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Abstract 
 

The catalytic activity of Au/Al2O3 for the hydrogenation of CO2 to formic acid 

(FA) was evaluated. We found that metal–support interactions were crucial for 

gold nanoparticles to exhibit any catalytic activity since unsupported gold 

nanoparticles yielded no FA. Thermal pretreatment of Au/Al2O3 had a minor 

impact on the activity, with samples pretreated at 300 °C exhibiting the highest 

activity independent of reductive or oxidative conditions. In contrast, the 

performance of the system was strongly impacted by the solvent/base 

composition, with DMF/NEt3 systems giving higher activity than systems with 

less polar solvents (ethanol and THF), or with stronger organic bases (DBU). 

Our system followed first order kinetics with respect to Au/Al2O3 loading and 

showed zero order dependency on H2 or CO2 partial pressures. Performing this 

reaction between 55-100 °C indicated that the system to have no activation 

barrier, with higher formate yields obtained at lower temperatures without 

activity loss. FTIR measurements proposed formate species to be on the surface 

as potential intermediates. Cyanide leaching successfully removed all Au0, and 

the catalyst’s subsequent inactivity indicated that supported metallic Au0 was the 

active species in our system.   
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Chapter 1: The Development of the Hydrogen Economy 
An	Introduction	to	the	Challenges	we	face	and	the	current 	State	of	the	Art	

 

1.1. Introduction 

The development of a sustainable and environmentally benign energy economy that 

meets our ever-increasing energy demands is one of the 21st century’s greatest challenges. 

While more accessible fossil fuel reserves are facing gradual depletion, we are confronting an 

impeding climate crisis, making this challenge progressively more urgent. The environmental 

impact of greenhouse gas (GHG) emissions fuels numerous debates, but the consensus within 

the scientific community is that GHGs are primarily responsible for global warming and the 

accompanying climate change.1-3 
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Figure 1: Monthly and annual atmospheric CO2 concentrations measured at Mauna Lao observatory, Scripps 
Institute of Oceanography NOAA Earth System Research Laboratory (September 2014).4 

 

Carbon dioxide (CO2) is the gas considered responsible for the largest overall 

contribution to global warming. The atmospheric CO2 concentration has risen steadily over 

the last century, from approximately 280 parts per million (ppm) before the industrial 

revolution, to 380 ppm in 2009. More recently, in 2013 a worrying milestone was surpassed 

at the world’s longest serving sentinel spot at Mauna Lao in Hawaii. For the first time since it 

began monitoring CO2 concentrations in 1958, CO2 levels exceeded 400 ppm (Figure 1).4 

Fossil fuel combustion is considered the main culprit for the continued increasing global CO2 
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concentrations, as their relatively low price and efficient consumption make them the 

preferred energy sources.3, 5  

The negative environmental impact associated with burning fossil fuels has brought 

much political and scientific interest to reduce atmospheric CO2 emissions.3 However, our 

heavy reliance on carbon based fuels such as coal, oil, and natural gas is forecast to increase 

substantially in the near future (Figure 2). The emergence and expansion of new global 

economies, especially those of China and India, are predicted to provide the greatest 

contribution to the global thirst for fossil fuels.6 Finding a viable replacement for the fossil 

fuel economy will not occur overnight, and therefore requires scientists to search for 

pioneering yet practical solutions if we intend to avoid a climate and energy crisis.2  
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Figure 2: Estimated and projected global energy consumption per energy source.6 
  

In recent years, one of the more innovative proposals to deal with the energy crisis has 

been the so-called hydrogen economy.1 Hydrogen (H2) already holds a significant position in 

the chemical industry and, if produced using green technology, H2 may prove to be crucial in 

potential sustainable energy technologies.7, 8 The exploitation of hydrogen as an efficient fuel 

source comes with clear environmental advantages over the use of fossil fuels, most notably 

because direct hydrogen combustion to produce electricity only yields water as a by-
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product.7, 9 A major obstacle facing the hydrogen economy is the safe and reversible storage 

of hydrogen. This challenge needs to be addressed to turn the concept of a sustainable 

hydrogen economy into a reality. Moreover, including catalysis in the roadmap of this green 

solution is essential.1-3, 8, 10 

This chapter will be a general introduction to the overall thesis. The hydrogen 

economy, although not the primary focus of this thesis, forms the backdrop to which this 

thesis owes its eventual scientific and societal significance. Addressing the challenges within 

the hydrogen economy requires the elegant implementation of effective catalysts. This 

chapter will first outline the current problems facing the hydrogen economy. Next, this 

chapter discusses some of the key H2 storage media and the respective homogeneous 

catalysts that are employed during the (reversible) H2 storage process. The inadequacies of 

the use of homogeneous catalysts lead into one of the most groundbreaking discoveries 

within this field in recent years: the use of a heterogeneous supported gold catalyst to catalyse 

the storage and release of H2. This latest discovery within heterogeneous catalysis forms the 

primary focus of this thesis. Finally, this chapter ends with an outline for the remaining 

chapters of this thesis. 

 

1.2. The hydrogen economy 

The realisation of a viable hydrogen economy requires the techniques of hydrogen 

production, storage, and conversion to electrical energy to develop into a sustainable energy 

technology. This section will briefly outline the current hydrogen generation methods, 

followed by a more in depth (although far from complete) look into the proposed solutions 

for hydrogen storage and handling. This background information is essential to appreciate the 

significance of the proposed use of supported gold catalysts within a green and practical 

hydrogen economy. Figure 3 shows a basic schematic of the proposed hydrogen economy 

constituted of two pathways, one in which H2 is produced and consumed on-site, and a 

second where H2 must be transported before usage. 
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Figure 3: A schematic view of the potential hydrogen economy.2 
 
1.2.1. Current hydrogen generation and storage methods 

Hydrogen is an essential element in the chemical and petrochemical industry. The 

industrial production of H2 employs reversible steam-methane reforming (SMR) in 

combination with the water-gas shift (WGS) reactions, as shown in equations [1.1] and [1.2] 

respectively.11, 12  

 

 -1
4 2 2CH  + H O  CO + 3H ; 206 kJ molH      [1.1] 

 

 -1
2 2 2CO + H O  CO  + H ; 41kJ molH      [1.2] 

 

This transition metal-catalysed process is carried out at high temperatures (700-1200 K) and 

releases both CO2 and CO as waste products (with respect to the hydrogen economy).1, 11 

Fossil fuels such as oil and coal are also used as feedstocks for H2 production.  The use of 

these non-renewable feedstocks, their accompanying negative environmental impact and 

additional pressure on fossil fuels reserves, make it imperative that long-term H2 generation 

methods turn to alternative feedstocks to allow for a more sustainable process.2, 7  

Shortcomings also exist for H2 storage and transportation methods. Hydrogen is often 

stored and transported as a pressurised gas or liquid in tankers, cylinders, or pipelines. These 
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approaches have clear disadvantages due to the need for high-pressure equipment, the 

considerable energy demand required to bring H2 into the liquid phase, and the safety 

concerns associated with high-pressure hydrogen.2, 10, 11 

Investigations into alternative methods to store H2 have had limited success. Several 

porous materials such as zeolites, metal organic frameworks (MOFs), and polymers, as well 

as inorganic storage materials have been considered. These inorganic storage materials 

consist primarily of metallic hydrides (MHx), complex hydrides (e.g. Li(AlH4)), and covalent 

hydrides (e.g. boranes). In general, these storage media are hindered by low H2 storage 

capacities and a reliance on for high temperatures to release H2.
2, 10 An overview of molecular 

H2 storage systems is given in (Table 1). 

 

Table 1: Storage systems for molecular hydrogen.2 
 
Storage system H2 storage 

capacity, wt.% 
Comments 

Gaseous H2 tank 5 Requires high-pressure equipment 
Liquid H2 tank - High energy input for cryo techniques 
Metal hydrides 18 Low reversibility, high temperature 
Metal organic frameworks 8 Low temperature 
Doped polymers 8 Low reversibility 
Amine boranes 9 Low reversibility 

 

Hydrogen storage using organic molecules has also been explored. Organic molecules 

are easier to handle and possess greater energy efficiency than the proposed solutions in 

Table 1.10 Alcohols and formic acid (FA) are two examples of such researched H2 storage 

materials.  Methanol can be synthesised via a number of catalysed processes and is 

considered an H2 carrier candidate.2 A so-called methanol economy could be conceptualised 

using CO2 as the hydrogen carrier.13 Even though a methanol economy has benefits over 

inorganic materials as a hydrogen storage medium, FA is seen by many as a superior medium 

for reasons that are discussed in the next section.  

  

1.2.2. Hydrogen storage using formic acid 

Catalytic hydrogenation of CO2 to FA and other formate species has received renewed 

interest since the early 1990s.3, 9 An attraction to using CO2 as a hydrogen carrier is its 

conceptual simplicity.11 This section first highlights the current industrial significance of FA. 

Next, the conceptual chemical loop of direct CO2 hydrogenation to synthesise FA, and the 

corresponding FA dehydrogenation is described. The relevant thermodynamics of this 
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chemical loop are explained, and both conventional and emerging CO2 hydrogenation 

catalysts are assessed. 

 

1.2.2.1. Formic acid in industry 

Formic acid is a chemical of great industrial relevance and contributes to a wide range 

of applications.11 At present, BASF is the largest industrial manufacturer of FA with a yearly 

production of 230,000 tonnes.14 The primary uses of FA range from its adoption in the textile 

and leather industries, where it is used during dying and tanning procedures respectively, to 

their use as an additive to silage (cattle feed). Formic acid is also found in cleaning agents as 

a more environmentally acceptable replacement of mineral acids, and into synthesis of the 

artificial sweetener aspartame.15 

Industry employs four main methods to synthesise FA that include: 

1. Methyl formate hydrolysis 

2. Oxidation of hydrocarbons 

3. Hydrolysis of formamide, and 

4. Preparation of free FA from formates.  

Methyl formate hydrolysis is the main commercial FA synthesis process and employs 

methanol as a starting material. This two-step procedure is described by equations [1.3] 

and[1.4], with methanol consumed in the first step and returned in the second step. 

 

Methanol carbonylation 

 3 3CH OH + CO  HCOOCH   [1.3] 

Methyl formate hydrolysis 

 3 2 3HCOOCH  + H O  CH OH + HCOOH   [1.4] 

Additional procedures exist that are not implemented within industry.11, 15 

 

1.2.2.2. A conceptual understanding 

The simplicity of its conceptual hydrogenation/dehydrogenation cycle is one of the 

attractions of using CO2 as a hydrogen carrier (Figure 4). The first successful synthesis of 

FA/formate anion by direct CO2 hydrogenation was in 1935.16 Since then, efficient 

procedures for homogeneously catalysed CO2 hydrogenation to FA have been discovered.11 

In addition, the evolution of H2 from FA or formates has been studied using both 

heterogeneous and homogeneous catalyst systems.9 Even though CO2 hydrogenation and FA 
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dehydrogenation are two complementary steps in the same chemical loop, studies frequently 

report each step independent of the other.9, 10 Here we focus primarily on the forward CO2 

hydrogenation reaction (since this step is what is investigated in later chapters of this thesis), 

highlighting the required conditions for a thermodynamically favourable process, relevant 

catalysts and the latest developments made in closing the chemical loop. 

 

 

 

 

 

 

 

 

. 

 

Figure 4: A sustainable chemical loop for the catalysed CO2 hydrogenation and formic acid decomposition. 
Notice that this diagram suggests the use of two different catalysts. Later in this thesis, we attempt to close the 
loop by proposing the efficient use of a single catalyst. 

 

In the above catalytic cycle, FA is synthesised by hydrogenating of CO2. The 

hydrogen storage capacity of pure FA is 4.3 wt.%. The forward reaction is exothermic but 

strongly endergonic, therefore a base is employed to deprotonate FA and drive this process. 

In the absence of a base, many systems fail to produce any FA. Trialkylamines such as 

triethylamine (NEt3) are often used, although lower substituted amines and inorganic bases 

have also been reported to be effective. Furthermore, the entropy of the forward reaction is 

also improved by the dissolution of the gaseous reagents.16 The final yield of FA is not 

necessarily equal to the quantity of base present within the system, but may exceed the 

amount of base used. The reaction scheme and the accompanying thermodynamic data for the 

direct, deprotonated, and reagent dissolution pathways are given in [1.5], [1.6] and [1.7] 

respectively.10, 14, 16, 17 

 

 

2 (g) 2 (g) (l)

-1 -1 -1

-1

CO  + H   HCOOH

31.2 kJ mol 215J mol K

32.9 kJ mol

H S

G

       

  



  [1.5] 

 

H2 + CO2 HCOOH 

Catalyst A 
H2 storage 

Catalyst B 
H2 evolution 
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- +
2 (g) 2 (g) 3 (aq) (aq) 4 (aq)

-1 -1 -1

-1

CO  + H  + NH   HCOO  + NH

84.3kJ mol 250 J mol K

9.5kJ mol

H S

G

       

   



  [1.6] 

 

 

- +
2 (aq) 2 (aq) 3 (aq) (aq) 4 (aq)

-1 -1 -1

-1

CO  + H  + NH   HCOO +NH

59.8kJ mol 81J mol K

35.4 kJ mol

H S

G

       

   



  [1.7] 

 

Formic acid decomposes via two proposed pathways, namely the 

dehydrogenation/decarboxylation pathway to return to gaseous CO2 and H2 [1.8], and the 

dehydration/decarbonylation pathway that yields CO and H2O [1.9]. High selectivity towards 

pathway [1.8] is required for a hydrogen economy, since the second pathway [1.9] produces 

CO which poisons the catalysts employed in fuel cells.10 

 

 

(l) 2 (g) 2 (g)

-1 -1 -1

-1

HCOOH   CO +H

31.2 kJ mol 215J mol K

32.9 kJ mol

H S

G

     

   



  [1.8] 

 

 

(l) (g) 2 (l)

-1 -1 -1

-1

HCOOH CO +H O

28.7 kJ mol 138J mol K

12.4 kJ mol

H S

G

     

   



  [1.9] 

 

Despite a number of advantages that methanol may possess over FA as a H2 storage 

medium, FA is still considered superior. Methanol has a higher gravimetric hydrogen density 

(12.5 wt.% vs. 4.3 wt.%), as well a greater volumetric hydrogen density (99 g/L vs. 52 g/L).10 

Thermodynamically, the synthesis of methanol by CO2 hydrogenation is also more 

favourable due to the production of water from hydrogen as shown in [1.10]. However, the 

additional formation of water consumes hydrogen, thereby lowering the economic and 

ecological feasibility of this method.2, 16 Formic acid is also considered a less hazardous 

material than methanol due to methanol’s high flammability, and its toxicity that can lead to 

blindness. Formic acid however also has its own dangers as a strong organic acid that is 

highly corrosive and capable of decomposing into gases.10 
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2 (aq) 2 (aq) 3 (l) 2 (l)

-1 -1 -1

-1

CO +3H   CH OH +H O

106 kJ mol 88J mol K

79 kJ mol

H S

G

       

   



  [1.10] 

 

1.2.2.3. A solution through catalysis  

Catalysts form an integral part to the CO2 hydrogenation/FA decomposition cycle. 

