 

aus CO kompensiert. Ein weiterer Beweis für diese Schlussfolgerung stellt der zeitliche 

Verlauf der Reaktionsraten während der CO2-Hydrierung (in CO2/H2) und während der CO-

Hydrierung (in CO/H2) dar. Hier steht die sehr geringe Aktivität für die CO-Hydrierung zu 

Beginn der Reaktion im Gegensatz zu der sehr viel höheren Anfangsaktivität für die MeOH-

Bildung während der CO2-Hydrierung. Zudem ist die scheinbare Aktivierungsenergie für die 

MeOH-Bildung aus CO über dem Au/ZnO-Katalysator wesentlich höher als die für die 
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MeOH-Bildung aus CO2. Dies wurde auch in den kinetischen Messungen mit 

isotopenmarkierten Gasen bei unterschiedlichen Temperaturen (zwischen 240 °C und 300 °C) 

beobachtet. Mit 78% bzw. 68% MeOH-Bildung aus CO2 bei Reaktionstemperaturen von 240 

°C bzw. 300 °C stammt der Großteil des in diesem Temperaturbereich gebildeten MeOH 

immer aus CO2. Allerdings kann bei einer Erhöhung der Reaktionstemperatur von 240 °C auf 

300 °C eine deutliche Verschiebung zu einem höheren Anteil an MeOH aus der CO-

Hydrierung beobachtet werden. Der aus CO gebildete Anteil an MeOH nimmt dabei von 22% 

auf 32% zu. 

 

(v) Die Ergebnisse der DRIFTS Messungen zeigen, dass es ausgeprägte Unterschiede in der 

Art und Menge der während der CO2- bzw. der CO-Hydrierung gebildeten adsorbierten 

Oberflächenspezies gibt. Während der CO2-Hydrierung wird hauptsächlich die Bildung von 

Formiat- und Methoxyspezies beobachtet, während der CO-Hydrierung dagegen konnte die 

Bildung dieser Spezies nicht nachgewiesen werden. Da die während der CO2- und CO-

Hydrierung entstehenden Oberflächenspezies grundsätzlich unterschiedlich sind, liegt es 

nahe, dass diese beiden Hydrierungsreaktionen also tatsächlich über unterschiedliche und 

voneinander unabhängige Reaktionswege erfolgen. Dies stimmt mit den Ergebnissen der 

kinetischen Messungen und den Messungen mit isotopenmarkierten Gasen überein. 

 

(vi) Bei einer Erhöhung der Gesamtdurchflussrate der Reaktionsgase bei 50 bar und 240 °C 

wurde eine Zunahme der Bildungsraten von MeOH und CO beobachtet. Aufgrund des 

höheren Durchflusses nimmt gleichzeitig jedoch der Umsatz an CO2 ab, trotz der Zunahme 

der Bildungsraten. Dies wiederum führt zu geringeren Konzentrationen der Produkte im 

Katalysatorbett. Dieses Ergebnis ist ein klarer Nachweis dafür, dass ein oder mehrere 

Produkte der CO2-Hydrierung einen negativen Einfluss auf die Aktivität des Au/ZnO-

Katalysators haben und reaktionshemmend wirken. Da CO mit sehr geringen Konzentrationen 

(< 1%) unter den vorliegenden Reaktionsbedingungen im Wesentlichen kaum einen Einfluss 

auf die MeOH-Bildung während der CO2-Hydrierung hat, folgt daraus, dass die Produkte 

MeOH und/oder Wasser für die beobachtete Produktinhibierung verantwortlich sind. 

 

Insgesamt konnten in der vorliegenden Arbeit durch die Kombination von kinetischen und in-

situ IR spektroskopischen (DRIFTS) Messungen sowie von zusätzlichen Experimenten mit 

isotopenmarkierten Gasen bedeutsame Informationen über die physikalischen und 
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katalytischen Eigenschaften von auf Metalloxiden geträgerten Au-Katalysatoren erhalten 

werden. Diese Erkenntnisse sind notwendig, um tiefere Einblicke in die Leistungsfähigkeit 

dieser Katalysatoren für die CO2-Hydrierung zu erhalten. Insbesondere die Untersuchungen 

zum Einfluss der Nebenprodukte CO und Wasser haben dabei zu einem besseren Verständnis 

von den Reaktionsmechanismen während der CO2-Hydrierung über Au/ZnO-Katalysatoren 

beigetragen. Aufgrund ihrer außerordentlich hohen Selektivität für die MeOH-Bildung sind 

vor allem diese Au/ZnO-Katalysatoren in der Tat sehr viel versprechend für die Synthese von 

grünem MeOH aus anthropogenem CO2 und H2, welche zukünftig Teil einer wichtigen 

Strategie für die Speicherung elektrischer Energie aus erneuerbaren Energiequellen sein 

könnte. Die Ergebnisse dieser Arbeit tragen dabei zu einem besseren Verständnis der 

