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Abstract: 
 
         Increases in carbon dioxide emissions due to economic activity induce global 

warming. The strong increase in energy demand, mainly based on oil and coal, induces 

a rapid increase in CO2 in the atmosphere. Within Canada, the amount of human-

produced carbon dioxide is considerable because a large portion of energy is supplied 

by burning of fossil fuels. The Reverse Water Gas Shift (RWGS) reaction is a 

promising catalytic process for the utilization and subsequent activation of carbon 

dioxide to carbon monoxide, which can be further converted into fuels such as 

gasoline. The current thesis studies the development of nano-catalytic systems for the 

RWGS reaction. Mono- and bi-metallic nanoparticles based on Cu, Fe, Ru and Pt were 

prepared using a polyol synthesis method. The catalytic performance of three different 

types of metal oxides (ionically conductive, mixed ionic-electronic conductive and 

non-conductive) was investigated for the RWGS reaction. Conductive metal oxides 

including samarium-doped ceria (SDC), ceria (CeO2), yttria-stabilized zirconia (YSZ) 

and iron III oxide (Fe2O3) were further used as the catalyst supports and the 

nanoparticles of Cu, Fe, CuxFe1-x (x = 50 and 95 at.%), Ru, Pt, Ru50Pt50 and RuxFe1-x (x 

= 80 and 90 at.%) were subsequently deposited on them. A stoichiometric mixture of 

H2 and CO2, i.e. H2/CO2 = 1, was used under atmospheric pressure in the temperature 

range of 300 - 600°C in order to evaluate the catalyst performance in terms of activity, 

stability and selectivity. Nanoparticles deposited on ceria-based supports (CeO2 and 

SDC) showed superior catalytic performance compared to other metal oxides. Among 

all the catalyst tested, 5 wt.% Ru50Pt50/CeO2 showed the highest CO yield and 

satisfactory stability for RWGS reaction. The second best catalytic systems were based 

on Ru90Fe10/CeO2 and Ru80Fe20/CeO2, which are more attractive from the practical 

point of view.  
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Chapter 1 
 
1.1 Introduction 
 
             The burning of fossil fuels increases the concentration of green house gases (GHG) 

and leads to environmental and health hazards. Fossil fuel is still considered as the main 

resource for the supply of energy in Canada, and therefore it is responsible for generation of 

large amounts of carbon dioxide (CO2). It is noticeable that CO2 contributes over 60 percent 

to GHGs, which are one of the main causes of global warming. In addition, CO2 is considered 

to be responsible for the disruption of the global carbon cycle that can eventually lead to 

climate change. Carbon cycle is known as a complex cycle through which carbon circulates 

between different carbon reservoirs such as CO2 [1]. 

            As reported by the International Panel for Climate Change (IPCC), CO2 concentration 

is increasing every year. Over 80% increase in CO2 level has been reported from the year 

2000 to the year 2004 [2]. The climate change caused by CO2 has severe environmental 

impacts including melting of ice sheets and consequently rise in the sea levels [3], higher 

desertification, and ocean acidification because a large portion of emitted CO2 is released into 

the oceans [4].  

             In an attempt to deal with global warming as a worldwide issue, countries committed 

to decrease their GHG emissions in the long run. In spite of all the integrated strategies for 

CHG reduction, it is unlikely for the developed carbon emitter industries to have a major 

contribution in the foreseeable future [5]. CO2 is regarded as the heart of the global warming 

crisis. Thus, it is important to set a science-based target for developing new technologies for 

CO2 capture and sequestration in the near future.  

            Numerous technologies have been developed to undertake CO2 capture and 

sequestration (CCS) so that the captured CO2 would be eventually utilized, rather than adding 

up to the CO2 levels in the atmosphere. CO2 storage is mainly referred to keeping it at an 

appropriate location where it could be used in geological measurements [6]. Although CSS 

has proved itself as a successful method for atmospheric carbon reduction, but it possesses a 

number of problems that encourage developing effective CO2 utilization techniques [7]. For 

example, CCS cannot be applied to all kinds of carbon emissions since it is mainly suitable 
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for those that occur near safe sites. In addition, this approach is only well suited for large-

scale sources of carbon. Furthermore, many risks such as reservoirs leakage and other 

unknown environmental impacts make this costly approach of much less interest [2].  

             Unlike CCS, technologies centered on carbon capture and utilization (CCU), proved 

to be more effective in reducing CO2 atmospheric levels [8]. This method aims at utilizing 

CO2 as a feedstock for the production of high value chemicals and fuels. Availability and the 

low cost of CO2 have attracted considerable attention to the utilization of CO2 as a carbon 

source. However, CO2 is a very stable molecule with the enthalpy of formation of -393.51 

kJ.mol-1. Therefore, there is a thermodynamic energy obstacle that needs to be overcome in 

order to activate CO2 [9]. Using renewable sources (wind, solar, and nuclear energy and etc.) 

as energy supply, CCU could be considered as a reliable approach for CO2 mitigation. 

             The reaction of CO2 with H2, also known as CO2 hydrogenation is one of the effective 

methods for CO2 utilization that can lead to the production of a wide range of value-added 

products [10]. The hydrogenation of CO2 can be carried out either directly or indirectly to 

yield different products and fuels. For example, the Sabatier reaction or CO2 methanation is a 

CO2 hydrogenation reaction that directly yields methane [11]. Moreover, the methanol 

synthesis is another example of direct CO2 hydrogenation that can result in the formation of 

methanol (CH3OH) [12]. In contrast, indirect routes often deal with a multi-stage process and 

the use of hybrid catalysts active towards different processes. Throughout an indirect 

hydrogenation, CO2 would transform to a more reactive intermediate, for example, carbon 

monoxide (CO) or methanol (CH3OH) [13]. Products of indirect CO2 hydrogenation would 

eventually participate in other reactions to produce the final desirable products.    