The first reported synthesis of FA via CO2 hydrogenation used a Raney nickel catalyst.16 

Since the perceived resurgence of interest into FA synthesis via CO2 hydrogenation, proposed 

catalysts have been predominantly homogeneous. Several catalysts have been studied, 

varying in both metal centres and ligands, resulting in a sizeable body of literature for this 

field. For those interested in a more detailed and mechanistic discussion, as well as more 

exhaustive lists of active homogeneous catalysts, there are several articles and reviews 

dedicated to providing a more complete picture of the success and drawbacks of 

homogeneous catalysts for CO2 hydrogenation to FA.3, 16, 18 Here we are primarily concerned 

with highly active state-of-the-art catalysts, as well as the conditions under which they 

operate, and the main drawbacks associated with the use of homogeneous catalysts. 

In 1976, Inoue et al. were the first group to use a homogeneous catalyst (rhodium 

based Wilkinson catalysts, RhCl(PPh3)3) for CO2 hydrogenation to FA.18, 19 Since the initial 

discoveries, rhodium, ruthenium, and iridium organometallic complexes have been 

researched the most intensively, and have been considered as the most active catalysts for the 

production of either FA or formate derivatives. Multidentate phosphine containing ligands are 

employed in several highly active complexes.18 Some of the most recent catalysts have a 

pincer ligand, with IrIII-PNP pincer complex (containing two diisophenylphosphino 

substituents) by Nozaki and co-workers found to exhibit some of the highest recorded 

activity. This system’s highest turnover number (TON) was 3,500,000 with an accompanying 

turnover frequency (TOF) of 73,000 h-1. A higher TOF of 150,000 h-1 was obtained in the 

same study at higher temperatures at the expense of the final yield.20 The greater efficiency of 

this catalyst in comparison to competing systems may have opened up new opportunities for 

an industrial implementation of FA synthesis via this approach.3 More recently still, these 

TOFs were surpassed by Filonenko et al., who employed a Ru-PNP pincer complex (Figure 

5) that gave a TOF of 1,100,000 h-1.21 
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Figure 5: Ru-PNP pincer complex used by Filonenko et al. that produced record high activity in CO2 
hydrogenation to FA. 

 

As there is considerable research into the molecular engineering of active and robust 

homogeneous catalysts, there is also notable research into the conditions under which these 

catalysts operate most effectively. Since its initial application by Jessop et al., supercritical 

CO2 (scCO2) has played a crucial role in recent developments within H2 storage research.17, 18 

High rates of CO2 hydrogenation to FA were first reported back in 1996 using scCO2, where 

CO2 acted as both the solvent and reactant within the system. Such a system bypassed the 

need for an additional solvent.17 More recently it was shown by Preti et al. that H2 could 

successfully be stored by CO2 in neat NEt3, without the need for supercritical conditions. This 

approach yielded FA/NEt3 adducts with a maximum acid-to-amine ratio (AAR) > 1.33, 

although higher final AARs were achieved under scCO2 conditions.22 Studies sought to 

determine the effect of the base on the hydrogenation reaction. The use of bases of 

intermediate strength provided the highest activity. Employing 1,8-diazabicycloundec-7-ene 

(DBU) as a base could increase activity by an order of magnitude in comparison to of NEt3 

systems under identical conditions.18, 23, 24 

Despite their promisingly high activities, homogeneous catalysts possess a major 

drawback that hinders their large-scale adoption within industry. Catalysts, by nature, 

catalyse both the forward and backward reaction. The removal of the homogeneous catalyst is 

crucial to prevent the catalytic decomposition of FA to H2 and CO2 once high-pressure 

system is returned to ambient conditions. Separation techniques are therefore required to 

make the chemical loop feasible and to recycle the catalyst. For the development of a 

sustainable and effective hydrogen economy via FA, a highly active heterogeneous catalyst is 

desired as these are easily removed from the system, making the CO2 hydrogenation step 

more efficient and practical. 18, 22, 25 

A breakthrough towards developing a system using a heterogeneous catalyst was 

reported in 2011 by Preti et al. Their groundbreaking study since they used a commercially 
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available gold-based catalyst, thereby simultaneously discovering a new catalytic property of 

gold.25 The approach taken was similar to their group’s study in 2010 in which they used a 

homogeneous Ru-complex (in scCO2 and NEt3).
22  Preti et al.’s formation of FA/NEt3 

adducts was catalysed using 1 wt.% Au/TiO2 (AUROlite) extrudates that were active over 37 

days.25 This discovery could allow gold, already known to be catalytically active for the 

decomposition of FA,26 to complete the chemical loop (Figure 4) and allow for the 

convenient storage of H2 with CO2.
25 Supported gold could therefore be the only catalyst 

needed for a sustainable chemical cycle. These latest studies, and gold catalysis in general, 

are addressed again in the next chapter. 

 

1.3. Summary and thesis outline 

Our growing consumption of irreplaceable fuels has developed an impending energy 

crisis, with possibly a more immediate climate crisis on the horizon. Progress is necessary to 

shift away from fossil fuels and towards greener alternatives. Hydrogen has been proposed as 

a potential fuel of the future. The so-called hydrogen economy has been suggested as one of 

the most promising solutions towards meeting our energy demands while significantly 

reducing GHG emissions. The hydrogenation of CO2 to FA is seen as an innovative method 

to store and transport hydrogen in a safe and efficient manner, allowing for its use away from 

the hydrogen generation location. A sustainable and carbon neutral H2 generation technique 

is imperative to the success of an overall hydrogen economy, as is the effective employment 

of highly active catalysts for the CO2 hydrogenation and FA decomposition steps.  

Recent discoveries in CO2 hydrogenation methods have highlighted supported 

heterogeneous Au catalysts as promising candidates in closing the CO2 hydrogenation – FA 

decomposition chemical loop, making the overall procedure more practical and industrially 

feasible. Additional research into supported Au catalysts is required to explore their potential 

and to investigate whether these catalysts are a viable solution to a sustainable hydrogen 

economy. 

This thesis seeks to improve our understanding of the Au catalysed CO2 

hydrogenation. This project intends to bring the possibility of heterogeneously catalysed CO2 

hydrogenation to less extreme conditions in order to circumvent the supercritical conditions 

used in other studies.17, 25 To achieve this goal, we will first establish the need for a support in 

gold catalysed CO2 hydrogenation by using unsupported gold nanoparticles (AuNPs) in CO2 

hydrogenation reactions. Next, we investigate the conditions required to achieve reproducible 

activity for supported gold. As a result of a previous screening of supported gold catalysts, 
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we will use commercial Au/Al2O3 (AUROlite™) as this exhibited the highest activity during 

initial screening measurements (see Appendix B). Once the requirements to achieve 

reproducible catalytic activities towards FA are determined, we study the kinetics and 

stability of this catalyst in reaction. The influence of catalyst loading, gas composition, and 

temperature on the reaction rates and final yields are assessed. Materials were characterised 

to get an insight into the nature of the active site in CO2 hydrogenation. This would provide a 

better understanding of a possible mechanism. 

All experimental procedures are described in chapter 3. These include the synthesis of 

unsupported AuNPs, the parameters and reaction conditions of CO2 hydrogenation reactions, 

and cyanide leaching of Au/Al2O3. The preparation methods for catalyst characterisation, the 

relevant theory of each technique, and the instrumental parameters are also described in 

chapter 3. The results of all the experiments are presented and discussed in chapter 4. The 

most important findings within this thesis are summarised in chapter 5, in addition to an 

outlook for future studies within this field. 

Before providing the methodology and results of our research project, we address the 

unique state and role that gold catalysts serve in the ever-progressing discipline of 

heterogeneous catalysis. Chapter 2 is a literature review of the latest developments within 

heterogeneous gold catalysis, and forms as a brief background for those who have little or no 

prior exposure to gold catalysts. 
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Chapter 2: Gold Catalysis 
From	Noble	Metal	to	State‐of‐the‐Art	Catalyst	

 

2.1. Introduction 

Historically known to be chemically inert in its bulk form, Au has long been 

considered catalytically inactive.27 Indications that Au possessed catalytic properties were 

first established by Bond et al. in 1973.28 Recognition for the first major discovery within the 

field of Au catalysis goes to Haruta and co-workers, who found that supported Au 

nanoparticles (AuNPs) were highly active towards the oxidation of CO to CO2 at 

temperatures below 0 °C.29-31 Since these almost three decade old discoveries, Au catalysis 

has made remarkable progress and has seen an incredible growth in both the quantity and 

scope of its research.32  

The now established CO oxidation reactions led to considerable development for Au 

catalysis in industrially and environmentally significant processes. Gold has been studied for 

the oxidation of alcohols, aldehydes, amines, and hydrocarbons. The epoxidation of alkenes 

and selective hydrogenations of α,β-unsaturated carbonyl compounds are also areas that have 

evolved through Au catalysis. Since the initial breakthroughs by the pioneers within the field, 

the number of publications concerned with Au catalysis has grown exponentially.33-35   

Many of the reactions that are catalysed by Au involve the use of CO, O2, H2O, H2, 

and CO2; five small molecules that are vital within industrial processes such as the water-gas 

shift reaction (WGS) and methanol (MeOH) synthesis.32 One of the latest discoveries within 

the field includes the catalytic hydrogenation of CO2 to produce formic acid (FA). This new 

catalytic property of supported AuNPs, discovered by Preti et al.,25 could complete the long-

desired chemical loop of H2 storage using CO2 as described in the previous chapter (section 

1.2.2.2). To reiterate the key challenges outlined in Chapter 1, a heterogeneous catalyst is 

desired for this chemical loop in order to avoid employing expensive separation techniques to 

remove homogeneous catalysts from the FA product. The presence of an active catalyst 

promotes the reverse FA decomposition reaction once the system returns to ambient 

pressures.22, 25 

Extensive reviews regarding the potential of Au-based catalysts, whether supported or 

unsupported nanoparticles, give a great theoretical and practical overview of the status and 

future possibilities within the field.33, 35-37 This chapter focusses on aspects of Au catalysis 

that are relevant to the overall research undertaken in this thesis. Firstly, this tailored 
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literature review will give a brief theoretical background, underlining the unique properties of 

Au that make it catalytically active despite its otherwise inert nature. An aim of this thesis is 

to establish whether Au catalysed CO2 hydrogenation requires the presence of AuNPs (i.e. 

unsupported), or whether the support is a vital component to the catalytic activity. The 

activities of unsupported and supported AuNPs are therefore compared in later chapters, with 

this chapter introducing these types of Au species. First unsupported AuNPs are introduced, 

followed by a discussion of the more widely used supported AuNPs, with proposed particle-

support interactions being the focal point. This final section will proceed by emphasising the 

potential of an Au-based system closing the H2/FA chemical loop. 

 

2.2. The theory behind gold’s catalytic activity 

Much of gold’s ability to catalyse reactions, and its subsequent activity within those 

reactions, originates from a strong dependency of Au properties on Au particle size. This 

property is not unique for Au, but the degree to which Au is influenced by particle size is not 

seen with other metals.38 Stated in such a simple manner, it is easy but careless to overlook 

how a change in particle size influences a variety of important physiochemical factors, which 

in turn, collaborate towards the catalytic activity of Au.32 The factors include structural, 

energetic, and electronic changes as particle sizes decrease below a threshold diameter.38 

The catalytic activity of Au increases rapidly as the particle size decreases below 5 

nm.39 Structurally, this phenomenon has been attributed in part to the increase in the ratio of 

surface atoms (i.e. greater dispersion). The smaller particles consist of more low coordination 

edge and corner atoms, often considered to be more active within catalysis. Energetically it 

was found that the melting temperature of Au decreased with decreasing particle size. This 

allows for Au particles to be more mobile during catalysis, influencing the structure of the 

nanoparticles.38 

Electronic changes undergone by small AuNPs have received particular interest. 

Below the threshold of 5 nm, it has been established that binding energies of the Au 4f7/2 

level drop by approximately 1 eV (a result noted in a later chapter of this thesis). At even 

smaller particle sizes, there is an observed transition from metallic to non-metallic Au. This 

transition, thought to occur between 2-3 nm, yields a band gap that is significant enough for 

Au to become non-conducting and non-metallic. Gold’s non-metallic nature is often 

associated with the catalytic activity of Au, since all Au below 2-3 nm will necessarily be 

non-metallic. This also highlights how the presence of surface atoms (i.e. low coordination 
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number) is not sufficient to explain the catalytic activity of Au, since above 5 nm these 

surface atoms are completely catalytically inactive.38 

The catalytic activity of Au is not determined by a single factor, rather a combination 

of various factors acting in synchrony with each other.38 Ultimately, the use of small 

nanoparticles is an essential prerequisite for the catalytic employment of both unsupported 

and supported AuNPs. 

 

2.3. Unsupported gold nanoparticles and catalysis 

 

 

 
 
Figure 6: Schematic representation of a triphenylphosphine stabilised AuNP. Note that the AuNP core consists 
of several Au atoms. 

 

Unsupported AuNPs, also referred to as colloidal Au, have a history dating back over 

two millennia.35 These AuNPs comprise of two components: a cluster of Au atoms and 

ligands that stabilise the Au cluster (e.g. Figure 6). The first breakthroughs to synthesise 

AuNPs with controlled shapes and sizes were made by Turkevich in 1951.40 These early 

methods have undergone considerable modifications over the following decades to produce 

smaller and more controllable AuNPs. Many of these methods obtain AuNPs through the 

chemical reduction of a AuIII precursor (e.g. HAuCl4), a process that can be condensed to two 

primary synthetic steps: nucleation and successive growth. When these two steps are 

performed in a single process, the synthesis technique is called in situ. Following particle 
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growth, AuNPs are capped using stabilising agents to terminate growth and prevent 

agglomeration. In many cases, these stabilising agents may be substituted by stronger binding 

ligands. Reducing agents include (amongst others) borohydrides, organoboranes, and citric 

acid. Stabilising agents include citrates, sulphur ligands, phosphorous ligands, nitrogen-based 

ligands, dendrimers, polymers, and surfactants. In early methods by Turkevich, citrates were 

used as both the reducing agent and stabilising agent to produce particles with diameters of 

approximately 20 nm. Further research has improved this procedure and produce particles of 

5 nm.36 

At present, a conventional in situ approach is the Brust-Schiffrin method – a two-

phase synthetic procedure that successfully produced AuNPs below 5 nm. First discovered in 

1994, this method used NaBH4 as a reducing agent, and stabilised the Au0NPs with 

alkylthiols. Tetraoctylammonium bromide (TOAB) was required as a phase-transfer reagent 

to bring aqueous AuCl4
- into the alkylthiol containing organic phase. As the alkylthiol reacts 

with the growing Au0NP, the S-H bond within the thiol is broken and the relatively strong 

Au-S bonds inhibit particle growth beyond 2-5 nm. Control over the average AuNP size is 

achieved by altering the stabiliser-to-precursor ratio, with higher ratios giving smaller Au 

cores.35, 36 

In a modified Brust-Schiffrin method, Sardar et al. reported a single-phase method in 

which 9-borabicyclo [3.3.1] nonane (9-BBN) was employed as a mild reducing agent. The 

single phase eliminated the need for a phase-transfer agent, thereby minimising impurities, 

while the milder reducing agent improved particle growth control. In addition to thiol 

stabilisers, triphenylphosphine (TPP) ligands have also been used to cap the AuNPs using 9-

BBN as reducing agent. 41-43     

Gold nanoparticles have found applications within biology, optics, and catalysis. 