Wirkungsweise der Au/ZnO-Katalysatoren bei. 
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APPENDIX A 

Supporting Information for chapter 3.2 

 

Table S1 Metal mass-normalized MeOH and CO formation rates and selectivities for 

MeOH formation as a function of total pressure during CO2 hydrogenation (CO2/H2 = 1/3) at 

240 °C over commercially available Au/ZnO (STREM Chemicals) and Cu/ZnO/Al2O3 

catalysts (Alfa Aesar (AA) and Catalysts & Chemicals Specialties (C&CS)). 

 

Pressure 

/ bar 
Catalyst 

Formation rate / 10
-6

 mol s
-1

 gMetal
-1

 Selectivity 

/ % MeOH CO 

5 

Au/ZnO 3.8 4.0 49 

Cu/ZnO/Al2O3 (AA) 1.9 9.7 16 

Cu/ZnO/Al2O3 (C&CS) 2.1 10.8 16 

10 

Au/ZnO 5.3 5.0 52 

Cu/ZnO/Al2O3 (AA) 3.7 11.1 25 

Cu/ZnO/Al2O3 (C&CS) 4.0 13.8 23 

20 

Au/ZnO 8.2 5.7 59 

Cu/ZnO/Al2O3 (AA) 5.7 12.0 32 

Cu/ZnO/Al2O3 (C&CS) 6.9 12.9 35 

40 

Au/ZnO 11.7 6.3 65 

Cu/ZnO/Al2O3 (AA) 9.3 12.5 42 

Cu/ZnO/Al2O3 (C&CS) 9.3 14.1 39 

50 

Au/ZnO 12.0 5.0 70 

Cu/ZnO/Al2O3 (AA) 9.2 12.7 42 

Cu/ZnO/Al2O3 (C&CS) 10.4 14.3 42 
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Table S2 Turnover frequencies (TOFs) for MeOH and CO as a function of total 

pressure during CO2 hydrogenation (CO2/H2 = 1/3) at 240 °C over commercially available 

Au/ZnO (STREM Chemicals) and Cu/ZnO/Al2O3 catalysts (Alfa Aesar (AA) and Catalysts & 

Chemicals Specialties (C&CS)). 

 

Pressure 

/ bar 
Catalyst 

TOF / 10
-3

 s
-1

 

MeOH CO 

5 

Au/ZnO 1.4 1.7 

Cu/ZnO/Al2O3 (AA) 1.2 6.0 

Cu/ZnO/Al2O3 (C&CS) 1.4 7.2 

10 

Au/ZnO 2.2 2.0 

Cu/ZnO/Al2O3 (AA) 2.2 6.8 

Cu/ZnO/Al2O3 (C&CS) 2.6 9.2 

20 

Au/ZnO 3.3 2.3 

Cu/ZnO/Al2O3 (AA) 3.6 7.4 

Cu/ZnO/Al2O3 (C&CS) 4.6 8.6 

40 

Au/ZnO 4.7 2.6 

Cu/ZnO/Al2O3 (AA) 5.8 7.8 

Cu/ZnO/Al2O3 (C&CS) 6.2 9.4 

50 

Au/ZnO 4.9 2.1 

Cu/ZnO/Al2O3 (AA) 5.8 7.8 

Cu/ZnO/Al2O3 (C&CS) 7.0 9.6 
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Table S3 Catalyst mass-normalized MeOH and CO formation rates as a function of 

total pressure during CO2 hydrogenation (CO2/H2 = 1/3) at 240 °C over commercially 

available Au/ZnO (STREM Chemicals) and Cu/ZnO/Al2O3 catalysts (Alfa Aesar (AA) and 

Catalysts & Chemicals Specialties (C&CS)). 