            Figure 1.1 shows a number of direct and indirect CO2 hydrogenation reactions. It 

demonstrates the importance of CO that is produced through the Reverse Water Gas Shift 

(RWGS) reaction. CO can be hydrogenated according to the Fischer-Tropsch (FT) process to 

result in higher value products such as longer chain hydrocarbons and alcohols. Moreover, 

CO hydrogenation can also lead to the production of methanol that can be subsequently used 

in Methanol to Gasoline (MTG) process [14]. In addition, Figure 1.1 also indicates the 

CAMERE process through which CO2 is indirectly hydrogenated to produce methanol. 
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                        Fig. 1.1: Direct and indirect hydrogenation reactions using H2 via water electrolysis 

 

            In general, H2 is mainly obtained from fossil sources [15]. Therefore, it is of the 

greatest concern to supply the hydrogen need using an economical approach. On the other 

hand, renewable and infinite supplies are required to ensure the sustainability of H2 

production. Biotech-based researches revealed that H2 could be formed from biomass, green 

algae as well as cyanobacteria [16]. Nevertheless, electrolysis of water is a more promising 

approach for H2 production, in case the renewable sources such as wind or solar energies 

provide the energy demand [17].  

          Figure 1.1 demonstrates that the water from the RWGS reaction can be used in the 

electrolysing unit to form H2. Therefore, it is evident that both products from the RWGS 

reaction (CO and H2O) can be used in order to produce fuels and value-added products. 

However, it is important to use a renewable source of energy in order to make the whole 

process sustainable and cost-efficient.  
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          The production of CO through the Reverse Water Gas Shift (RWGS) reaction has 

attracted renewed attention since CO can be used to produce liquid fuels and hydrocarbons. 

An interesting feature of RWGS reaction is that it consumes less H2 compared to other direct 

CO2 hydrogenation reactions such as the Sabatier reaction and methanol synthesis [18]. CO2 

hydrogenation reactions powered by renewable energies (e.g. wind, solar and nuclear 

energies) can be viable solutions for energy saving. Synthetic fuel (mixture of CO and H2) 

and other high value products can be further used to produce energy [19]. These approaches 

are capable of diminishing the need for petroleum-based fuels as well as mitigating CO2 

emissions by a high percentage.  

  

1.2 Motivation: 
            The growth rate of CO2 is on the rise and needs to be controlled. Storage reservoirs 

are finite and their capacity is not sufficient to accommodate CO2 emissions in the near future 

[20]. This addresses the unsustainability of the storage techniques. Whereas, CO2 utilization 

approaches not only reduce its atmospheric levels, but also open new doors to development 

of sustainable energy and renewable fuels. 

            Carbon dioxide is considered as an inexpensive source of carbon. However, it is the 

most stable carbonaceous material of all that is not desirable in chemical reactions due to its 

lack of reactivity. In order to induce reactivity, CO2 can react with H2 as a reducing agent. 

Hydrogenation of CO2 to CO through the Reverse Water Gas Shift (RWGS) reaction is a 

favourable approach to utilize CO2. A reliable H2 supply and thermal energy source as well as 

appropriate catalysts are required in order to activate CO2 through RWGS. This reaction is 

endothermic and the temperature of the reaction can go as high as 900 -1000°C [21]. It is 

noticeable that less thermal energy would be required with the contribution of heterogeneous 

catalysis. Moreover, appropriate RWGS catalysts must have high CO selectivity because CH4 

and CH3OH are two main by-products that could be formed along with CO in direct CO2 

hydrogenation reactions [22]. Hence it can be concluded that the development of suitable 

catalysts plays a determining role towards the industrialization of RWGS reaction. 

             To sum it up, it is essential to reduce CO2 emissions. Canadian coal power plants and 

other CO2 emitter industries are required to implement several measures such as CO2 

sequestration and concentration to avoid carrying penalties in the near future. CO can be 
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utilized in many industrial operations including Fisher-Tropsch reaction, metal fabrication, 

chemical and pharmaceutical manufacturing and electronics. However, it is important to 

economically optimize RWGS reaction. Therefore, highly active and selective catalysts need 

to be developed to maximize CO production and simultaneously minimize other direct 

hydrogenation end products such as CH4 and CH3OH. 

 

1.2.1 The Reverse Water Gas Shift (RWGS) Reaction: 
  

 CO2 can be reduced to CO according to the RWGS reaction, Eq. (1.1):  

 

CO2 + H2 ↔ CO + H2O       ΔH0
298 = 41.2 kJ mol-1                                                                       (Eq. 1.1) 

 

           RWGS is an endothermic equilibrium-limited reaction. Thermodynamically, this 

reaction becomes favourable at high temperatures. In other words, there is a conversion limit 

imposed by the thermodynamic nature of the RWGS reaction. It is important to note that 

pressure as another operating factor, has negligible effect on catalyst behaviour up to 950 bar 

[23]. Therefore, RWGS mainly occurs under atmospheric pressure and high temperatures (> 

800°C). Everything considered, it is important to improve the production of CO through 

RWGS reaction by the help of efficient catalytic systems operating at optimized conditions. 

        It is noticeable that the equilibrium conversion values of the RWGS reaction are low. 

For example, only 39% of CO2 conversion can take place with H2/CO2=1 at 600°C and this 

value increases to 65% with H2/CO2=3 at the same temperature [24]. Therefore, elevating the 

concentration of H2 is advantageous to CO2 utilization since it promotes CO2 consumption 

and at the same time assures the formation of synthetic gas (CO/H2). However, increasing the 

H2/CO2 ratio can considerably alter the selectivity of the RWGS reaction. In other words, 

RWGS is not the only reaction that needs to be taken into account when using CO2 and H2 as 

reactants. The methanol synthesis reaction (Eq. 1.2) and the Sabatier reaction (Eq. 1.3) are 

two main reactions that can accompany RWGS reaction [25]. The three main direct CO2 

hydrogenation reactions are shown below: 

 

 



6	
  
	
  
	
  

H2+CO2 ↔ CO+H2O           (RWGS reaction)       ΔH0
298 = +41.3 kJ.mol-1          (Eq. 1.1)                    

3H2+CO2àCH3OH+H2O  (Methanol synthesis)    ΔH0
298 = -167   kJ.mol-1         (Eq. 1.2)                     

4H2+CO2àCH4+2H2O      (Sabatier reaction)       ΔH0
298 = -49.5  kJ.mol-1          (Eq. 1.3) 

 

            According to thermodynamic considerations, methane is the second main component 

that can be formed together with CO. Thus, it is important to promote the RWGS reaction 

using catalytic systems that have high selectivity for CO formation. The RWGS reaction 

consumes the least amount of H2 compared to other direct CO2 hydrogenation reactions. 