Their synthesis procedure directly influences the AuNP’s final application; e.g. the binding 

strength of the stabilising ligand influences the particle size, with stronger binding ligands 

producing smaller AuNPs.44 The control of the particle size is crucial to AuNPs’ catalytic 

applicability. A promising example of small Au clusters’ ability to catalyse reactions came 

from Oliver-Meseguer et al., who reported that Au clusters of 3 to 10 atoms displayed high 

activity (up to TOF = 105 h-1) towards ester-assisted alkyne hydration.45 

The main synthetic techniques described in this section are of direct relevance to this 

thesis. In the next chapter we describe the exact procedures used to synthesise our own 

AuNPs. Procedures were considered based on the AuNPs reported use in catalysis. Control of 

Au particle size and distribution were vital in order to give unsupported AuNPs a fair 
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assessment as catalysts for CO2 hydrogenation to FA. This is an essential step in determining 

whether the metal-support interaction is significant in our catalytic system. 

 

2.4. The influence of the support 

Supported Au has been studied using XPS determine the possible impact of a support 

on AuNPs. The support is thought to generate and stabilise positive Au ions. Higher binding 

energies of supported Au indicate the presence of (partially) oxidised surface Auδ+, AuI, or 

AuIII species. These oxidised Au species may act as Lewis acid sites or contribute in redox 

catalysis. The metal oxide support may also participate as a Lewis base. Au catalysed 

hydrogenation reactions involving a heterolytic H2 cleavage mechanism have therefore been 

proposed by some research groups.33  

Variations in binding energies have been reported for Au on various metal oxide 

supports (e.g. Al2O3, TiO2, ZrO2, SiO2, ZnO). However, these binding energy variations did 

not correlate to the Au catalyst activity towards CO oxidation.46 The catalytic activity for CO 

oxidation over supported Au was shown to vary considerably with different supports while 

the Au particles remained almost identical.47 The catalytic properties of supported AuNPs are 

strongly influenced by the metal-support interactions, but the origin of this activity is not 

fully understood.  

Aside from the stabilisation of the particle size and the minimisation of particle 

agglomeration,33 much of exactly how the support influences the AuNP is still not known. 

Few techniques provide direct evidence for how Au particles are affected by metal oxide 

supports. Moreover, distinguishing between which physical and catalytic effects are 

fundamentally dependent on particle size, and which effects depend on the particles’ 

interaction with the support, is considered almost impossible. This is because the presence of 

small nanoparticles will have a greater fraction of atoms in direct contact with the support, 

and therefore smaller particles will necessarily have a different metal-support interaction.46 

 

2.5. Gold catalysts and the hydrogen economy 

Supported AuNPs have already shown promise in the hydrogen economy. Well-

dispersed supported Au is reported to catalyse the decomposition of FA to H2 and CO2. 
37 

Pioneering research by Iglesia and co-workers showed that Au/Al2O3 exhibits high turnover 

frequencies (TOFs) for FA dehydrogenation, with the activity attributed to the presence of 

particles that are were too small to detect with transmission electron microscopy (TEM). The 
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selectivity of Au/Al2O3 towards the desired H2 and CO2 products was high, with no evidence 

of a reverse WGS reaction occurring.26 

More recent studies have found Au/ZrO2 to also exhibit promising activity towards 

FA dehydrogenation. Bi et al. determined Au/ZrO2 to be highly active in the presence of 

triethylamine (NEt3), with a protonated amine species intermediate and formate anion 

proposed to participate in the reaction mechanism. Interestingly, FA decomposition occurred 

at temperatures as low as 25 °C, with metallic Au0 at the subnanometic scale determined to 

be essential to the catalyst’s high and selective activity. Bi et al. also found activity to depend 

on the nature of the support, with Al2O3 and TiO2 supported Au all giving lower (but non-

zero) TOFs and TONs than ZrO2, and with SiO2 and carbon supports not exhibiting any 

activity.48 

 We note here that the results from both Ojeda et al.26 and Bi et al.48 do well to 

complement the results obtained by our own research. These studies promote a potentially 

viable hydrogen economy by confirming Au’s capacity to address half of the aforementioned 

FA chemical loop. The findings by Preti et al. were the first to display Au’s capacity to 

hydrogenate CO2 to FA.25 The desire for heterogeneous catalyst for the forward 

hydrogenation reaction has become notable in recent years, as highly active homogeneous 

catalysts require expensive separation techniques to prevent the catalyst from decomposing 

the synthesised FA once the reaction system has returned to ambient conditions. The scCO2 

and NEt3 system adopted by the group gave steady activity for 37 days over commercial 

Au/TiO2 (AUROlite™), thereby confirming Au’s unique capacity as a heterogeneous catalyst 

to both hydrogenate CO2, and then subsequently dehydrogenate FA (although not performed 

within the same study). However, no alternative supports were screened in addition to TiO2, 

nor was any kinetic data explicitly reported. Hydrogenation conditions were kept unchanged 

throughout the study, and no attempts were made to determine the catalytically active site.25 

 

2.6. Summary 

Gold nanoparticles have been found to exhibit unique catalytic properties as the 

particle sizes decrease below 5 nm. The origin of this activity has been attributed primarily to 

Au becoming non-metallic at this threshold particle size. Since the initial breakthroughs in 

the latter stages of the 20th century, the field of Au catalysis and its application has developed 

extensively. Both unsupported and supported AuNPs have found their catalytic relevance, 

with particle size, Au oxidation state and metal-support interactions all contributing an 

admittedly complex and poorly understood catalytic activity. Recent contributions to the field 



Wilbert Vrijburg     24 
  CO2 hydrogenation over Au/Al2O3 

have highlighted supported Au as possibly providing a pathway to close the chemical loop 

conceptualised in the hydrogen economy. The opportunity to develop our understanding of 

the full potential of Au to close the chemical loop is substantial, and is the central theme 

behind the motivation and development of this thesis.   
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Chapter 3: Methodology and Theory 
 

3.1. Introduction 

This chapter contains all the experimental procedures used throughout this thesis. 

These include synthesis procedures to prepare a number of unsupported gold nanoparticle 

(AuNP) catalysts, the general experimental design for screening catalytic activity in CO2 

hydrogenation to FA, the approach for kinetic measurements, and the pretreatment methods 

for Au/Al2O3. This study investigated the nature of the active site using a cyanide leaching 

procedure to remove metallic Au0 and leave any cationic Au species. The reverse formic acid 

(FA) dehydrogenation reaction was not investigated in this study.  

Extensive catalyst characterisation was performed on all catalysts. The employed 

techniques, the relevant theory about each technique and their contribution to the overall 

study are outlined in the final section of this chapter. Transmission electron microscopy 

(TEM), x-ray photoelectron spectroscopy (XPS), temperature programed oxidation/reduction 

(TPO/TPR), thermo gravimetric analysis (TGA), Fourier transformed infrared spectrometry 

(FTIR), and inductively coupled plasma optical emission spectrometry (ICP-OES) were 

employed to characterise the catalysts. 

 

3.2. Synthesis of unsupported gold nanoparticles 

AuNP/stabiliser combinations were selected based on their reported use as catalysts in 

literature, and the relative ease with which the nanoparticle size and distribution could be 

controlled. Dodecanethiol (DDT) and triphenylphosphine (TPP) stabilised AuNPs (AuNP-

DDT and AuNP-TPP respectively), were considered as suitable options and their synthesis 

procedures were obtained from literature.36  

 

3.2.1. Preparation of dodecanethiol stabilised AuNPs 

This procedure was adapted from literature.44, 49 Aqueous HAuCl4·3H2O (3.0 mL, 

0.03 M) was added to an Erlenmeyer flask containing 30 mL toluene and TOAB (1.0 g). The 

Erlenmeyer flask was filled with additional toluene (20 mL) and the mixture was stirred 

vigorously for 30 min. Aqueous NaBH4 (2.5 mL, 0.4 M) was added dropwise to the 

Erlenmeyer flask until the mixture turned clear. The addition of an extra drop turned the 

mixture deep purple/black, at which point the remainder of the NaBH4 solution was added 

and stirred for 30 mins. Dodecanethiol (200 μL, DDT) was added and the solution was stirred 
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for an additional 75 mins and the aqueous phase was removed using a separatory funnel. The 

mixture was washed twice with DI-H2O in the separatory funnel and the toluene was 

evaporated using a rotary evaporator. Ethanol (100 mL) was added as an antisolvent and the 

mixture was sonicated for 10 min. The purple nanocrystals were collected by centrifugation. 

The nanoparticles coated the inside of the centrifuge tubes and the ethanol supernatant 

(containing excess phase transfer catalyst TOAB, capping agent DDT, and reaction by-

products) was discarded, replaced with additional ethanol, sonicated, and centrifuged 

additionally twice. The nanoparticle coated centrifuge tubes were dried under vacuum. The 

dried nanoparticles were dispersed in toluene (25 mL) to give a solution that was 3.6 mM 

with respect to gold (assuming all gold was incorporated in the product). The nanoparticles 

were characterised using TEM. 

 

3.2.2. Preparation of triphenylphosphine stabilised AuNPs 

This procedure was adapted from literature.50, 51 Aqueous HAuCl4·3H2O (50 mL, 0.05 

M) was prepared in a round-bottomed flask, to which toluene (40 mL) containing TOAB (1.6 

g) was added. A double layer formed with the top (organic) layer turning a deep orange while 

the aqueous layer became a slightly deeper yellow. Additional toluene (25 mL) was added 

and the mixture was stirred vigorously for 10 min and the organic and aqueous layers 

separated. Triphenylphosphine (2.3 g) was added and the mixture was stirred for an 

additional 10 min, during which the organic layer turned white. Aqueous NaBH4 (10 mL, 0.4 

M) was added to the round-bottom flask under stirring. The mixture was stirred for 3 h, and 

transferred to a separatory funnel. Three layers formed including an organic (top) layer, an 

aqueous (bottom) layer, and a mixed (middle) layer that did not separate effectively. The 

aqueous layer was carefully discarded, and a total of 200 mL DI-H2O was used to wash the 

organic layer in a laborious procedure. The organic mixture was freeze-dried. 

Hexane (100 mL) was added to the round-bottom flask, making the nanoparticles 

brittle and easily suspended. The suspension was filtered using a Buchner filter. The 

nanoparticles were extensively washed using hexane, a methanol/water (2:3) mixture, and the 

solution of concentrated NaNO2 solution (400 mL, 6.25 M) according to the following 

regime: 

 

 200 mL hexane + 100 mL DI-H2O 

 2 × (100 mL hexane + 100 mL methanol/water) 
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 2 × (100 mL hexane + 100 mL NaNO2(aq)) 

 2 × (100 mL hexane + 100 mL methanol/water) 

 2 × (50 mL hexane + 100 mL NaNO2(aq)) 

 2 × (50 mL hexane + 100 mL methanol/water) 

 

The solid nanoparticles were dissolved in 10 mL CHCl3 and vacuum filtered. The 

solution was transferred to a beaker and pentane (50 mL) was added slowly. Two layers 

formed: a clear upper layer containing the CHCl3, and a dark purple bottom layer containing 

the AuNPs suspended in the pentane. The mixture was filtered using a Buchner filter and 

dried in air. The collected AuNPs were characterised using TEM. 

 

3.2.3 Preparation of triphenylphosphine stabilised AuNPs with the moderate strength 

reducing agent 9-borabicyclo[3.3.1]nonane (9-BBN)  

This procedure was adjusted from literature.41 The gold precursor Et3PAuCl (0.0359 

g) was added to 20 mL acetonitrile in a round-bottom flask. Toluene (80 mL) was added to 

the round-bottom flask and the mixture was placed under stirring. Triphenylphosphine 

(0.1707 g) was added and the mixture was stirred for 1.5 h. The 9-BBN was transferred to a 

Schlenk flask using a canula and was kept under argon. The 9-BBN (0.8 mL) was added to 

the reaction mixture and stirring continued for 45 min during which the clear mixture turned 

a pale yellow and ended a pale purple. The mixture was centrifuged (4200 rpm) for 15 min. 

The supernatant was discarded and replaced with hexane to wash the nanoparticles (repeated 

three times). The brittle nanoparticles were dried in the centrifuge tubes using a light argon 

flow and stored in a clear vial under ambient conditions. The nanoparticles were 

characterised using TEM. 

 

3.3. CO2 hydrogenation to formic acid/NEt3 adducts 

The CO2 hydrogenation procedure was a modification of hydrogenation methods 

found in literature.17, 25, 50 A crucial deviation from other methods was our inability to employ 

supercritical CO2 (scCO2) conditions. Commercial AUROlite Au/Al2O3 (1 wt.% Au) was 

used unless stated otherwise. The Au/Al2O3 was stored in an argon glovebox upon delivery. 

The final FA concentrations for all reactions were determined in mmol and expressed in 

terms of their acid-to-amine ratio (mol FA/mol base, AAR). 
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3.3.1. Initial CO2 hydrogenation batch procedure 

In a typical hydrogenation experiment, Au/Al2O3 (60 mg) was weighed out in a 

glovebox and transferred to a 10 mL stainless steel autoclave in air. The autoclave was loaded 

with 0.5 mL base (e.g. NEt3 or DBU), 3.0 mL solvent (e.g. EtOH, DMF, or THF). The 

autoclave was closed and flushed three times with 20 bar H2. The autoclave was then loaded 

with 20 bar H2 followed by 20 bar CO2, to give a 1:1 mixture of H2/CO2 at 40 bar total 

pressure. The autoclave was heated to 70 °C under stirring and left for 20 h. The autoclave 

was then removed from the heating element and rapidly cooled in an ice bath for 10 min. The 

autoclave was slowly depressurised and the liquid contents were quantitatively transferred 

and diluted to 5 mL in a volumetric flask using EtOH. The solution in the volumetric flask 

was homogenised, centrifuged and filtered for HPLC analysis to determine the final FA 

concentration (see Appendix A1). The procedure is summarised in Figure 7. 

 

 
Figure 7: Schematic arrangement for the batch generation of formic acid. Note that the base and solvent may be 
changed. 

 

3.3.2. Improved CO2 hydrogenation gas loading procedure 

The initial CO2 hydrogenation procedure showed poor reproducibility towards final 

FA concentrations. After systematically addressing and monitoring possible weaknesses in 

our experimental design (see section 4.3.4), adjustments were made to the gas loading setup 

and implemented to obtain reproducible results. The two step H2 + CO2 loading procedure 

 

 

Catalyst: ~0.6 mg Au 

Solvent: 3.0 cm
3
 EtOH / DMF / THF 

Base: 0.5 cm
3
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3 
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H2 + CO2 
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tot
= 40 bar 
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Analyse FA concentration 
using HPLC 
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was replaced with a single step loading of equimolar H2/CO2 from a gas cylinder. First, the 

autoclave was flushed three times with 20 bar of the mixed gas. This was performed quickly 

in order to prevent the CO2 from dissolving in the solvent/base mixture. The autoclave was 

then manually filled with 39.9 bar H2/CO2 mixture, at which point a flow controller was used 

to load the autoclave to 40.0 bar. The autoclave was stirred vigorously for 20 min using a 

magnet during the automatic loading period to ensure that the system was saturated with the 

gas mixture. The autoclave was then closed and the typical procedure (see section 3.3.1) 

followed. 

 

3.3.3. Optimal solvent/base combination screening 

Once our catalytic activities were reproducible, the solvent/base composition was 

altered to maximise the turnover numbers (TONs). Ethanol, DMF and THF were screened as 

solvents with NEt3 as the accompanying base. Each solvent was screened twice using the gas-

loading method described in section 3.3.2. The best performing solvent was then screened 

with DBU as accompanying base. 