 

Pressure 

/ bar 
Catalyst 

Formation rate / 10
-8

 mol s
-1

 gcat
-1

 

MeOH CO 

5 

Au/ZnO 3.8 4.0 

Cu/ZnO/Al2O3 (AA) 94.9 487.3 

Cu/ZnO/Al2O3 (C&CS) 98.3 515.2 

10 

Au/ZnO 5.3 5.0 

Cu/ZnO/Al2O3 (AA) 186.6 561.0 

Cu/ZnO/Al2O3 (C&CS) 190.8 662.4 

20 

Au/ZnO 8.2 5.7 

Cu/ZnO/Al2O3 (AA) 287.2 609.3 

Cu/ZnO/Al2O3 (C&CS) 329.7 609.3 

40 

Au/ZnO 11.7 6.3 

Cu/ZnO/Al2O3 (AA) 469.1 635.7 

Cu/ZnO/Al2O3 (C&CS) 444.0 676.9 

50 

Au/ZnO 12.0 5.0 

Cu/ZnO/Al2O3 (AA) 467.4 645.0 

Cu/ZnO/Al2O3 (C&CS) 497.7 684.8 
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Table S4 Au mass-normalized formation rates of MeOH and CO and selectivity for 

MeOH formation during CO2 hydrogenation at 240 °C and 50 bar at steady-state conditions 

over a Au/ZnO catalyst (STREM Chemicals) in the presence of low CO concentrations (0 – 

1%) in the reactant gas mixture (CO2/H2 = 1/3). 

 

CO 

concentration  

/ % 

Formation rate  

/ 10
-6

 mol s
-1

 gAu
-1

 Selectivity / % 

MeOH CO 

0.00 12.0 5.0 70 

0.15 11.1 4.8 70 

0.30 10.6 5.4 66 

0.70 11.3 5.5 67 
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Table S5 Au mass-normalized MeOH and CO formation rates, selectivity and CO2 

conversion at different flow rates during CO2 hydrogenation (CO2/H2 = 1/3) at 50 bar and 240 

°C over Au/ZnO after calcination in 20 Nml min
-1

 of 1% O2/Ar at 400 °C for 1 h (O400). 

 

Flow rate 

/ Nml min
-1

 

MeOH formation rate 

/ 10
-6

 mol s
-1

 gAu
-1

  

CO formation rate 

/ 10
-6

 mol s
-1

 gAu
-1

 

Selectivity 

/ % 

CO2 conversion 

/ % 

10 4.6 3.2 58.4 1.4 

20 9.0 4.9 64.7 1.2 

30 11.7 5.9 66.5 1.0 

40 13.0 5.9 68.9 0.8 

70 16.8 6.8 71.3 0.6 

100 19.5 7.2 73.1 0.4 
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Figure S1 TOFs for (a) MeOH and (b) CO during CO2 hydrogenation at 240 °C and 

pressures between 5 and 50 bar in 15% CO2/45% H2/balance Ar over Au/ZnO (■), 

Cu/ZnO/Al2O3 (Alfa Aesar/AA, ●) and Cu/ZnO/Al2O3 (Catalysts & Chemicals 

Specialties/C&CS, ) catalysts. 
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Figure S2 Catalyst mass-normalized formation rates for (a) MeOH and (b) CO during 

CO2 hydrogenation at 240 °C and pressures between 5 and 50 bar in 15% CO2/45% 

H2/balance Ar over Au/ZnO (■), Cu/ZnO/Al2O3 (Alfa Aesar/AA, ●) and Cu/ZnO/Al2O3 

(Catalysts & Chemicals Specialties/C&CS, ) catalysts. 
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Figure S3 Arrhenius plots of MeOH and CO formation from CO2/H2 and MeOH 

formation from CO/H2 obtained at 50 bar and 200 – 300 °C over Au/ZnO after calcination in 

20 Nml min
-1

 of 1% O2/Ar at 400  °C for 1 h (O400). 

 

 

 

 

APPENDIX B 

Supporting Information for chapter 3.3 

Table S1 TOFs of total amount of MeOH produced, amount of MeOH formed from 

CO2 and MeOH formed from CO obtained during hydrogenation of a 15% 
13

CO2/15% 

12
CO/45% H2 mixture at 5 bar at steady-state conditions over Au/ZnO catalyst (STREM 

Chemicals) as a function of temperature (240 – 300 °C). 

 

Temperature /  

°C 

Total MeOH 

TOF / 10
-3

 s
-1

 

MeOH from CO2 

TOF / 10
-3

 s
-1

 

MeOH from CO 

TOF / 10
-3

 s
-1

 

240 1.5 1.2 0.3 

270 3.6 2.7 0.9 

300 4.4 3.0 1.4 
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Figure S1 MeOH (■) and CO (●) formation rates as well as selectivity (♦) during CO2 

hydrogenation with increasing CO2 concentration between 15 and 30% in the CO2/H2/Ar 

reaction gas mixture at 5 bar and 240 °C on a Au/ZnO catalyst (STREM Chemicals) after 

calcination in 20 Nml min
-1

 in 1% O2/Ar at 400 °C for 1 h (O400). 
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