Moreover, it benefits from several advantages such as facile operation, reusability of 

catalysts, simple reactor design and above all, easy separation of produced chemicals. 

Furthermore, low H2 consumption as well as utilization of CO2 as a low carbon source has 

made RWGS interesting.  

           Nevertheless, RWGS reaction is yet challenging because it requires high thermal 

energy. A commercially favourable RWGS reaction requires a renewable source of energy 

for providing both heat and hydrogen. Therefore, RWGS is not still feasible on the market on 

a large scale due to the problems associated with energy supply. The role of catalysts is 

crucial to facilitate higher reaction yield at lower temperatures. The German Ministry of 

Research and Education (BMBF) currently funds the commercial RWGS reaction, where H2 

is provided by the thermal decomposition of methane [26]. 

 

1.3 Research Objective: 
        The development of efficient catalytic systems is essential in order to enhance the 

conversion of CO2 to CO through the RWGS reaction. Catalytic activity, stability and 

selectivity should be taken into consideration in order to develop effective catalysts. 

Throughout this study, metal nanoparticles including copper (Cu), iron (Fe), platinum (Pt) 

and ruthenium (Ru) as well as conductive and non-conductive metal oxides were studied as 

catalytic systems for RWGS reaction. Thus, four objectives were pursued:  
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Objective I: Synthesis and characterization of mono- and bi-metallic nanoparticles of the 

abovementioned metals 

Objective II: Investigation of the catalytic performance of three different types of 

commercial metal oxides (ionically conductive, mixed ionic-electronic and non-conductive) 

in RWGS reaction for further use as catalytic support 

Objective III: Investigation of the catalytic performance of non-noble metal nanoparticles 

including Cu, Fe and CuFe supported on active metal oxides for RWGS reaction  

Objective IV: Investigation of the catalytic performance of noble metal nanoparticles 

including Ru, Pt, RuPt, RuFe supported on active metal oxides for RWGS reaction  

 

           This thesis is composed of 8 chapters. Chapters 1 and 2 outline the motivation for this 

thesis as well as a detailed literature review related to the research and above all, recent 

advances in catalytic systems for RWGS reaction. Chapters 3 and 4 specify the first objective 

of this research work, which is the synthesis and consequently the characterization of mono-

metallic nanoparticles (Cu, Fe, Ru and Pt) and bi-metallic nanoparticles (CuFe, RuFe and 

RuPt) (Objective I). 

          Chapter 5 describes the performance of commercial metal oxides in terms of activity, 

stability and selectivity. Three different kinds of metal oxides (ionically conductive, mixed 

ionic-electronic and non-conductive) were evaluated in order to investigate the effect of ionic 

and electronic conductivity on RWGS reaction (Objective II). These conductive metal oxides 

are subsequently used in chapters 6 and 7 as catalyst supports for the deposition of mono- and 

bi-metallic nanoparticles.  

           Chapter 6 presents the catalytic behaviour of supported non-noble metal (Cu, Fe, and 

CuFe) catalysts (Objective III). Chapter 7 compares the catalytic performance of noble metal 

nanoparticles including Pt, Ru and RuPt supported on various conductive oxide supports 

(Objective IV). Furthermore, it intends to investigate the promoting effect of Fe with respect 

to supported RuFe catalysts (Objective IV). Finally, chapter 8 summarizes the conclusion of 

findings within this research and presents recommendations for future works. 
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Chapter 2: Literature Review 
 

2.1 Introduction 
            A large amount of CO2 is produced every year because of the burning of fossil fuels, 

which can be turned back into fuel and value-added chemicals using several CO2 utilization 

techniques. In other words, CO2 utilization brings many economical and environmental 

benefits. The Reverse Water Gas Shift (RWGS) reaction is one of the important CO2 

utilization methods, which results in the production of reactive carbon monoxide. CO is a 

valuable chemical that can be used for a range of industrial applications such as the 

production of synthetic fuel as well as the Fischer-Tropsch process to produce hydrocarbons 

and alcohols. RWGS reaction can be economically favourable if using a renewable source of 

energy and also using H2 from water electrolysis. This could result in the sustainable 

production of synthetic fuel that can serve the annual energy demand in the transportation 

sector. 

          Beside a reliable energy supply, the RWGS reaction requires active, stable and 

selective catalysts in order to be used in industrial practices. Currently, the German Federal 

Ministry of Education and Research has put considerable money and effort into developing 

high-temperature electrolysers and consequently improving the Fischer-Tropsch process that 

is followed by the RWGS reaction [26]. However, more research is required in order to 

design efficient catalytic systems for the RWGS reaction for further commercialization. 

         This thesis studies several catalytic systems in order to enhance the overall conversion 

of CO2 to CO through the equilibrium-limited RWGS reaction. It is essentially important to 

increase the reaction yield at lower temperatures since other direct hydrogenation reactions 

such as CO2 methanation might occur. Therefore, the development of RWGS catalysts should 

be accompanied by studying other potential reactions that might decrease the yield of the 

reaction. Moreover, the equilibrium constant of the RWGS reaction is low at lower 

temperatures, e.g. 600°C and below, which gives rise to much lower reaction yields. Efficient 

metal catalysts and catalyst support should be identified and their properties needs to be 

optimized and further promoted in order to contribute to economizing the RWGS reaction. 
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2.2 RWGS Application and Advantage 
           Carbon dioxide mitigation requires the development of efficient CO2 utilization 

techniques. RWGS is one of the best-known catalytic reactions to utilize carbon dioxide, Eq. 