 

3.3.4. Kinetics investigation of CO2 hydrogenation procedure 

The typical batch procedure (see section 3.3.1) was adjusted to investigate the kinetics 

of Au/Al2O3 catalysed CO2 hydrogenation. A 100 mL stainless steel autoclave was loaded 

with solvent, (DMF, 30 mL), base (NEt3, 5 mL), an internal standard (THF, 1.000 mL), and 

Au/Al2O3 (600 mg). The autoclave was flushed three times with 20 bar H2 at room 

temperature, then loaded with approx. 7-8 bar H2 and heated to 70 °C. The autoclave was 

depressurised to atmospheric pressure and immediately loaded with 40.00 bar of a 1:1 

H2/CO2 gas mixture using a flow controller (manually filled until ~39.9 bar, then used the 

flow controller). When partial pressures were varied, the autoclave was pre-loaded with the 

required amount of H2 and subsequently topped off with the H2/CO2 mixture. The 

introduction of the mixed gas marked the start of the experiment. Aliquots of the reaction 

mixture were obtained using a manual sampler and the concentration was determined using a 

combination of HPLC and GC (see Appendix A2). Multiple samples were collected within 

the first hour of reaction, followed by less frequent sampling at later stages. As the AAR 

levelled off, the system was monitored to prevent flow controller overcompensation from 

distorting the results. 
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3.4. Au/Al2O3 (AUROlite) pretreatment 

Au/Al2O3 (300 mg) was pretreated by either reduction or oxidation in 10% H2 (5 

mL/min H2 in 45 mL/min He) or 10% O2 (10 mL/min O2 in 90 mL/min He) respectively.51 

Pretreatments were carried out at 200 °C, 300 °C, 400 °C, and 500 °C (Tramp = 5 °C/min, tdwell 

= 3 h) to give a total of 8 pretreated samples. Reduced samples were collected and stored in a 

glovebox, whereas oxidised samples were stored under ambient conditions. Catalyst loadings 

were performed using the initial method described in section 3.3.1. Catalysts were 

characterised using TEM and XPS. 

 

3.5. Cyanide leaching of Au/Al2O3 (AUROlite)  

 

3.5.1. Theory 

Cyanide leaching is an effective method to remove metallic Au from nanoparticles, 

leaving only non-metallic Au on the support.32, 52 The Elsner equation [3.1] describes the 

overall reaction for the dissolution of Au0 by cyanide in an alkaline solution.53 

 

 0
2 2 24 Au  8 CN  + O  + 2H O  4 Au(CN)  + 4 OH        [3.1] 

3.5.2. Procedure 

The procedure for Au extraction through cyanidation was adapted from literature.52 In 

a fume hood, finely crushed Au/Al2O3 (0.4470 g) and aqueous NaOH (10 mL, pH 12) was 

added to a two-neck round-bottom flask with stirrer. An aqueous solution of Fe(NO3)3·9H2O 

was prepared in a gas jar by adding a few spoonfuls of the solid metal complex to give an 

orange solution. Additional Fe(NO3)3·9H2O(aq) was prepared in a waste beaker in which all 

gloves, papers and utensils would be soaked after exposure to the cyanide system. The side 

neck of the round-bottom flask was connected to an oxygen supply using a bubbler so that the 

oxygen bubbles lightly through the catalyst/NaOH mixture. The top neck was connected to a 

Fe(NO3)3·9H2O scrubber in the gas jar. The setup shown in Figure 8 employed two security 

systems: 

 

1. NaOH(aq) increases the pH and inhibits the formation of highly toxic HCN, 

2. Fe(NO3)3·9H2O complexes with CN- to produce [Fe(CN)6]
3- 
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Under minimal ventilation in the fume hood (NaCN is very light), an estimated 10 mg 

NaCN was introduced into the system through the top neck. The top neck was immediately 

connected to the Fe(NO3)3·9H2O solution, the spoon placed in the Fe(NO3)3·9H2O waste 

beaker, and the ventilation increased to maximum. The catalyst colour changed from purple 

to white, and the mixture was stirred for two hours. The cyanide treated catalyst, Au/Al2O3-

CN, was filtered through a Buchner filter with the vacuum exhaust going into the fume hood. 

The Au/Al2O3-CN was washed with 400 mL distilled water, dried overnight at 110 °C, and 

oxidised at 300 °C (see section 3.4). The catalyst was characterised using XPS and ICP-OES. 

 

O2

 
 
Figure 8: Setup for cyanide leaching procedure 
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3.6. Catalyst characterisation 

The synthesised catalysts, and the fresh, pretreated, and spent commercial catalysts 

were characterised. For completeness, basic background theory of each techniques and their 

contribution to our understanding of the catalyst and its behaviour are explained here. 

 

3.6.1. (High-Angle Annular Dark-Field Imaging Scanning) Transmission Electron 

Microscopy  

 

3.6.1.1. Theory 

Within heterogeneous catalysis, electron microscopy is a powerful tool for 

determining the size and shape of solid catalysts. The workings of electron microscopy are 

described in detail elsewhere,54, 55 but the basic principles are straightforward: 

 

1. A sample of the solid catalyst is exposed to a parallel electron beam of energy 

100-400 keV. 

2. A portion of the electrons passes straight through the sample. These 

transmitted electrons do not lose any energy, and the size of the portion is 

dependent on the thickness of the sample. 

3. Electrons may (amongst other possibilities) also be diffracted as they pass 

through the sample, or completely backscattered as they collide with the atoms 

within the samples. An increase in atomic number makes for more effective 

backscattering. 

 

In transmission electron microscopy (TEM), the transmitted electrons are used to 

produce a projection in which heavier elements appear darker due to backscattering, 

providing a so-called bright field image. Alternatively, a dark field image depicts heavier 

elements as bright particles on a dark background. Images of the latter are produced using 

diffracted electrons.54 

Instead of the parallel electron beam employed in TEM, a convergent beam may be 

scanned over the sample surface and the transmitted/diffracted electrons detected. Various 

scanning transmission electron microscopy (STEM) techniques exist, including high-angle 

annular dark field (HAADF) STEM which detects electrons that have been diffracted at high 

angles.55 
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3.6.1.2. TEM sample preparation 

TEM images were taken of the unsupported gold catalysts. If necessary, the AuNPs 

were finely crushed and suspended in a small quantity of ethanol by sonication. TEM images 

were acquired using a FEI Tecnai 20 (type Sphera) TEM operating with a 200 kV. HAADF-

STEM images were acquired on a CryoTitan (300 kV) at room temperature. The Au/Al2O3 

samples were crushed and suspended in ethanol, sonicated and dispersed over a Cu grid with 

a holey carbon film. Images were acquired with a Fishione HAADF detector using a probe 

convergence angle of 10 mrad, a dwell time of 32 μs and a camera length of 89 mm. For 

particle size measurements images at a nominal magnification of 320 kx, corresponding to a 

pixel size of 0.17 nm, were used, which allows reliable detection of particles as small as ~ 0.8 

nm.  The mean diameters, standard deviations, and particle size distributions were determined 

using digital images analysed within the software package ImageJ. 

 

3.6.2. X-Ray Photoelectric Spectroscopy 

 

3.6.2.1. Theory 

X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique that uses the 

principles of the photoelectric effect to provide information about the elemental composition 

and oxidation state of elements on a solid catalyst surface. Put simply, a photon of energy hν 

is absorbed by an atom, causing a core or valence electron with a binding energy (BE) Eb to 

be ejected. The electron is detected with a kinetic energy Ek, allowing us to deduce the 

characteristic binding energy according to [3.2] after accounting for the work function φ 

(minimum energy required to move an electron from the Fermi level to a point in the 

vacuum).  

 

 b kE hv E      [3.2] 

 

BEs are characteristic to particular elements. In XPS, the intensities of the 

photoelectrons are measured within specified BE ranges, and these energies are subsequently 

assigned to their corresponding characteristic element. Each element has a set of 

characteristic BEs defined by the atomic orbital from which the electron was ejected. These 

BEs are labelled according to their quantum numbers (e.g. the characteristic Au BE of 84.0 

eV corresponds to the ejection of 4f7/2 electrons). 
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In addition to elemental data, XPS also provides chemical data for each element. 

Binding energies depend on the energy levels of the core electrons, which in turn depend on 

the oxidation state of the atom. In general, a higher oxidation state for a particular element 

leads to greater attractive forces between the electron and the nucleus, leading to a higher BE 

for that electron. The oxidation state of a particular element can therefore be determined 

using XPS.54  

 

3.6.2.2. XPS Preparation and procedure 

XPS was performed on fresh and pretreated samples to determine whether any 

pretreatment correlation could be explained by changes in the Au oxidation state. Spent 

samples were also analysed using XPS to see whether the oxidation state changed during the 

reaction. Finally, we used XPS to identify the presence of Au after treatment with NaCN. 

Prior to XPS, spent samples were oven dried at 60 °C under vacuum. Finely crushed 

samples of the catalyst were analysed using a K-Alpha XPS by Thermo Scientific. Spectra 

were obtained using the aluminium anode (Al-Kα = 1486.68 eV), with 50 scans in the Au 4f 

region due to the low Au loading. All spectra were calibrated using adventitious carbon at C 

1s = 284.8 eV and fitted using a Shirley background, with the Au 4f peaks having a fixed 

deconvolution of 3.7 eV. 

 

3.6.3. Temperature Programmed Oxidation/Reduction 

 

3.6.3.1. Theory 

Temperature programmed oxidation and reduction (TPO and TPR respectively) were 

employed to determine the extent to which any pretreatment temperature correlation (3.4) 

could be explained by the consumption of O2 or H2 by the catalyst. In TPO/TPR a reactor, 

loaded with the catalyst, is heated linearly in either an oxidative (10% O2 in He) or reductive 

(10% H2 in He) atmosphere. A thermal conductivity detector (TCD) measures the 

composition of the gas before and after entering the reactor to deduce the O2 or H2 

consumption. This gas consumption is plotted against temperature to determine the required 

temperature for a catalyst to undergo complete oxidation or reduction. 

 

3.6.3.2. Procedure 

Prior to TPR, Au/Al2O3 was either dried (95.2 mg Au/Al2O3, 110 °C in He, 4 h) or 

oxidised (84 mg Au/Al2O3, 300 °C in 10% O2, 1 h). TPR was subsequently performed on the 
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catalyst against a Cu reference (2.4 mg, 26.2 wt.% Cu) by linearly heating the catalyst to 800 

°C in 10% H2. Gas consumption was monitored using a TCD. TPO was not performed, but 

the effect of oxidation at 300 °C (i.e. the pretreatment temperature that recorded the highest 

activity for oxidised catalyst) was deduced with this method. 

 

3.6.4. Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was performed on spent catalysts to determine the 

presence of chemisorbed species. In TGA, a sample is heated and the mass of the sample is 

measured as a function of temperature. A loss in mass indicates the decomposition/desorption 

of chemisorbed species on the catalyst surface. Measurements were performed on a Mettler 

TGA/DSC-1 apparatus using alumina crucibles, dry air as purge gas (20 mL/min) and N2 as 

protective gas (40 mL/min). Each run used approx. 20 mg Au/Al2O3, with Tramp = 10 °C/min 

and Tmax = 750 °C. 

 

3.6.5. Fourier Transformed Infrared Spectroscopy 

 

3.6.5.1. Background 

Infrared (IR) spectroscopy is regularly applied in catalysis to identify and characterise 

the chemisorbed species on a catalyst surface. Techniques may involve the use of probe 

molecules (e.g. CO or NO) to provide more in-depth information about a catalyst’s 

adsorption sites.54 As IR spectroscopy is considered a relatively common technique within 

chemistry in general, we do not give additional theory on this technique here. Nevertheless, it 

suffices to mention that chemical bonds possess discrete vibrational energies, and that 

transitions between these vibrational energy levels occur upon the absorption of infrared 

light. These vibrational energies are characteristic to specific bonds, thereby allowing for the 

identification of these bonds on the catalyst surface.  Fourier transformed infrared 

spectroscopy (FTIR) was used to examine the nature of the species that were chemisorbed on 

the catalyst surface. 

 

3.6.5.2. Procedure 

Infrared spectra were recorded using a Bruker Vertex V70v FTIR spectrometer. A 

mixture of Au/Al2O3:KBr (1:3) by mass was crushed into a fine powder using 13 mg 

Au/Al2O3 and 39 mg KBr. The resulting powder was homogenised and pressed into a pellet 

using 3,000 kg force. The pellet was transferred to the FTIR and an initial measurement was 
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taken. The FTIR chamber was slowly evacuated to 10-6 mbar, and subsequently heated to 70 

°C and 100 °C (Tramp = 5 °C/min, tdwell = 15 min). FTIR measurements were made after each 

dwell period and upon return to room temperature. We only report the spectra obtained at 100 

°C. Analysis using FTIR was applied to fresh and spent (EtOH/NEt3, and DMF/NEt3 solvent-

base systems respectively) Au/Al2O3. Blank measurements were obtained by soaking the 

fresh catalyst in the respective solvent-base systems at room temperature and pressure 

without FA. All pellets were weighed before analysis, and the exact ratio of Au/Al2O3:KBr 

was used to estimate the catalyst weight percent within the pellet. 

 

3.6.6. Inductively Coupled Plasma Optical Emission Spectroscopy 

  

3.6.6.1. Theory 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is an atomic 

spectroscopy technique used to quantify trace metals in solution. The technique uses plasma 

(6,000-10,000 K) to induce the atomisation of a trace metal-containing solution. Due to the 

heat of the plasma, many of these atoms are in the excited state upon atomisation and their 

emission is detected during relaxation. These emissions occur at wavelengths that are 

characteristic to individual elements, and the respective emission intensities increase with the 

concentration of the particular element. Metal loadings can therefore be calculated against a 

calibration constructed with standard solutions of the trace metal within a matrix.56 

 

3.6.6.2. Procedure 

Aqua regia was prepared by carefully adding concentrated HNO3 solution (70 wt.% 

HNO3) to an Erlenmeyer flask containing concentrated HCl solution (37 wt.% HCl) to give a 

respective 1:3 solution. The resulting deep yellow/orange solution was kept under the fume 

hood at all times, making sure that the Erlenmeyer flask was never completely sealed closed. 

Each catalyst was crushed into a fine powder and two weighed samples (15-25 mg) were 

each added to a 50 mL beaker. Aqua regia (5.00 mL) was added to the beaker, and the 

mixture was vigorously stirred under a medium heat (~60 °C) with a watch glass covering the 

beaker. The Au/Al2O3 turned white and brown fumes were produced. Once the aqua regia 

became a pale yellow and the initial fumes had decreased (30-60 mins), the beaker was taken 

off the heat and cooled to room temperature. The watch glass and beaker walls were rinsed 

with DI-H2O, and 0.5 mL concentrated H2SO4 solution (98 wt.% H2SO4) was added to the 

beaker. The watch glass was placed and the mixture was heated (70-80 °C) under stirring 
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until all the crushed powder was dissolved. The mixture was cooled to room temperature, and 

diluted to 50 mL in a volumetric flask using DI-H2O. 