2.1:  

 

 CO2(g)+ H2(g) ↔ CO(g) + H2O(g)             ΔH0
298= + 41.2 kJ mol-1                                             (Eq. 2.1) 

 

          The RWGS reaction is thermodynamically and kinetically favored at high 

temperatures. However, renewable sources (wind or solar energies) can provide the high 

thermal input for RWGS reaction. Moreover, low-cost H2 can be supplied by electrolyzing 

water using renewable energy sources. Therefore, CO can lead to the production of 

renewable synthetic gas (H2+CO) [27]. Carbon monoxide can be hydrogenated according to 

the Fischer-Tropsch (FT) process to produce liquid hydrocarbons and alcohols. Therefore, 

synthetic gas can be transformed to liquids to be further refined into gasoline and other 

desirable products. Combination of RWGS and a consecutive FT process could lead to the 

production of gasoline, evaluated at 2 dollars per gallon; assuming 30 dollars tax is applied 

per ton of CO2 emissions [28], which is lower than the current price of gasoline [29]. 

           It is notable that steam methane reforming (SMR) and dry reforming of methane 

(DRM) are two important industrial reactions that also lead to the formation of CO, Eq. 2.2 

and Eq. 2.3: 

 

CH4 + H2O ↔ CO + 3H2             (SMR)      ΔH0
298 = -206  kJ.mol-1                          (Eq. 2.2)                     

CO2 + CH4 ↔ 2CO + 2H2      (DRM)      ΔH0
298 = -247 kJ.mol-1                           (Eq. 2.3)                     

 

          The highly exothermic nature of these two reactions facilitates the formation of CO at 

lower temperatures compared to the RWGS reaction. However, CH4 is one of the reactants of 

SMR and DRM reactions. CH4 is the main component of natural gas that is considerably 

more expensive than CO2. It is notable that CO2 could be available at no cost or even with 

financial return using appropriate capture and recycling methods [30]. Therefore, RWGS 

could be considerably more cost-effective using a renewable source of energy. It has been 

reported that SMR and DRM consume more energy than they generate [31].  
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          The RWGS reaction can be used for the production of methanol.  It is important to note 

that methanol can be also formed through the direct hydrogenation of CO2 (32), Eq. 2.4: 

 

3H2+CO2àCH3OH+H2O  (Methanol synthesis)     ΔH0
298 = -167   kJ.mol-1         (Eq. 2.4)                     

 

          It is evident that the direct hydrogenation of CO2 to methanol requires a large 

consumption of H2, whereas the RWGS reaction (Eq. 2.1) demands much less H2 to produce 

methanol. Thus, methanol can be formed at lower cost through the RWGS reaction following 

by CO hydrogenation using the CAMERE process [33]. Methanol can be further used as a 

feedstock to produce gasoline according to the Methanol to Gasoline (MTG) process, which 

can subsequently economize the transportation systems [34].  

         The RWGS reaction possesses several advantages compared to other direct CO2 

hydrogenation reactions, namely methanol synthesis and CO2 methanation. Considerable 

hydrogen demand is the first drawback that makes other direct CO2 hydrogenation reactions 

less interesting. The CO2 methanation reaction or Sabatier reaction happens according to the 

Equation 2.5: 

 

4H2+CO2àCH4+2H2O      (Sabatier reaction)       ΔH0
298 = -49.5  kJ.mol-1          (Eq. 2.5) 

      

         Although less energy input is required for higher product yield through the Sabatier 

reaction and methanol synthesis due to their exothermic nature, they face remarkable kinetic 

obstacle due to the full reduction of CO2 as opposed to the RWGS reaction. It is noticeable 

that the reduction of CO2 to CO only requires the transfer of two electrons (C4+ to C2+), while 

8 electrons need to be transferred for its full reduction. Therefore less kinetic limitation is 

expected in the case of RWGS reaction. Moreover, it is evident that the CO2 methanation 

reaction results in the production of more amounts of water, which could have an inhibitory 

effect on the catalyst efficacy and the subsequent reaction yield [35]. Therefore, catalyst 

deactivation could be accelerated through the CO2 methanation reaction. In addition, the 

production of liquid hydrocarbon fuels is more attractive due to nowadays’ growing energy 

issues compared to methane production.  
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2.3 Hydrogenation of CO2 
             Carbon dioxide as an abundant and easily available carbon source can be 

hydrogenated to produce value-added products such as several chemicals and liquid fuels 

[24]. In spite of the stable nature of CO2, thermodynamic pathways make it possible to 

activate CO2 through its reduction or reaction with other chemicals. Methanol, synthesis fuel, 

dimethyl ether, methane and CO and etc. are among the products obtained through reducing 

CO2 with hydrogen. Combustion engines can be fuelled by these materials and more 

importantly, their storage and transportation is facile [36]. 

            Both photo-catalytic and electro-catalytic processes for CO2 hydrogenation have been 

investigated expansively, however when it comes to producing higher value-added products, 

all these techniques fall short to different extents. Moreover, CO2 can be thermo-chemically 

activated through which heavier hydrocarbons can be produced [37].  

           Hydrogen as a high-energy source acts as a reducing agent for CO2 activation. 

However, considering the currently high price of hydrogen and issues associated with its 

storage and transportation, other reliable sources need to be generated. Water splitting 

through electrolysis has been proposed as a promising approach to achieve this possible.  

          It is noticeable that CO2 activation routes fall into three major categories: direct 

hydrogenation, methanol-mediated and non-methanol methods [38]. Indirect routes might 

have several steps and can be carried out within different reactors. The RWGS reaction is 

regarded as an indirect approach for hydrocarbon synthesis, while the Fischer-Tropsch 

process is a direct approach. Fischer-Trospch reaction can be regarded as a modification of 

CO2 transformation to lighter saturated hydrocarbons by the use of tailored metal catalysts. 

The products can be further used in petroleum industry as feedstock [39].  

           It is important to investigate the rate of the reaction between H2, CO2 and CO and their 

mixture in CO2 hydrogenation reactions. It has been reported that CO and CO2 hydrogenation 

reactions follow different pathway. Moreover, methane is the dominant product in CO2 

hydrogenation (over 70%) while low yield of methane is low (below10%) in the 

hydrogenation of CO [40]. However, depending on the catalytic systems, similar product 

yield can be obtained through both reactions. Iron and copper on alumina have been reported to 

be active catalysts for both CO and CO2 catalysts [41]. Generally acknowledged, although more 

water vapour is produced through CO2 hydrogenation, but the rate of catalyst deactivation is 
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faster when CO is fed instead [31]. This suggests that the rate of CO2 conversion is higher 

than the rate of CO conversion in hydrogenation reactions. Considering merely CO2 and H2 

as the feedstock, the RWGS reaction as well as the Sabatier reaction and the methanol 

synthesis are potential routes through which the reaction can proceed.  

 

2.3.1 Methanation of CO2 
            The CO2 methanation reaction can also be used to mitigate CO2 and CO levels 

through converting them to methane. A large portion of natural gas is composed of methane 

(CH4). CH4 is widely used in power plants to produce heat and energy. The large-scale 

production of methane via CO2 hydrogenation is known as the Sabatier reaction [42]. Carbon 

dioxide needs to be fully reduced in order to produce CH4. Beside high H2 consumption, 

considerable amount of heat will be produced because of the exothermic nature of the 

Sabatier reaction (Eq. 2.5). Heat removal techniques should be considered to resolve this 

issue. This also implies that the increase in the temperature can suppress the production of 

methane to the point that only little CH4 yield is observed above 600°C. Although high H2 

concentrations noticeably favour the CH4 formation, temperature is a more decisive factor as 

to which product forms [43]. Therefore, it is suggested that beyond 600°C, RWGS acts as the 

dominant reaction. All in all, high H2/CO2 ratios increase overall CO2 conversion and at the 

same time increase CH4 yield, while high temperatures considerably enhance the CO yield.  

           Catalytic methanation of CO2 has been conducted over various metals especially those 

of groups 8-10 [42]. Among these, nickel-based catalysts proved themselves as the most 

active catalytic systems for systems for methane production. The low price of Ni and its high 

activity makes it highly of interest in the CO2 methanation reaction; however, metal sintering 

is a dominant phenomenon, which leads to low stability [44]. Ruthenium is another active 

catalyst towards the formation of CH4 [45]. However, it has been reported that the 

methanation activity of Ru and Ni is mainly dependent on metal-support interaction. Titania 

(TiO2) is reported to be an effective support for Ni and Ru in the CO2 methanation reaction 

[46]. Alumina also proved as an efficient support for Ru and Ni in the production of methane 

[47]. 
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2.3.2 CO2 Hydrogenation to Methanol 
            Carbon monoxide hydrogenation was regarded as the main route for the catalytic 

production of methanol until Chinchen et al. found that CO2 is a far better alternative to be 

hydrogenated for this purpose [48]. CO2 can be directly hydrogenated to methanol using the 

Equation 2.4. It also can be formed through indirect CO2 hydrogenation reaction. CAMERE 

process is the commercial-scale route of methanol production that takes place in two different 

stages [32]. Therefore, the reactants first go through the RWGS reaction using ZnAl2O4-

based catalysts, then the products of the first step will be fed into another reactor to produce 

methanol over Cu-ZnO based catalysts [49]. Methanol synthesis is a technique for CO2 

mitigation. It has also wide-ranging applications such as in direct methanol fuel cells. 

          A major problem in CO2 hydrogenation to methanol is the low selectivity of the 

catalytic systems to form methanol [50]. This is because of the presence of other potential 

concomitant reactions such as CH4 formation, which is thermodynamically more favourable 

as well as the RWGS reaction that is kinetically more suitable. It is noticeable that higher 

pressures and lower temperatures favour the formation of methanol. In view of 

thermodynamics, RWGS is the dominant reaction at higher temperatures and moreover, it 

does not require high pressures for improved reaction yields. 

         Notably, industrial catalysts for methanol formation are similar to that of RWGS 

reaction [32]. Copper-based catalysts are desirable for industrial practices in terms of 

catalytic activity and selectivity for the formation of methanol. Copper/ZnO-based catalysts 

have proved to be of high catalytic performance towards both RWGS and methanol 

production [51] [52] [48]. A kinetic study by Saito et al. over Cu/ZnO-based systems proved 

that both methanol and CO could be formed through similar pathways. At low CO2 

conversion, methanol and CO are two dominant components that are likely to be formed 

simultaneously. The formate mechanism is thought as the dominant pathway for CH3OH 

formation [53]. 
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2.3.3 The Fischer-Tropsch Synthesis 
         The fischer-Tropsch (FT) is an indirect CO2 hydrogenation reaction that can lead to the 

production of several valuable chemicals and fuels depending on the catalyst used as well as 

the reaction conditions such as temperature and pressure [54]. For example, at moderate 

temperatures and at pressures lower than 100 bar, methane production is favored compared to 

higher hydrocarbons [55]. 

        Throughout this process linear paraffin and α olefins can be formed according to the 

Equations 2.6 and 2.7 [56], respectively: 

 

(2n+1)H2+nCOàCnH(2n+2)+nH2O                                                                         (Eq. 2.6) 

2nH2+nCOàCnH2n+nH2O                                                                                     (Eq. 2.7)                                                                          
 

          It is notable that although high products yield is an aim to achieve, but it is 

accompanied by higher water formation, which has an inhibitory effect on the catalyst 

activity. Introduction of oxygen into the by-products of the FT process can result in the 

formation of various organic compounds such as ketones, aldehydes and alcohols according 

to the Equation 2.8:  

 

2nH2+nCOà CnH(2n+2)O+ (n-1)H2O                                                                      (Eq. 2.8) 

         

         The Fischer-Tropsch reaction can be carried out in high and low temperature modes. 