Calibration solutions were prepared from a 100 ppm gold standard solution. A 

calibration curve was constructed by diluting the standard solution (0, 0.75 mL, 1.5 mL, 2.25 

mL, 3.00 mL) with aqua regia (5.00 mL), H2SO4 solution (5.00 mL of a 1:10 diluted solution 

prepared in a beaker due to the highly exothermic nature of concentrated H2SO4 solution 

dilution), and DI-H2O in a 50 mL volumetric flask. This gave a calibration curve between 0-

6.00 ppm (0 ppm, 1.50 ppm, 3.00 ppm, 4.50 ppm, and 6.00 ppm respectively). A calibration 

curve for cyanide leached Au/Al2O3 was constructed between 0-2.50 ppm. Measurements 

were taken at λmax = 242.795 nm and λmax = 267.595 nm and were performed using a 

SPECTRO BLUE ICP-OES system. 
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Chapter 4: Results and Discussion 
 

4.1. Introduction 

The results for the experiments outlined in the previous chapter are presented and 

discussed. First, unsupported AuNPs are addressed to establish the support as a prerequisite 

in Au catalysed CO2 hydrogenation to FA. Next, this chapter assesses the results from the 

supported Au catalyst, including the factors affecting the catalytic activity and the possible 

origins of its activity. The validity of the used methods are discussed alongside the respective 

results, with the results summarised at the end of the chapter. 

 

4.2. Unsupported gold nanoparticles 

 

4.2.1. Catalyst characterisation 

TEM analysis of NaBH4 reduced, dodecanethiol-stabilised AuNPs (AuNP-DDT, 

Figure 9) show non-monodisperse nanoparticles with a mean diameter of 3.6 ± 1.2 nm (Ntot = 

310, Figure 10). There is also clear evidence of the nanoparticles agglomerating leading to a 

very uneven distribution of the AuNPs. These larger agglomerated particles were not 

included within the mean diameter calculation as their perimeter determination was 

ambiguous, and the larger were not expected to be catalytically active.  

TEM analysis of NaBH4 reduced, triphenylphosphine-stabilised AuNPs (AuNP-TPP, 

Figure 11) show monodisperse nanoparticles with a mean diameter of 2.4 ± 0.4 nm (Ntot = 

221, Figure 12). Particle agglomeration is not prevalent, although the AuNPs show signs of 

clustering together. TEM images of the 9-BBN reduced AuNPs (Figure 11) show the AuNPs 

were diffusely dispersed with only a few particles per image. The mean diameter was 

determined at 1.8 ± 0.3 nm (Ntot = 55) and particle agglomeration was not prevalent. The 

contrast ratio between the AuNPs and background for the 9-BBN reduced nanoparticles was 

low when compared to both NaBH4 reduced samples. Combined with the small AuNP size 

suggests that some clusters were not visible using TEM leading to a relatively low particle 

count. 
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Figure 9: TEM images of NaBH4 reduced DDT-stabilised AuNPs. Images (a-c) show well separated AuNPs, 
whereas images (d-f) show considerable agglomeration. TEM images were taken with scale bar of 10 nm (a, d), 
20 nm (b, e), and 50 nm (c, f). 
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Figure 10: Particle size distribution of NaBH4 reduced AuNP-DDT excluding agglomerated particles. 
 

(a) (b) (c)  

 
(d) (e) (f) 
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Figure 11: TEM of NaBH4 reduced (a-c), and 9-BBN reduced (d-f) AuNP-TPP taken with 10 nm (a, d-f), 20 nm 
(b), and 50 nm (c) scale bars. 
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Figure 12: Particle size distribution of NaBH4 reduced AuNP-TPP. 

(a) (b) (c)  

 
(d) (e) (f) 
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Figure 13: Particle size distribution of 9-BBN reduced AuNP-TPP. 

 

4.2.2. Catalytic activity of unsupported gold nanoparticles 

The catalytic activity of the AuNPs towards CO2 hydrogenation was explored using 

the method outlined in section 3.3.1 accommodating for the different gold loadings of each 

catalyst. For NaBH4 stabilised AuNP-TPP the average nanoparticle was assumed to have the 

cluster formula Au101(PPh3)21Cl5, with 9-BBN reduced AuNPs estimated to have a cluster 

formula of Au146(PPh3)15Cl7, as these were the cluster sizes obtained in literature.41, 57 

Therefore, 7.7 mg of AuNP-TPP was considered equivalent to 60 mg of Au/Al2O3 (1 wt.% 

Au). For AuNP-DDT, these AuNPs were kept as a stock solution in toluene (assumed 3.6 

mM Au, see chapter 3.2.1), therefore 0.8462 mL was used as an equivalent quantity. Each 

reaction was run once at 70 °C and at 40 °C. The final turnover numbers (TON) and acid-to-

amine ratios (AAR, determined by total mol FA/total mol amine ) are given in Table 2. 

The TONs and AARs obtained using unsupported AuNPs indicate that the 

nanoparticles are inactive towards FA synthesis. The non-zero TONs were considered 

negligible and the measured FA concentrations were down to poor automatic peak 

integration. In addition, all mixtures tested at 70 °C were a pale yellow/clear, whereas those 

tested at 40 °C remained purple. This indicated that the unsupported nanoparticles were 

thermally unstable at moderately elevated temperatures. 
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Table 2: Turnover numbers (TON) and acid-to-amine ratios (AAR) for unsupported gold catalysed CO2 
hydrogenation to FA. TONs are determined using total Au.  
 

Catalyst Mass, g T (°C) Time (h) TON AAR 

AuNP-DDT (NaBH4 reduced) 
0.8462a 70 20 0.0 0.000 
0.8462a 40 20 0.0 0.000 

AuNP-TPP (NaBH4 reduced) 
0.0016 70 20 0.6 0.001 
0.0021 40 20 0.4 0.001 

AuNP-TPP (9-BBN reduced) 
0.0007 70 20 0.0 0.000 
0.0009 40 20 0.2 0.000 

All reactions were performed in 3.00 mL EtOH and 0.5 mL NEt3 under 40 bar 1:1 H2/CO2 (gases loaded 
individually, see chapter 3.3.1). 
a These are volumes expressed in mL. 

 

4.2.3. Summary of unsupported gold nanoparticles 

From literature and a previous screening study (Appendix B) we knew that supported 

gold nanoparticles were catalytically active towards CO2 hydrogenation.25 A primary goal 

within this thesis was to establish the need for a support within this reaction. We therefore 

sought to screen the activity of unsupported AuNPs. These AuNPs were selected based on 

their reported use within catalysis and the ability to efficiently control particle size. 

Unsupported DDT- and TPP-stabilised AuNPs were successfully synthesised and 

their particle sizes determined were using TEM. AuNP-DDT showed a considerable amount 

of nanoparticle agglomeration, but AuNPs were present within the catalytically active (< 5 

nm) size range. The AuNP-TPP procedure produced smaller nanoparticles with a narrower 

distribution. Both sets of AuNPs failed to exhibit any catalytic activity towards CO2 

hydrogenation. The DDT- and TPP-stabilised AuNPs were thermally unstable at elevated 

temperatures. We emphasise that each of these AuNPs were only synthesised once, and 

therefore the scope of AuNPs surveyed remains relatively limited. Nevertheless, these results 

are crucial as they, in combination with literature and the previous screening study, conclude 

that AuNPs need to be supported to show catalytic activity in CO2 hydrogenation. 

 

4.3. Supported gold nanoparticles as catalysts for CO2 hydrogenation 

With the prerequisite for supported AuNPs established, focus shifted towards the 

catalytic activity of Au/Al2O3. This commercial catalyst was the most promising supported 

Au catalyst for CO2 hydrogenation as determined by an earlier screening study (see Appendix 

B).  

In this section, characterisation of Au/Al2O3 was performed to confirm that the 

catalyst matched its commercial specifications. This is followed by the attempts made to 

achieve reproducible results including catalyst pretreatment and various gas loading 
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procedures. Once catalytic activities were reproducible, the optimal solvent/base combination 

was screened. With the most optimal system, the kinetics of the forward reaction were 

investigated and the experimental parameters were varied to determine reaction orders and 

apparent activation energy. 

Furthermore, the presence of surface species and their significance within the catalytic 

system was probed using TGA and FTIR. Finally, we sought to determine the nature of the 

active site through cyanide leaching.  

 

4.3.1. Initial catalyst characterisation: Gold surface area, dispersion, at loading 

Gas adsorption techniques used to derive the exposed surface area of Pt cannot be 

employed with supported Au catalysts. Instead, the most reliable techniques to determine 

specific Au surface area (i.e. per unit mass), Ssp, and Au dispersion, D, combine the particle 

sizes from electron microscopy and the metal loadings as determined by ICP-OES.58, 59 TEM 

analysis shown in Figure 14 of Au/Al2O3 was unable to effectively contrast the nanoparticles 

from the support. HAADF-STEM was therefore adopted instead and the representative 

images in Figure 15 revealed Au particles that were homogeneously distributed and primarily 

of a regular size and shape. 

 

 
Figure 14: TEM images of Au/Al2O3 taken with 10 nm (a, b) and 20 nm (c) scale bars. 
  

(a) (b) (c) 
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Figure 15: TEM images of Au/Al2O3. (a) has a scale bar of 20 nm  and was used to determine the particle sizes. 
(b) has a scale bar of 50 nm and is shown simply to highlight the presence of very large Au particles on the 
commercial catalyst. 

 

The mean particle diameters were determined using two approaches, namely the 

length-number mean diameter (dLN, [4.1]), and the volume-area mean diameter (also known 

as the Sauter mean diameter, dVA, [4.2]). Until now, dLN has been used to describe the mean 

particle diameter. However, dVA places greater emphasis on the larger particles and is 

therefore considered more representative of the metal surface. The latter is used to derive the 

Au surface area and the dispersion.60 The two mean particle sizes are calculated according to: 
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where ni and di are the number of particles and the corresponding diameter respectively. The 

mean particle sizes were dLN = 1.9 ± 0.7 nm (Ntot = 206), with dVA = 2.7 nm.  The particle size 

distribution is given in Figure 16. 

 

(a) (b) 
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Figure 16: Au particle size distribution for Au/Al2O3 determined from HAADF-STEM images. 

 

The relationship between particle size, specific surface area, and dispersion are 

derived in detail elsewhere,60 and were obtained using the relationship given in [4.3] and 

[4.4] respectively. These relationships express the diameter dVA, mass density ρ, bulk atomic 

volume υm, and the area occupied by a surface atom am in SI units. 
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The dispersion and specific surface area of Au in Au/Al2O3 were calculated with the 

assumption that the Au particle was spherical with a face-centred cubic (fcc) crystal structure 

and a surface constructed of (100), (110), and (111) facets in equal proportions. The relevant 

parameters and calculated specific surface area and dispersion are given in Table 3.60 
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Table 3: Key parameters and the values of Au dispersion and specific surface area.a 

 

Structure ns am (m²) M (g/mol) ρ (g/cm³) υm (m3) D Ssp (m
2/g) 

fcc 1.15 8.75E-20 196.97 19.31 1.69E-29 0.43 113.8 
a ns = number of surface atoms per 10-19 m2; am = area occupied by a surface atom; M = atomic mass; ρ = mass 
density; υm = volume occupied by an atom in bulk Au; D = Au dispersion; Ssp = specific surface area. 
 

Two batches of commercial Au/Al2O3 were used during this project, both specified to 

have an Au loading of 1.0 ± 0.1 wt.%. The ICP-OES determined loadings matched the 

commercial specifications at 1.0 wt.% for both the first and second batches. When accounting 

for mass loss during by TGA, Au loadings of 1.1 wt.% were determined. The latter loadings 

were only used for comparative purposes against the spent samples. Au loadings of 1.0 wt.%, 

in combination with the dispersion, were used to calculate TONs and TOFs with respect to 

surface Au. 

 

4.3.2. Initial catalytic activity 

In Table 4 the TONs and AARs of the first Au/Al2O3 catalysed CO2 hydrogenations 

are given alongside the highest and lowest TONs and AARs obtained in the earlier screening 

study. The initial experiments employed ethanol (EtOH) and triethylamine (NEt3) as 

solvent/base mixture. The tabulated TONs are compared in Figure 17, in which it was 

apparent that the first batch experiments (intended as solvent/base screening tests) showed 

notably lower catalytic performance in comparison to earlier screening tests. Attempts to 

improve the catalytic activity included crushing the Au/Al2O3 into a fine powder, using fresh 

catalyst (since experiments 001-003b used the same catalyst as was used in the screening 

study the previous year), and switching the gas loading order (i.e. first loading CO2 followed 

by H2 or vice versa). Batch experiments that were performed in duplicate are differentiated 

further by which autoclave (results “a” or “b” correspond to autoclaves “A” and “B” 

respectively) was used. These differentiations were consistent throughout the study (i.e. the 

autoclaves were labelled).  
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Table 4: Initial catalytic activities of Au/Al2O3 catalysed CO2 hydrogenation. TONs are determined using 
surface Au. 
 

Experiment ID Solvent Base TON AAR Remarks 

Screening Low EtOH NEt3 351 0.116 Lowest activity screening 
Screening High EtOH NEt3 500 0.203 Highest activity screening 

1 EtOH NEt3 214 0.084 EtOH/NEt₃ 
2 EtOH DBU 63 0.024 EtOH/DBU 
3a EtOH NEt3 37 0.014 Crushed catalyst 
3b EtOH NEt3 48 0.020 Crushed catalyst 
4a EtOH NEt3 279 0.107 Fresh Au/Al2O3, CO2 loaded first 
4b EtOH NEt3 114 0.044 Fresh Au/Al2O3, CO2 loaded first 
5 EtOH NEt3 131 0.049 CO2 loaded first comparison 
6 EtOH NEt3 364 0.138 H2 loaded first comparison 

All reactions were performed in 3.00 mL solvent and 0.5 mL base under 40 bar 1:1 H2/CO2 (gases loaded 
individually, see chapter 3.3.1) for 20 h. 
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Figure 17: TON comparison for the initial CO2 hydrogenation experiments corresponding to the values given in 
Table 4. The lowest (broken line) and highest achieved TONs are shown. 
 

The initial results demonstrated both lower activity in comparison to the earlier 

screening, and poor reproducibility with respect to final TONs and AARs. At this stage, a 

batch setup with fresh catalyst and H2 as first loaded gas gave a result that was most 

comparable with those of the initial screening. The poor reproducibility was a major concern 

and needed addressing. These initial results, including the EtOH/DBU result, were therefore 

not considered to be reliable. 
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4.3.3. The effect of catalyst pretreatment 

Catalyst pretreatment was investigated to determine whether Au/Al2O3 required 

activation, with the goal to increase both catalytic activity and reproducibility. The exact 

TONs and AARs are given in Table 5, with the plots corresponding to the reduced and 

oxidised catalysts shown in Figure 18 and Figure 19 respectively. 

 

Table 5: TONs (determined using surface Au) and AARs of pretreated catalysts and their corresponding 
pretreatment conditions.  
 

Experiment ID 
Pretreatmenta 

TON AAR 
Gas T (°C) 

9a 

H2 

200 
223 0.078 

9b 107 0.038 
10a 

300 
236 0.083 

10b 166 0.059 
11a 

400 
166 0.061 

11b 138 0.049 
12a 

500 
126 0.047 

12b 99 0.037 
13a 

O2 

200 
139 0.049 

13b 118 0.044 
14a 

300 
238 0.089 

14b 164 0.059 
15a 

400 
198 0.074 

15b 113 0.041 
16a 

500 
183 0.068 

16b 157 0.058 
a Pretreatment was carried out in 10% gas in helium flow. Temperature ramp rate = 5.0 °C/min; Dwell time = 3 
h. (see chapter 3.4) 
All reactions were performed in 3.00 mL EtOH and 0.5 mL NEt3 under 40 bar 1:1 H2/CO2 (gases loaded 
individually, see chapter 3.3.1) for 20 h. 