Low temperature FT process is better suited for the formation of high molecular weight 

products along with the constituents of diesel. High temperature FT occurs at above 300 °C 

through which lighter hydrocarbons can be obtained [57]. Due to the currently high 

consumption of fossil fuels and the limited petroleum-based supplies, the main research on 

FT process is devoted to produce fuels. In view of viability, FT process currently more 

effective than other non-fossil fuel based sources if the oil price exceeds $30 USD/barrel 

($48/Barrel is the price at time of writing) [58]. 

          Metals such as iron, nickel, cobalt, palladium and platinum have proved to be active 

metals in the FT process [59][60]. It is notable that the catalytic support plays a crucial role 

on the FT activity of the abovementioned metals. Vannice et al. reported that alumina affects 
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the metal activity as per the order: Ru > Fe > Co > Pd > Pt, which is in accordance with the 

order of the molecular weight of the formed products [61]. This illustrates the important role 

of the catalyst on product distribution. Therefore, the performance of a FT catalyst depends 

not only on its activity, but also appropriate product distribution. Ruthenium, for example, 

offers the best catalytic performance and product distribution because it facilitates the 

formation of higher hydrocarbons at high pressures (>1000bar) and low temperatures 

(<100°C) [62]. However, Ru is approximately 31,000 times more expensive than iron [63]. 

Despite the good catalytic activity of iron in the FT process, high amounts of water can result 

in its oxidation to magnetite (Fe3O4) and therefore make iron inactive for FT process. 

Magnetite has been reported as the most active phase of iron in the RWGS reaction [64]. 

 

                                                  Table 2.1: Relative metal prices [63] 

Metal Price Ratio 

Iron 1 

Cobalt 230 

Nickel 250 

Ruthenium 31,000 

Platinum 682,000 

                                       

                              

 

2.4 Mechanisms of the RWGS Reaction 
         Many studies have been undertaken on the design and development of catalytic systems 

in the RWGS reaction; however, the mechanism of this reaction is yet controversial. 

Nevertheless, many corroborate the existence of two potential mechanisms, namely the redox 

mechanism and the formate decomposition mechanism. 

        According to the redox mechanism, CO2 and H2 would dissociatively adsorb on the 

surface of the catalyst and subsequently surface CO, H and surface oxygen species would be 

formed. Further desorption of carbon monoxide and H2O leads to the formation of the 

products. This mechanism occurs according to the following scheme: 
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CO2(g) ⇌ COa + Oa 

                                                                COa ⇌ CO(g) 

                                                                H2(g) ⇌ 2Ha 

                                                           Ha + Oa ⇌ OHa 

                                                        Ha + OHa àH2Oa 

                                                                H2Oa ⇌ H2O(g) 

The redox mechanism for the RWGS reaction [65] 

 

         The redox mechanism suggests alternate oxidation and reduction of the surface sites 

through which oxygen adatoms (Oa) would appear on the surface of the catalyst. Hence, this 

route can be also regarded as “oxygen adatom mechanism”.  

         Another important mechanism of the RWGS reaction is the formate mechanism, which 

can be modeled using the following scheme:                                                                       

 

                                                           H2(g) ⇌ 2Ha 

                                                CO2(g) + Ha ⇌ HCOOa 

                                                      HCOOa ⇌ COa + OHa 

                                                   OHa + Ha ⇌ H2Oa 

                                                          H2Oa ⇌ H2O(g) 

The formate decomposition mechanism for the RWGS reaction [66] 

 

           Some studies revealed that there is a correlation between the concentration of formate 

intermediate and the rate of carbon monoxide formation. Thus, it is thought that formate 

affects CO production. In addition, the mechanism of formate decomposition cannot be 

investigated using redox-based kinetics [66]. Therefore formate mechanism is believed to be 

the dominant route for the reactions that do not study the redox ability of the catalytic 

systems.  

           Many efforts were put into explaining the shortcomings of these two mechanisms, 

which resulted in assuming that these two might occur simultaneously. However, there is not 

ample evidence to corroborate this statement [67].  
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          Although redox and formate decomposition have been extensively studied among all 

the possible mechanisms, there is another potential route through which carbonate species 

follow the same pathway as formate decomposition mechanism. This mechanism is regarded 

as dissociative mechanism, which can be illustrated according to the following model: 

 

2OH –
a ⇌ H2O(g) + O2-

a 

                                                CO2(g) + O2-
a ⇌ CO3

2-
a 

                                               CO3
2-

a + H2(g) ⇌ COa + 2OH-
a 

                                                              H2(g) ⇌ 2Ha 

                                                       2Ha + Oa ⇌  H2Oa 

The associative/carbonate mechanism for RWGS reaction [68] 

 

         In the case of carbonate mechanism for RWGS reaction, it is proposed that surface 

oxygen can react with CO2 and form carbonate. Goguet et al. investigated this mechanism on 

a Pt/CeO2 system and suggested that the formation of carbonate determines the rate of the 

RWGS reaction [69]. 

 

                                                       

2.5 Different Factors Affecting CO2 Conversion in RWGS 

 

2.5.1 Catalyst 
           Although the thermodynamic natures of the forward and the reverse shift reactions are 

different, studies proved that catalysts active for the forward shift reaction, usually exhibit 

good activity for the reverse shift reaction. This proved to apply to a majority of catalysts 

active for the forward Water Gas Shift reaction [70]. As a result, Water Gas Shift (WGS) 

active catalytic systems have been expansively studied under the RWGS reaction conditions. 

Low equilibrium conversions especially at moderate temperatures (200-600°C) makes 

catalysts an integral part of the RWGS reaction. It has been reported that there is a negligible 

homogenous contribution to CO2 conversion in the RWGS reaction below 800°C [71]. 