 

Three key results were obtained from the TON/AAR vs temperature plots. Firstly, 

whether reduction or oxidation was employed as pretreatment procedure, the maximum 

catalytic activity obtained after thermal treatment at 300 °C. In both cases the TONs are 

almost identical after 20 h. Secondly, the catalytic activity had a strong dependency on which 

autoclave was used, with autoclave A consistently showing a higher performance than 

autoclave B. Nevertheless, both autoclaves (excl. autoclave B result at 500 °C calcination) 

showed a comparable activity trend despite these discrepancies. Finally, all catalytic activities 

were still well below those attained during the initial catalyst screenings. These three key 

results were looked into more closely in order to identify possible causes for the observed 

trend and general catalyst behaviour. 
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Figure 18: Relationship between pretreatment temperature and catalytic activity after reduction in 10% H2. 
Activities are expressed in TONs (solid) and AARs (broken) and are presented according the autoclave used. 
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Figure 19: Relationship between pretreatment temperature and catalytic activity after calcination in 10% O2. 
Activities are expressed in TONs (solid) and AARs (broken) and are presented according the autoclave used. 

  

To understand the origin of pretreatment trend, XPS was employed to determine 

whether there was any change in Au oxidation state. The XP spectra in Figure 20 show that 
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binding energies (BEs) do not deviate significantly by pretreatment, as Au 4f7/2 BEs of 83.3 ± 

0.1 eV were determined for all pretreated samples. The instrumental error is considered to be 

at ± 0.1 eV, and with Au 4f7/2 electrons of surface atoms known to have BEs 0.4 eV lower 

than those of bulk Au,61 these results indicated that no oxidation state change occurred from 

pretreatment and that all Au was in the reduced Au0 oxidation state. This concluded that the 

observed pretreatment trend could not be explained from an oxidation state change 

standpoint. Literature has reported bulk Au0 with typical Au 4f7/2 BEs between 87.9-84.2 eV, 

with more spherical Au particles found to achieve even lower binding energies (down to 83.0 

eV).58, 61-63 These results were supported by TPR (Figure 21), in which H2 consumption was 

negligible and Au/Al2O3 was thus not reducible. Therefore the pretreatment environment (i.e. 

oxidative or reductive) did not contribute to the observed trend. Later in this chapter we 

provide further evidence that Au is present as Au0. 

90 88 86 84 82 80

90 88 86 84 82 80
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Au 4f
7/2
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Figure 20: XPS of (a) unpretreated (fresh) Au/Al2O3; after reduction at: (b) 300 °C; (c) 500 °C; and oxidation at: 
(d) 300 °C; (e) 500 °C. Broken line gives Eb (Au 4f7/2) = 83.3 eV. The corresponding raw spectra (i.e. without 
background subtraction) are found in Appendix C. 
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Figure 21: (a) TPR of Au/Al2O3 showing relative hydrogen consumption across the pretreatment temperature 
range after initial drying (dotted line, fitted with solid black line) or oxidation at 300 °C (solid red line). (b) The 
Cu reference (solid blue) plotted against Au/Al2O3 TPR. The lack of a visible Au/Al2O3 peak shows that H2 
consumption was negligible. 
 

That the pretreatment did not affect the Au oxidation state may be because the 

commercial catalyst was already pretreated directly after its commercial synthesis. If so, 

additional treatment might have a minimal impact on the oxidation state of the Au, but may 

also have a negative impact on the catalytic performance (hence unpretreated Au/Al2O3 still 

providing the highest activity). The low binding energies compare well to reduced supported 

Au reported in literature.61 The trend therefore indicated that thermal treatment influenced 

catalytic performance. Gold particles are known to increase in size at higher temperature 

pretreatments, with the effect more prevalent in air than in hydrogen, which could explain the 

slightly higher binding energy for the 500 °C oxidised catalyst (Figure 20e). Furthermore it 

has been reported that some oxide supports dehydrate already be low 300 °C, making Au 

nanoparticle migration and agglomeration less hindered.64 This would need to be investigated 

using HAADF-STEM characterisation of the pretreated catalysts but was not possible in this 

study. Ultimately, pretreatment at 300 °C became the standard for catalyst pretreatment in 

later experiments when this was necessary (e.g. cyanide leached sample, catalyst 

regeneration). This pretreatment temperature corresponded to temperatures used within 

literature.65 Finally, due to the nature of the problem, the dependency of final TONs and 
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AARs on the specific autoclave used as highlighted in Figure 18 and Figure 19 addressed as 

an additional screening study in the next section. 

 

4.3.4. Systematic screening towards reproducible results 

The pretreatment trends of the previous section indicated that catalytic activities were 

autoclave dependent.  Although not central to our results, we present the results of the 

systematic approach taken to achieve reproducible results while eliminating any systematic 

disparity between the autoclaves. This section is presented more as a screening overview than 

a thorough quantitative study and the results are given in Table 6 with the corresponding plot 

in Figure 22.  

Initial concerns originated from the gas loading setup, and the methodical treatment of 

autoclave A first followed by autoclave B (e.g. with respect to catalyst, solvent, base, and gas 

loading, product retrieval, etc.). The handling orders were therefore altered (17a-18b), 

followed by the use of a digital pressure gauge (19a, b). The autoclaves were then 

reassembled (i.e. pressure gauges switched, a-b) to verify the possibility of a 

contaminated/chemically poisoned autoclave. These results did not lead to a conclusive 

source as the activities remained below the initial screening activities and the systematic 

differences persisted, but handling errors were ruled out. 

 

Table 6: TONs (determined using surface Au) and AARs obtained during the systematic attempt to improve 
reproducibility and overall activity. 
 

Experiment ID TON AAR Remarks 

17a 307 0.114 Loaded second (a) 
17b 235 0.082 Loaded first (b) 
18a 303 0.110 Loaded first (a) 
18b 289 0.103 Loaded second (b) 
19a 283 0.105 Loaded with digital gauge 
19b 211 0.079 Loaded with digital gauge 
20a 299 0.116 Loaded with digital gauge (a-b) 
20b 127 0.047 Loaded with digital gauge (a-b) 

All reactions were performed in 3.00 mL EtOH and 0.5 mL NEt3 under 40 bar 1:1 H2/CO2 (gases loaded 
individually, see chapter 3.3.1) for 20 h. 
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Figure 22: Comparison of TONs obtained from Table 6. The lowest (broken line) and highest (solid line) 
screening activity are included as a reference for desired activity. Specifications for the results are also 
summarised in Table 6. 

 

Efforts to improve the gas loading procedure led to a breakthrough in obtaining 

improved catalytic activity and reproducible results. The primary concern came from the 

ability of CO2 to dissolve in the solvent/base mixture upon introduction into the autoclave. 

Whether CO2 was loaded first or second, its dissolution lowered the pressure within the 

autoclave. Compensation with additional CO2 produced a 40 bar H2/CO2 mixture that was not 

1:1, but instead had a greater CO2 partial pressure. A 1:1 H2/CO2 mixed gas cylinder was 

employed and the gases were introduced using a flow controller as described in section 3.3.2.  

The results of the mixed gas batch experiments loaded with a flow meter are given in 

Table 7 and Figure 23. Improved TONs and AARs were immediately achieved (21a, b). 

Increasing and systematising the gas loading times improved the TONs and AARs even 

further (22a, b), and reproducibility between consecutive experiments was finally achieved 

(22, 23, 24b). The drop in activity for autoclave A in 23a and 24a was unclear, but the 

procedure was deemed sufficient for reliable comparative screenings as long as experiments 

were performed in duplicate. A project milestone was reached as Au/Al2O3 catalysed CO2 

hydrogenation gave reproducibly higher TONs and AARs than in the initial screening 

experiments (Figure 23). 
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Table 7: TONs (determined using surface Au) and AARs obtained from batch autoclave reactions loaded with 
1:1 H2/CO2 from a mixed gas cylinder. 
 

Experiment ID TON AAR Remarks 

21a 476 0.179 1:1 H2:CO2 loading (flow controller) 
21b 442 0.161 1:1 H2:CO2 loading (flow controller) 
22a 620 0.227 1:1 H2:CO2 loading (flow controller) 
22b 563 0.212 1:1 H2:CO2 loading (flow controller) 
23a 200 0.076 1:1 H2:CO2 loading (flow controller) 
23b 576 0.212 1:1 H2:CO2 loading (flow controller) 
24a 272 0.102 1:1 H2:CO2 loading (flow controller) 
24b 591 0.217 1:1 H2:CO2 loading (flow controller) 

All reactions were performed in 3.00 mL EtOH and 0.5 mL NEt3 under 40 bar 1:1 H2/CO2 (gases loaded from 
mixed gas cylinder using a flow controller, see chapter 3.3.2) for 20 h 
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Figure 23: Comparison of TONs obtained from Table 7. The lowest (broken line) and highest (solid line) 
screening activity are included as a reference for desired activity. 

 

4.3.5. Optimising the solvent/base mixture 

After achieving reproducible results, the next stage became identifying a solvent/base 

mixture that gave the highest catalytic activity. Table 8 gives the results for the replacement 

of the solvent EtOH with DMF and THF respectively for NEt3 systems. Additionally, DBU 

was considered as an alternative to NEt3 and tested with the solvent that accommodated the 

highest catalytic activity. DBU was reported to give significantly higher reaction rates in 

comparable homogeneous systems.21 For completeness, an air and moisture free loading was 

performed as well as a solvent-free loading. The results are compared in Figure 24. 
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Table 8: TONs (determined using surface Au) and AARs of solvent/base mixture screening.  
 

Experiment ID Solvent Base TON AAR Remarks 

25a EtOH NEt3 95 0.034 Air/moisture free loading 
25b EtOH NEt3 133 0.049 Air/moisture free loading 
26a DMF NEt3 673 0.239  
26b DMF NEt3 487 0.174  
27a THF NEt3 102 0.038  
27b THF NEt3 97 0.036  
28a DMF DBU 104 0.038  
28b DMF DBU 136 0.051  
29aa n/a NEt3 98 0.036 Solvent free
29ba n/a NEt3 83 0.032 Solvent free

All reactions were performed in 3.00 mL solvent and 0.5 mL base under 40 bar 1:1 H2/CO2 (gases loaded from 
mixed gas cylinder using a flow controller, see chapter 3.3.2). 
a Solvent free loadings were performed without flow controller.  
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Figure 24: Comparison of TONs from solvent/base screening experiments. The lowest (broken line) and highest 
(solid line) screening activity from a previous study are included as a reference for earlier desired activity. 

 

Air and moisture free loadings reduced final FA adduct yields, as did the use of THF 

as solvent. Studies have found water to promote FA synthesis in homogeneous catalytic 

systems, therefore its removal may be counterproductive.17 In line with literature, TONs 

correlated with solvent polarities (DMF > EtOH > THF), with strongly polar aprotic DMF 

providing the most promising conditions for NEt3 systems. Such solvents increase the 

entropy of the FA product, leading to higher conversions.16, 24 The DMF/NEt3 system set a 

new standard for TONs (TON = 673) and AARs (AAR = 0.239) within this project.  
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Attempts to incorporate DBU into the system by combining it with the most 

promising solvent (DMF) gave low TONs. Interestingly, the procedure left a slight golden 

shine on the inside of both autoclaves that could only be removed with aqua regia. This 

suggested that DBU partially leached Au from the support, a topic that is addressed in section 

4.3.7. Finally, solvent free loadings were found to produce lower activities than the 

conventional system. As a final assurance test, batch reactions containing only either H2 or 

CO2, as well as catalyst-free reactions, were used as blanks and all showed no activity. 

These initial screening experiments and isolation of key contributing factors to the 

catalytic activity of Au/Al2O3 towards CO2 hydrogen were essential for reliable results in 

later experiments. Most importantly, the overall gas composition gave a vital breakthrough in 

producing reproducible results. The findings in this section were used for the kinetic 

described study in the next section. 

 

4.3.6. Kinetic study of Au/Al2O3 catalysed CO2 hydrogenation 

The optimised DMF/NEt3 system was up-scaled to investigate the kinetics of 

Au/Al2O3 catalyst CO2 hydrogenation to FA. The influence of the catalyst loading, gas partial 

pressures at constant total pressure, and temperature on the turnover frequencies (TOFs) and 

the final AARs, were evaluated. The results are summarised in Table 9. 

 

Table 9: Parameters and results for the kinetic study for Au/Al2O3 catalysed CO2 hydrogenation to FA.  
 

Kinetic ID Catalyst (g) 
P (bar) 
H2/CO2 

T (°C) Runtime (h) TOF (h-1)a TONa Final AAR 

K1 0.3041 20:20 70 24 118 1088 0.199 
K2b 0.6031 20:20 70 23 123 676 0.246 
K3 0.6022 22.5:17.5 70 21 120 674 0.245 
K4 0.6034 30:10 70 23 112 577 0.210 
K5 0.6012 20:20 85 23 114 299 0.109 
K6 0.6022 20:20 100 4 80 112 0.041 
K7 0.6024 20:20 100 5 108 123 0.045 
K8 0.6046 20:20 55 71 101 1921 0.700 

All reactions were performed using 30 mL DMF, 5 mL NEt3, and 1 mL THF internal standard. 
aTOFs and TONs were determined using surface Au, with a dispersion D = 0.43. TOFs were calculated using a 
linear regression of the first three data points. 
b This experiment is used in catalyst loading, partial pressure, and temperature variation comparisons and 
represents a 10-fold scale-up of the initial batch reactions. 
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The activity profile in Figure 25 shows the dependency of initial TOFs and final AAR 

on the catalyst loading (K1 and K2). Similar TOFs were observed when catalyst loadings 

differed by a factor 2. The absolute rate of FA formation therefore doubled when the catalyst 

loading doubled, indicating a first-order dependency with respect to catalyst loadings. The 

final AARs for the high (0.6031 g) and low (0.3041 g) catalyst loadings levelled at AAR =  

0.246 and AAR = 0.199 respectively. Initial suspicions that this was due to catalyst 

deactivation were not supported by later experiments (K8) which showed the stability of 

Au/Al2O3 over 71 h. 

The activity profile in Figure 26 shows a dependency of the initial TOF and final 

AAR on the composition of the gas mixture at 40 bar (K2, K3 and K4). The initial rates do 

not show a notable change at elevated H2 partial pressure with TOFs of 123 s-1, 120 s-1, and 

112 s-1 for 20 bar, 22.5 bar and 30 bar H2 partial pressure respectively. The lack of any initial 

rate dependency on the partial pressures shows that the reaction had a zero-order dependency 

with respect to H2 and CO2. Both gases were therefore present in excess, since relatively 

large changes in partial pressures did not influence the rate of the forward reaction. A more 

suited approach to determine reaction orders would require substituting most of the gas with 

He at 40.00 bar to eliminate the large excess of H2 and CO2. In addition, Figure 26 shows that 

lower AARs were obtained when the composition deviated from an equimolar gas 

composition. To a certain extent, this complements the initial batch reaction findings obtained 

prior to the use of equimolar compositions, although in those cases the gas thought to be in 

excess was CO2. At present, as has been the case in previous literature, the alteration of 

relative gas concentrations within our system did not improve our mechanistic understanding 

of the forward reaction.16 
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Figure 25: Catalyst-loading varied activity profile for Au/Al2O3 catalysed CO2 hydrogenation to FA expressed 
in terms of AAR. T = 70 °C; P = 40.00 bar. 
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Figure 26: Partial pressure varied activity profile for Au/Al2O3 catalysed CO2 hydrogenation to FA expressed in 
terms of AAR. T = 70 °C; P = 40.00 bar. 
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Figure 27: Temperature varied activity profile for Au/Al2O3 catalysed CO2 hydrogenation to FA expressed in 
terms of AAR. P = 40.00 bar. 

 

The temperature dependency of TOFs and AARs are given in Figure 27 (K2, K5-K8). 

The initial temperature scans were at 70 °C, 85 °C and 100 °C, which showed a shift to lower 

AARs with increasing temperatures. The reaction was therefore thermodynamically hindered 

at higher temperatures, and the equilibrium shifted towards the gaseous reactants in CO2 

hydrogenation. This was in agreement with the exothermic nature of this reaction. 

Interestingly, the measured initial rates of reaction did not change significantly with 

increasing temperature. Using the TOFs of runs at 70 °C, 85 °C and 100 °C (second run at 

100 °C was used with additional data points obtained in the first hour to derive a more 

accurate TOF that was unaffected by the equilibrium), the apparent activation energy Ea
app 

(Figure 28) was determined to be -4 kJ mol-1. Negative activation energies may indicate that 

the adsorption of the reactants on the catalyst surface limits the forward reaction. Therefore 

lowering the temperature should lead to increased rates. However, the relatively low TOFs 

obtained in our system made them sensitive to minor changes, so we considered these TOFs 

to be essentially equal and Ea
app ≈ 0 kJ mol-1. This implied that our system possessed a 

barrierless forward reaction. Consequently, TOFs would be unaffected by lower 

temperatures, but the thermodynamics would push the equilibrium towards a higher AAR. 

This was confirmed by running the system at 55 °C (K8), which gave a TOF of 101 h-1 and 
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an AAR of 0.700 (Figure 27). Initial thoughts when designing our lower pressure procedure 

with respect to procedures in literature (i.e. those using scCO2 systems at 40-50 °C)17, 25 were 

to use elevated temperatures to ensure higher reaction rates. These results neatly 

demonstrated that elevated temperatures were undesired for this system. 
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Figure 28: Arrhenius plot for CO2 hydrogenation to FA (determined per surface Au) calculated prior to run at 55 
°C. 

 

The discovery of an apparently barrierless catalytic system for the hydrogenation of 

CO2 is promising and requires further investigation. Operating at lower temperatures should 

be possible without lowering reaction rates, and therefore higher AARs are conceivable for 

this system. The obtained AAR of 0.700 at 55 °C (Figure 29) is encouraging in comparison to 

very active homogeneous catalysts, for which AARs in NEt3 systems were reported below 

0.5 under similar reaction conditions.21 Our value is still lower than the AAR obtained by 

Preti et al. when using Au/TiO2 (AUROlite), in which their considerably higher pressures 

(180 bar 1:1 H2/CO2, scCO2 simultaneously acting as the solvent) and lower temperatures (40 

°C) yielded adducts of AAR = 1.715.25 The influence of these higher pressures are described 

in literature, where the equilibrating pressure (i.e. the pressure at equilibrium) is dependent on 

the temperature, with higher equilibration pressure found at elevated temperatures as adduct 

decomposition becomes more favourable and therefore less FA adduct is produced.22 
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Figure 29: Final AAR dependency on temperature. 
 

4.3.7. Catalyst deactivation and regeneration 

In the previous section, alteration of the catalyst loading within the reaction (K1, K2) 

led to lower AARs achieved with lower catalyst loadings. As these experiments were 

otherwise identical, concerns were directed towards catalyst deactivation. However, the 

stability of the catalyst under reaction conditions was demonstrated in the 55 °C (K8) run, in 

which the catalyst remained active for over 70 h. For further confirmation, additional base (5 

mL NEt3 with 5 mL DMF) was introduced into the system after the reaction had reached 

equilibrium (K7). This additional base immediately lowered the AAR, making the forward 

reaction favourable again. The gradual increase in AAR demonstrated that the catalyst had 

not deactivated (Figure 30). The initial AAR = 0.045 was not regained since the solvent/base 

mixture within the autoclave was not doubled, but rather the base quantity was doubled while 

the total final volumes differed by a factor 7/9, with a final AAR therefore appropriately 

levelling at approximately 0.033. The results obtained were more scattered than desired, 

possibly due to the addition of unheated solvent/base to a mixture at already 100 °C. We 

could also not monitor the rate of addition of the base to the reaction mixture. These results 

should therefore be considered as estimates of the system’s behaviour, but they nevertheless 

give valuable qualitative insight into the catalytic stability of Au/Al2O3. The stability of Au 

was also shown in the study by Preti et al., in which Au/TiO2 remained active for 37 days.25 
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Figure 30: TON and AAR of K7 that was extended by adding 5 mL NEt3 and 5 mL DMF. FA concentrations 
after base addition were determined by scaling the initial calibration (see Appendix A2) by a volume change 
factor 7/9, followed by an adjustment of the total volume to 45 mL. 

 

Even though there was no clear catalyst deactivation occurring within autoclave, 

efforts to regenerate the catalyst were unsuccessful. Initially, the presence of a slight golden 

shine on the inside of the smaller batch autoclaves after the DMF/DBU screening experiment 

led us to investigate whether DBU leached out active Au during the reaction. The spent 

catalyst was oxidised at 300 °C for 3 h, and subsequently run in duplicate DMF/NEt3 batch 

reactions, both of which yielded no FA and therefore suggested the leaching of active Au. 

Elemental analysis by ICP confirmed a slightly lower Au content (1.0 wt.% Au) compared to 

the fresh catalyst (1.1 wt.% Au). HAADF-STEM might have indicated what types of Au 

nanoparticles were removed but this was not performed. However, a DMF/NEt3 spent 

catalyst was also oxidised at 300 °C for 3 h and showed no activity. The lack of any activity 

from both oxidised spent catalysts suggested that the pretreatment temperature was 

insufficient to remove any chemisorbed species on the catalyst surface. This was supported 

by TGA data for both catalysts, in which we observe a significant amount of catalyst weight 

loss above 300 °C (Figure 31). Moreover, in the XPS survey scan (Figure 32) the DMF/DBU 

spent catalyst, nitrogen was observed on the catalyst surface. This revealed that DBU bound 

strongly to the catalyst surface, thereby potentially blocking the active site during the reaction 

and accounting for the lower AARs during the solvent/base scan described in section 4.3.5. 
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The nitrogen peak was also present after oxidation at 300 °C, and more crudely visible on 

DMF/NEt3 spent samples (not shown), although all these samples would require more 

detailed study of the N 1s region due to the insensitive nature of survey scans. Readdressing 

the TGA data, we would assign desorption below ~250 °C as the desorption of solvent 

molecules, with the nitrogen base (and possibly formate species, see section 4.3.8) 

responsible for the desorption features at higher temperature. 
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Figure 31: TGA of DMF/NEt3 spent and DMF/DBU spent Au/Al2O3 comparing the rates of adsorbate 
desorption (i.e. first-order derivative mass plots). 

 

XPS analysis within the Au 4f region was performed on the DMF/NEt3, DMF/DBU, 

and oxidised DMF/DBU spent samples, as well as on an EtOH/NEt3 spent sample to measure 

any shift in Au oxidation state. The Au 4f7/2 binding energies of spent samples were all 

determined to be 83.0 ± 0.1 eV. These binding energies are 0.3 eV lower than those of fresh 

and pretreated samples. Such shifts to lower binding energies of spent Au/Al2O3 have been 

reported in literature,63 with some attributing the shift to electron transfer from the support to 

the more electronegative metallic gold. The chemisorption of the base within our system may 

also contribute to lower Au binding energies, and the before-mentioned drop in binding 

energy due to more spherical particles is also a contributing factor.61, 63 The XPS spectra of 

fresh and spent samples are presented in Figure 33.  
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Figure 32: Survey XPS comparing (a) fresh Au/Al2O3 
to (b) DMF/DBU spent Au/Al2O3. The presence of a 
peak at approx. 400 eV indicates the presence of 
nitrogen on the surface (characteristic binding energy 
N 1s = 398.1 eV). 
 

Figure 33: XPS plots comparing fresh Au/Al2O3 to 
spent samples: (a) Fresh Au/Al2O3; (b) EtOH/NEt3 
spent; (c) DMF/NEt3 spent; (d) DMF/DBU spent; (e) 
DMF/DBU spent, oxidised at 300 °C. The broken lines 
compare the average Eb (Au 4f7/2) for fresh/pretreated 
samples (red, 83.3 eV) vs. spent samples (black, 83.0 
eV). Corresponding raw spectra are in Appendix B. 
 

Suggestions of two Au species being responsible for the Au 4f7/2 peaks (primarily in 

Figure 33d and 33e) were ruled out as all spent samples had similar full width at half 

maximum (FWHM) values (~1.6 eV). If the DMF/DBU sample and the accompanying 

oxidised sample were to comprise of two Au species, their respective FWHM values would 

be larger than those of DMF/NEt3 and EtOH/NEt3 spent samples. The XP spectra also 

contain notable background noise contributions within the Au 4f region, making any concrete 

determination of two Au species within the 4f7/2 and 4f5/2 ranges problematic. Finally, caution 

is required before ascribing a change in Au binding energy to the catalyst exposure to the 

reaction conditions. The XPS data was collected in two batches, with fresh and pretreated 

samples collected together, and all spent samples XPS data collected in a separate batch. All 
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binding energies within each batch are identical and within the apparatus error of 0.1 eV. A 

difference of 0.3 eV between fresh and spent samples would need to be confirmed by running 

them within the same batch to avoid any sample block error. 

The catalyst was not regenerated successfully within this study. Higher temperatures 

are advised as reagents appear to have bound strongly to the catalyst surface. Alternatively, 

chemical reactivation of Au/Al2O3 by treatment with CH3I could also be considered.66 The 

choice for calcination at 300 °C originated from the pretreatment trend and regeneration in 

literature,51 but these did not consider strongly adsorbed reagents as was highlighted in this 

section. Unclear is why the DMF/NEt3 system catalyst deactivates only after it has been 

extracted from the autoclave and not during the reaction procedure as highlighted in this 

section. For now, the extent to which DBU may have leached Au from the catalyst is 

uncertain. The nature of this leaching (e.g. large particles vs. small clusters) will also require 

exploration with HAADF-STEM in addition to the successful regeneration of a DMF/NEt3 

spent catalyst to make concise conclusions about the impact DBU had on our system. 

 

4.3.8. Characterisation chemisorbed surface species 

The presence of species chemisorbed on the catalyst surface prompted further 

investigation into possible reaction intermediates the catalyst surface. FTIR was employed to 

characterise the adsorbed species. The spectra (Figure 34) were obtained after evacuation at 

100 °C, and the changes in relative peak intensities between the spent and blank indicated the 

formation of new surface species. 

Peaks were assigned to DMF, NEt3, and the γ-Al2O3 support using the spectra given 

in Figure 34, with IR data from the EtOH/NEt3 run (see Appendix D) used to compare and 

cross-reference similar peaks. Through this process, the absorption at 1619 cm-1 was assigned 

to a formate anion species. The peak intensity within this region increased considerably 

during the reaction, suggesting a build-up of formate intermediates on the catalyst surface. 

More significantly though, the presence of formate species on Au/Al2O3 would imply that 

CO2 adsorbed on Au, rather than on the alumina support. Adsorption on the latter would give 

bicarbonate or carbonate species.67, 68 The remaining absorption peaks at 2979, 2935 were 

assigned to C-H vibrations of NEt3, 1664 cm-1 was assigned to DMF C=O, the peaks at 1576, 

1463 and 1387 cm-1 were generally assigned to carbonate structures, and the broad peak 

beyond 3000 cm-1 was assigned to surface OH species including adsorbed H2O and EtOH.69-

71 
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Figure 34: FTIR spectra of (a) DMF/NEt3 spent; (b) DMF/NEt3 blank; and (c) fresh Au/Al2O3 after evacuation 
at 100 °C. Changes in the relative peak intensities indicate formation of new species on the catalyst surface. 
Absorption at 1619 cm-1 assigned to the formate anion. Other peak assignments: NEt3: C–H at 2979, 2935; 
DMF: C=O at 1664 cm-1; general carbonates: 1576, 1462, 1387 cm-1. 
 

At this stage, we cannot exclude the possibility of bicarbonate or carbonate species 

being present, whether as intermediates or poisons. The possibility of formate species 

forming on the oxidic support are also not excluded as they have been observed in the 

dehydrogenation of FA.68 Due to the complexity of the spent catalyst (i.e. the spent catalyst 

has been exposed to a number of environments prior to FTIR), peak allocation was 

challenging, with many studies in literature only focussing on identifying peaks of a single 

compound under relatively controlled environments. Moreover, the regions of interest 

possessed overlapping vibrations of (possible) key species, with the region of 1200-1700 cm-1 

corresponding to IR absorption by chemisorbed CO2 molecules, formates, bicarbonates, and 

carbonates, as well as surface OH (incl. water peaks) and NEt3.
67-74 The presence or absence 

of these species will influence our understanding of this system considerably, most 

significantly with respect to outlining a mechanism for FA/NEt3 adduct formation and 

deactivation pathways. A more systematic approach should be adopted to isolate the peaks of 

individual surface species. Further analysis of the spent catalyst by temperature programmed 
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desorption in combination with mass spectrometry must also be employed to confirm the 

presence of formate or base species on the catalyst surface. 

 

4.3.9. The nature of the active site 

Cyanide leaching was employed to determine the nature of the active site. 

Commercial Au/Al2O3 was treated NaCN to remove all metallic Au0. XPS did not detect the 

presence of any Au in the Au 4f region after the treatment. In addition, XPS did not detect 

surface nitrogen in the N 1s region. This was performed to ensure that all CN was 

successfully washed out of the catalyst prior to exposure to aqua regia during ICP-OES 

preparation steps. The Au metal loading was < 0.01 wt.% as determined by ICP, showing that 

over 99% of Au leached from the catalyst. Furthermore, the leached catalyst showed no 

activity in duplicate batch CO2 hydrogenation reactions (DMF/NEt3 at 70 °C) after 

calcination at 300 °C for 3 h. 

The ICP results complement previous XPS data that displayed the presence of only 

fully reduced Au0 on the commercial Au/Al2O3 catalyst. These results establish Au0 to be the 

active site for Au/Al2O3 catalyst CO2 hydrogenation to FA, with cationic Au+ and Au3+ not 

participating within our system. Further confirmation of active Au0 may be obtained by 

running the cyanide leaching process for a shorter period of time to leach only part of the 

Au0, which should lead to a lower catalytic activity without complete activity loss.  