However, the product yield is noticeably increased in the gas phase in the temperature range 
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of 875-1050°C without the help of any catalytic systems in RWGS reaction. Tingey et al. 

reported that the homogenous RWGS reaction mainly occurs above 800°C and it proceeds 

through another reaction route, namely chain-reaction mechanism [72].  

            Copper-based catalysts such as Cu/ZnO are regarded as industrial RWGS catalysts 

[73]. Moreover, Fe-based catalysts supported on SiO2 and V2O5 showed very promising 

results in commercial applications of the RWGS reaction [50] [74]. However, Cu- and Fe-

based RWGS catalysts are required to be stabilized in terms of structural and thermal 

stability. Incorporation of alkaline metals such as K, Mg, Na and Ca has been frequently 

reported to promote Cu and Fe metals in RWGS reaction [75]. Conventional shift catalysts 

including iron, cobalt, copper and nickel have been studied extensively using different 

catalytic supports in the RWGS reaction. Ni/CeO2, for example, showed improved RWGS 

activity and CO selectivity, while Ni/Al2O3 had a considerably high CH4 selectivity. 

Therefore, RWGS catalytic systems are studied with respect to the interaction between the 

metal and the support. Moreover, noble metals including Pt, Pd, Ru and etc. were also used 

extensively studied in RWGS catalysis due to their high catalytic activity . However, it is 

noticeable that the RWGS activity of these metals is mainly dependent on the catalyst 

support. Reducible catalyst supports such as TiO2 and CeO2 play leading roles in promoting 

the RWGS activity of these metals [76] [77].  

        

2.5.2 Reactant Composition 
           Investigation into the RWGS reaction as well as other CO2 hydrogenation reactions, 

namely CO2 methanation and methanol synthesis, gives rise to the fact that H2 concentration 

plays a crucial role in determining the final product yield. It is generally believed that 

increasing H2/CO2 ratio increases the CO2 conversion, however it considerably impacts the 

reaction yield and mechanism [18]. Increasing the H2 feed concentration is considered as one 

of the approaches to boost CO production at higher temperatures (500°C and higher). This 

has been used over Cu/SiO2 in commercial RWGS applications [66]. Nevertheless, high H2 

concentrations noticeably result in lower CO yield at lower temperatures. Many studies 

proved that H2/CO2=1 is a suitable reactant composition in the RWGS reaction [78]. The CO2 

methanation reaction is the main potential hydrogenation reaction that can accompany the 



19	
  
	
  
	
  

RWGS reaction. Figure 2.1 clearly shows the effect of the reactant composition on CO2 

conversion and CH4 selectivity over Cu/SiO2 in the RWGS reaction. 

 

 
Fig. 2.1: CO2 conversion and CH4 selectivity at varying H2/CO2 ratios and pressures 

over Cu/SiO2 [43] 

 

          In order to increase the catalyst activity in RWGS reaction, an ideal operating 

condition such as low H2/CO2 ratios from 1 to 2 is required. High temperatures and 

appropriate H2/CO2 ratio is essential for high CO yield. It should be noted that increasing the 

feed concentration could also result in heat and mass transfer limitations, which would 

further lower the reaction yield [79].  
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2.5.3 Effect of Temperature and Pressure 
          The endothermic nature of the RWGS reaction requires high thermal input in order to 

elevate CO formation. The equilibrium constant (Keq) is remarkably low at moderate 

temperatures (<500°C) and it increases at higher temperatures. Figure 2.2 shows the 

equilibrium constant as a function of temperature at atmospheric pressure and indicates the 

low equilibrium constant at H2/CO2=1 in the RWGS reaction.  

 
Fig 2.2: Equilibrium constant as a function of temperature in the RWGS reaction. 

Calculations are done using Aspen HYSYS for RWGS reaction at H2/CO2=1 and P= 

1atm 

 

          It has been later discussed in this chapter that temperature considerably affects the 

reaction yield in CO2 hydrogenation reactions. In general, lower temperatures (500°C and 

below) favour the formation of undesirable products such as methane and methanol in the 

RWGS reaction [74].  

         Considering the reaction pressure, improved RWGS catalytic performance has been 

reported at pressures ranging from 1- 30 atm. [18]. However, the pressure of 1 atm proved to 

be effective for promoting the RWGS reaction and most of the studies on RWGS have been 

carried out under atmospheric pressure [80]. An explanation for the efficacy of the RWGS 

reaction at atmospheric pressure could be related to the reactants composition, which is 

mostly used as H2/CO2=1. This implies that the total number of moles introduced into the 
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RWGS reactor is equivalent to those produced. Therefore, pressure is not an influential factor 

in promoting RWGS reaction.  

 

 

2.5.4 Kinetics and Residence Time 
          In order to investigate the best operating conditions for increasing CO2 conversion to 

CO in RWGS reaction, the main step is to determine the most favorable kinetic factors. In 

other words, the reaction needs to be kinetically monitored throughout the RWGS reaction. 

This necessitates selecting a suitable synthetic approach for smaller catalyst particle size as 

well as the best particle quantity and gas hourly space velocity (GHSV), to eliminate transfer 

and diffusion hindrances. According to the RWGS mechanisms, this reaction is fast-paced. 

This dictates that high residence time might result in lower CO yields. On the other hand, 

increasing the total feed flow rate leads to lowering the residence time and therefore reducing 

the reaction yield. It is significant to optimize the total gas flow rate and reactants residence 

time to achieve higher CO2 conversion.  

 

 

2.6 Catalysts for RWGS Reaction 

 

2.6.1 Fe- and Cu-based Catalysts  
             Iron and copper catalysts have been extensively studied in the RWGS reaction. The 

reasonable price and good activity of Cu and Fe led to their commercialization in RWGS 

catalysis. In industrial RWGS reactions, Cu is mainly used in Cu-ZnO-Cr2O3, Cu, Zn-Mn-

Cr2O3 and, most importantly Cu-ZnO-Al2O3 catalysts [81]. Cu-ZnO-Al2O3 is the main Cu-

based commercial catalyst in RWGS reaction. However, it is essential for Cu and Fe catalysts 

to become stabilized in the RWGS reaction [69]. Cu has a low melting point (1083°C), which 

addresses the need for generating Cu-based samples of higher temperature tolerance to avoid 

sintering and subsequent deactivation [82]. Beside an effective stabilizer, many studies have 

been focused on proving the catalytic activity of Cu and Fe using appropriate catalyst 
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supports. For example, Cu/CeO2 systems proved to reach the equilibrium conversion in the 

RWGS reaction [83]. 