The designation of metallic Au0 as the active site in Au catalysed hydrogenation 

reactions has been found in literature, with their activity towards H2 dissociation (a crucial 

step in hydrogenation reactions) attributed to low coordinated corner and edge Au atoms.58 

Small particles with a diameter of only a few nanometres are therefore required as they 

possess a larger fraction of Au corner and edge atoms. The weakly bound H adatom is then 

able to react with other adsorbates. The proximity of the Au0 active site with respect to the 

Au-support perimeter, and indeed the exact role of the support, remains heavily debated 

within the field. Bus et al. and Panayotov et al. both assign low coordinated Au0 sites away 

from the Au-support perimeter as the active sites for H2 dissociation, with the latter study also 

suggesting some atomic H spills over to the support.75, 76 On the contrary, Fujitami et al. 

proposed the Au-support interface to be the active site for heterolytic H2 dissociation, with 

perimeter oxygen atoms vital towards and H2 dissociation activity.77 Although the role of the 

support remains unclear, its importance cannot be ignored as we also determined small, 

unsupported AuNPs to be inactivate towards CO2 hydrogenation in this study. 
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The IR spectra revealed the possible presence of a formate species on the catalyst 

surface. Assuming that the before/after ex-situ characterisation techniques were 

representative of our catalytic system, and that formate species on the surface were 

intermediates, we propose the following plausible elementary steps for the hydrogenation of 

CO2 where Au adsorption sites are denoted with an asterisk. 

 

 2H  + 2*  2H*   [4.5] 

 

 2CO  + *  OCO*   [4.6] 

 

 3 3NEt  + *  NEt *   [4.7] 

 

 OCO* + H*  OHCO* + *   [4.8] 

 

 HCOO* + H*  HCOO(H)* + *   [4.9] 

 

 + -
3 3HCOO(H)* + NEt *  [HNEt ][HCOO ] + 2*   [4.10] 

 

The slow step is likely the combination of adsorbed formate with the H adatom to produce 

adsorbed FA in [4.9], prior to deprotonation by the adsorbed base to form an adduct species. 

This deprotonation drives the forward reaction. Strongly adsorbed base on the catalytic 

surface may poison the catalyst though, occupying sites otherwise required for H2 

dissociation or CO2 adsorption.  

Alternatively, the possibility of heterolytic H2 cleavage cannot be excluded. For this 

situation, we can envisage two distinct scenarios: 

 

1. H2 dissociation occurring at the Au-support interface in accordance with Fujitami 

et al.’s reported results.77 This mechanism would complement our results obtained 

for unsupported AuNPs that exhibited no catalytic activity. Here we distinguish 

between the adsorption sites for clarity. 

 

 2H  + Al O 0Al + Au   Al +O(H) 0Al + Au -H   [4.11] 
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 Al +O(H) 3Al + NEt   Al O +
3Al + [HNEt ]   [4.12] 

 

2. H2 dissociation in which NEt3 assists in the activation of H2, yielding HNEt3
+ and 

Au0–H-. The reverse mechanism was proposed by Bi et al. for FA decomposition 

to H2 and CO2.  

 

 2 2H  + *  H *   [4.13] 

 

 δ-
2 3H * + NEt   *H δ+ - +

3 3H NEt   [H ]* + [NEt ]    [4.14] 

 

The remaining steps in both schemes are the formation and desorption of the formate 

species: 

 

 2CO  + *  OCO*   [4.15] 

 

 0*OCO + Au - - 0H   [HCOO ]* + Au   [4.16] 

 

 - -[HCOO ]*  [HCOO ] + *   [4.17] 

 

Though the proposal of a concrete mechanism is premature, the proposals bare 

resemblances to those proposed for the reverse FA decomposition reactions in literature. 

Proposed H2 dissociation pathways from literature were also taken into consideration.26, 48, 68, 

75, 77  

 

4.4. Summary 

This chapter began by establishing that AuNPs need to be supported to catalyse the 

hydrogenation of CO2 to FA. Unsupported AuNPs, despite meeting the particle size 

requirements for Au catalysis (i.e. 2-3 nm), produced no activity and showed poor thermal 

stability in an autoclave setup. In contrast, γ-Al2O3 supported Au gave promising activities 

after condition screenings.  
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Thermal pretreatment of the catalyst influenced the activity of Au/Al2O3 in CO2 

hydrogenation towards FA, however further characterisation is required to understand the 

origin of this trend. Further investigation with unpretreated Au/Al2O3 yielded a reproducible 

and relatively high activity DMF/NEt3 solvent-base system that was charged using a H2/CO2 

mixed gas. The catalytic system exhibited a first order dependency with respect to catalyst 

loading, and a zero-order dependency towards reactant gas partial pressures.  

More interestingly, the catalyst demonstrated a temperature independency towards 

initial rates, with final yields responding positively towards decreases in temperature. 

Considerable gains in AARs were obtained when temperatures were reduced to 55 °C 

without a significant loss in reaction rate. The activity of Au catalysed CO2 hydrogenation 

was proposed to originate from the presence of Au0 on small nanoparticles, with no cationic 

species observed. Current understanding of the spent catalyst characterisation indicates the 

build-up of formate species on the catalyst surface, possibly as an intermediate within our 

current system. 
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Chapter 5: Conclusion and Outlook 
 

In this thesis we have demonstrated the promising catalytic activity of commercial 

Au/Al2O3 (AUROlite) for the hydrogenation of CO2 to produce formic acid (FA). The system 

was found to exhibit the highest catalytic activity in a solvent/base system composed of 

DMF/NEt3, with a 1:1 H2/CO2 gas loading essential to reproducibility of this system. 

Contrary to the system adopted by Preti et al. in which supercritical conditions were 

employed, our results were obtained at considerably less extreme conditions while still 

exhibiting encouraging activity. Our study therefore confirms Au’s ability to hydrogenate 

CO2 to FA, with Al2O3 found to be an alternative – and in our opinion superior – support for 

this catalytic system that exhibited higher activity than the Au/TiO2 catalyst previously used 

by Preti et al.25 

Unsupported, ligand stabilised AuNPs were inactive in CO2 hydrogenation. Although 

the exact role of the support within our system is not yet known, its presence is vital. Further 

investigation with HAADF-STEM found that a considerable portion of the Al2O3 supported 

AuNPs were below 2 nm in diameter. The need for small Au clusters for catalytic activity is a 

common theme in literature. Moreover, using XPS we proposed reduced Au0 to be the active 

species within our system. This result was supported by the cyanide leaching of Au/Al2O3, in 

which over 99% of the Au being removed and eliminated any catalytic activity.  

Thermal pretreatment of the catalyst influences its hydrogenation activity, with 

pretreatment at 300 °C found to give the highest activity when catalyst pretreatment was 

employed. Regeneration of the catalyst was not achieved though, with strongly chemisorbed 

species likely to require calcination temperatures above 300 °C in order to desorb and 

potentially reactivate the Au/Al2O3. In addition to chemisorbed base, the presence of a 

possible formate intermediate species was observed on the catalyst surface using FTIR. A 

TPD-MS setup would confirm the presence and nature of these chemisorbed species, as well 

as help clarify the reaction mechanism and improve our understanding of how to regenerate 

the catalyst. None such characterisation was performed in this study. 

A kinetic study of our system revealed interesting results. Varying the temperature 

between 55 °C and 100 °C does not appear to influence the initial rates of reaction. The 

system was found to be apparently barrierless (Ea
app ≈ 0 kJ mol-1), but the final yield (AAR) 

increased at lower reaction temperatures. A maximum AAR of 0.70 was achieved at 55 °C, 

with the initial TOFs calculated at ~100 h-1 across all temperatures. In addition, the catalyst 
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remained active over 71 h, highlighting its stability within our system. Furthermore, the 

barrierless forward reaction could allow the reaction to be operated at even lower 

temperatures (e.g. room temperature) to achieve higher yields. This will need to be explored 

in future experiments. 

 The path towards a viable heterogeneous catalyst for the hydrogenation of CO2 to FA 

still contains considerable obstacles. The low activity of the gold systems in comparison to 

homogeneous systems cannot be overlooked. Nevertheless, an improved understanding of the 

gold catalysed system has been achieved in this thesis. We are hopeful that these obstacles 

will be confronted by improved comprehension of this complex system. More extensive and 

innovative research will undoubtedly yield creative routes to convert the hydrogen economy 

from a scientific challenge to a groundbreaking green energy solution. 
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Appendix 
 

Appendix A 

 

A1. Formic acid concentration determination using High Performance Liquid 

Chromatography (HPLC) 

A Shimadzu High Pressure Liquid Chromatographer (HPLC) containing a Prevail 

Organic Acid column was used to analyse the formic acid content of all prepared samples. 

The HPLC was run using a potassium phosphate buffer (pH 2.0) which was prepared by 

dissolving 1.4150 g KH2PO4(s) and 1.6854 g H3PO4(aq) (85 wt. %) in 1.000 L deionised water. 

The specifications of the HPLC are given in Table 10. 

 

Table 10: HPLC specifications for formic acid analysis 
 

Characteristic Specification 
Oven temperature Off 

Maximum temperature n/a 
Cell temperature 40°C 
Column length 100 mm 

Internal diameter 2.1 mm 
Injection volume 1 μL 

Total flow 0.200 mL/min 
Retention time of peak 1.73 s 

 

A calibration curve was constructed to measure the formic acid (FA) concentration. A 

stock FA solution (530.1 mM) was prepared by diluting 1.000 mL FA to 50.00 mL in 

distilled water. This stock solution was diluted further with 1:2 mL, 1:5 mL, 1:10 mL and 

1:25 mL dilutions yielding 265.0 mM, 106.0 mM, 53.01 mM, and 21.20 mM FA solutions 

respectively. The 53.01 mM and 21.20 mM FA solutions were each diluted further with 1:5 

mL dilutions to yield a 10.60 mM and 4.241 mM FA respectively. Peak integrations were 

performed using the ICIS algorithm included in the Shimadzu software package. A schematic 

of the dilution scheme is given below in Figure 35. 
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Figure 35: Schematic of dilution scheme for FA concentration determination using HPLC 

 

A2. Calibration curve construction for kinetic study 

The setup for the kinetic studies (3.3.4) involved sampling small (100-200 μL) 

amounts of the reaction mixture for each reading. The FA concentration within the autoclave 

was determined with an internal standard according to the following calibration procedure. 

A solution containing 35 mL ethanol and 1.000 mL of the internal standard THF 

(hereafter referred to as the “autoclave solution”) was prepared to replicate the reaction 

quantities. A separate formic acid solution (5.30 M) was prepared by diluting 1.000 mL FA in 

a 5.00 mL volumetric flask with ethanol. The initial calibration point (0.00 M FA) was 

obtained by taking 100 μL of the autoclave solution and diluting it to 1.000 mL in a 

volumetric flask using ethanol. The FA concentration within the autoclave solution was 

increased by adding 500 μL of the FA solution, which is equivalent to adding 2.65 mmol FA. 

Again, 100 μL of this autoclave solution was diluted to 1.000 mL in a volumetric flask. This 

procedure was repeated an additional four times so that solutions containing calculated 2.65 

mmol (75.7 mM), 5.30 mmol (151 mM), 7.950 mmol (227.1 mM), 10.6 mmol (302.9 mM), 

and 13.3 mmol (379 mM) FA were sampled. 

The abovementioned samples were analysed using HPLC to determine the FA 

concentration (Appendix A1) within each sample, and gas chromatography (Shimadzu GC-

17A) to determine the amount of THF internal standard in each sample. A calibration curve 

was constructed that related the ratio of HPLC determined FA concentration (in mM) to the 

amount of THF detected (in arbitrary units). This ratio allowed for the determination of the 
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21.20 mM

1:25 dilution

4.241 mM

1:5 dilution

53.01 mM

1:10 dilution

10.60 mM
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1:5 dilution

265.0 mM
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FA concentration inside the autoclave solution during the kinetic studies. We emphasise that 

we do not take into account the total volume change due to sampling, with the total volume 

considered to be 35 mL throughout the calibration and reaction. 
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Appendix B – Commercial gold catalyst screening results 

Selected results of an earlier screening study are presented in Table 11. The screening 

study investigated which supported Au catalysts exhibited the most promising activity 

towards CO2 hydrogenation to FA. The results presented in Table 11 show that commercial 

Au/Al2O3 (AUROlite) gave the highest catalytic activity compared to Au/TiO2 and Au/ZnO. 

 

Table 11: Turnover numbers (TONs, determined using total Au) and acid-to-amine ratios (AARs) from 
commercial Au catalysts on different metal oxide supports for CO2 hydrogenation to FA. These results were 
obtained during a screening study. 
 

Catalyst Mass, g Temperature, °C TON (using total Au) AAR 

Au/Al₂O₃ (AUROlite) 0.0670 70 215 0.203 

Au/Al₂O₃ (AUROlite) 0.0646 70 184 0.168 

Au/Al₂O₃ (AUROlite) 0.0544 70 151 0.116 

Au/TiO₂ (AUROlite) 0.0157 70 125 0.028 

Au/TiO₂ (AUROlite) 0.0609 70 110 0.095 

Au/ZnO (AUROlite) 0.0598 70 2 0.002 

 

Gold dispersion was not calculated in this study, therefore TON values are with 

respect to total Au. In chapter 4, the TONs of Au/Al2O3 in Table 11 are scaled according to 

the dispersion calculated within the present study.  
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Appendix C – Additional XPS plots 

The remaining XPS plots for pretreated catalysts are shown in Figure 36. Here we 

also give the raw spectra (i.e. without background subtraction, Figure 37) for comparative 

purposes. Without the XPS background subtraction, the Au 4f7/2 and 4f5/2 peak maximums 

would appear at slightly higher binding energies, these are most easily visualised using the 

broken line denoting the 4f7/2 peak at 83.3 eV on all three figures. The raw XPS plot of the 

spent Au/Al2O3 is are given in Figure 38. 
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Figure 36: XPS plot of (a) fresh Au/Al2O3; reduced Au/Al2O3 at (b) 200 °C; (c) 300 °C; (d) 400 °C; and (e) 500 
°C; and Au/Al2O3 calcined at (f) 200 °C; (g) 300 °C; (h) 400 °C; and (i) 500 °C. These are background-
subtracted spectra, with the Au 4f7/2 peak at 83.3 eV (broken line). 
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Figure 37: Raw XPS plots of (a) fresh Au/Al2O3; reduced Au/Al2O3 at (b) 200 °C; (c) 300 °C; (d) 400 °C; and 
(e) 500 °C; and Au/Al2O3 calcined at (f) 200 °C; (g) 300 °C; (h) 400 °C; and (i) 500 °C. These are raw spectra 
(i.e. without background subtraction), with the Au 4f7/2 peak at 83.3 eV. 
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Figure 38: Raw XPS plots (i.e. without background subtraction) comparing fresh Au/Al2O3 to spent samples: (a) 
Fresh Au/Al2O3; (b) EtOH/NEt3 spent; (c) DMF/NEt3 spent; (d) DMF/DBU spent; (e) DMF/DBU spent, 
oxidised at 300 °C. The broken lines compare the average Eb (Au 4f7/2) for fresh/pretreated samples (red, 83.3 
eV) vs. spent samples (black, 83.0 eV). 

 

  



Wilbert Vrijburg     83 
  CO2 hydrogenation over Au/Al2O3 

Appendix D – Additional FTIR spectra 

The FTIR absorption peak assignments in chapter 4.3.8 relied on additional spectra in 

order to give a better interpretation to the FTIR data of DMF/NEt3 spent Au/Al2O3. Primarily 

the spectra in (Figure 39) were used to assign the solvent/base peaks, as well as peaks 

belonging to surface OH species (in combination with literature). These spectra again 

highlight the potential for peak overlap within the absorption region 1200-1700 cm-1. 
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Figure 39: FTIR spectra of EtOH/NEt3 spent and EtOH/NEt3 blank Au/Al2O3 after evacuation at 100 °C. The 
peaks from these spectra were cross-referenced with those of DMF/NEt3 systems to assign particular bonds to 
those respective peaks. 
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