         In the case of Cu catalysts, their RWGS activity has been found to be directly 

proportional to the surface area of Cu-based catalysts. Hence, stabilization of the copper 

surface area needs to be investigated either by the addition of stabilizers such as silica, 

chromia, zinc oxide [84] or metal dopants such Fe. Iron is regarded as the most effective 

metal dopant in stabilizing Cu catalysts. It is notable that Fe by itself has higher thermal 

stability as opposed to Cu. One of the very interesting features of Cu is its considerably high 

selectivity towards CO, rather than CH4 [85]. Therefore, developing size-controlled Cu 

nanoparticles as well as use of appropriate promoters allows for effective cu-based systems in 

RWGS reaction [86][87]. Studies proved that Fe is a good dopant for the stabilization of Cu 

systems. Figure 2.3 shows the promoting effect of Fe in stabilizing Cu/SiO2 catalysts in 

RWGS reaction [66]. 

 

 
Fig 2.3: Time-on-stream (TOS) behaviour of (a) 0.3% Fe/SiO2, (b) 10% Cu/SiO2, (c) Cu-

Fe/SiO2 (Cu/Fe= 10:0.3), and (d) Cu-Fe/SiO2 (Cu/Fe = 10:0.8) at 600°C. H2/CO2 = 1, F = 

100 mL.min-1 [66] 

 

           Fe-based RWGS catalysts also require to be stabilized, particularly in terms of 

structure. Addition of a stabilizer such as chromia (Cr2O3) is considered as an integral step of 
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developing Fe-based RWGS catalysts. Incorporation of Cr+3 leads to the structural and 

textural stability of Fe and therefore prevents the metal sintering. Chromia is highly effective 

in stabilizing Fe and it led to the commercialization of Fe-Cr catalysts for RWGS reaction. 

However, its further oxidation, results in the formation of CrO3 (Cr+6) that has a carcinogenic 

nature. The development of Fe-based catalysts containing no Cr traces has been widely 

undertaken by using other effective alternatives including V2O5. [88] Mg, Mn, Co, Cu [89] 

and Ce, Ca, Zr and Al [90]. 

              Moreover, it is of the greatest concern to identify the active phases of Fe in RWGS 

reaction. It has been reported that Fe by itself, exhibits no selectivity to RWGS reaction, 

whereas, it suitably catalyzes the hydrocarbon formation reactions including the CO2 

methanation and Fischer-Trospch (FT) process [91]. It is worth noting that not all iron oxide 

phases are active for WGS reaction [92]. Magnetite (Fe3O4) and hematite (Fe2O3) are 

considered as the most active phases of iron for catalyzing the shift reactions [93]. The high 

catalytic activity of Fe3O4 in RWGS is mainly attributed to its accessible oxidation states, 

which facilitates the charge transfer. Magnetite can be formed through the Partial reduction 

of hematite. 

           In industrial practice, Fe-based RWGS catalysts needs to be preceded by a pre-

reduction reaction at 300-450°C according to Equations 2.9 and 2.10:  

 

3Fe2O3 + H2 ↔ 2Fe3O4 + H2O         ΔH0
298= -16.3 kJ/mol,                                (Eq. 2.9) 

3Fe2O3 + CO ↔ Fe3O4 + CO2                ΔH0
298= +24.8 kJ/mol                               (Eq. 2.10) 

 

        It is noticeable that the excessive reduction of Fe3O4 might form metallic iron and it 

should be prevented. This necessitates the demand for heat removal and introduction of 

appropriate amount of H2 as the reducing agent. Therefore, introduction of high amounts of 

H2 should be avoided in RWGS reaction over Fe-based catalysts. The highly exothermic 

reaction of Fe3O4 reduction to metallic Fe occurs as the following equation, Eq. 2.11: 

 

Fe3O4 +4H2 ↔ 3Fe+4H2O           ΔH0
298= -149.4 kJ/mol                                   (Eq. 2.11) 
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          All things considered, Fe-based RWGS catalysis is particularly centered on developing 

magnetite nanoparticles. It has been reported that the synthesis of smaller Fe nanoparticles, 

e.g. sub-10 nm, leads to the formation of magnetite [42].  

 

2.6.2 Platinum Group Metal (PGM) Catalysts 
           Renewed interest has been taken into studying RWGS reaction over platinum group 

metals. Platinum group metals (PGM) refer to the six precious transition metals including 

platinum (Pt), palladium (Pd), Gold (Au), rhodium (Rh), ruthenium (Ru), and osmium (Os).  
          Many studies have shown that the catalytic activity of PGMs in RWGS reaction is 

strongly dependent on the nature of the catalytic support and subsequently the metal-support 

interaction. Therefore, the catalytic activity of PGMs for RWGS reaction can noticeably vary 

depending on the type of the support. For example, the catalytic activity of PGMs supported 

on Fe2O3 is in order: Ru > Pt > Ir > Pd > Rh [91]. In another study, Tabakova et al. reported 

that activity of the supports changes in the order Fe2O3 > ZrO2 > ZnO as for Au nanoparticles 

in RWGS reaction [94]. In a comparative investigation, cerium oxide proved itself as a better 

support as opposed to alumina for Pt metals [95] [96].  It has been reported that Au dispersed 

on TiO2, Fe2O3, ZrO2 (94) (97), Pt over ZrO2 [64] and Ru supported on Fe2O3 and La2O3 [23] 

show the best RWGS activity. CeO2 showed promising results in the activity of all PGMs. 

           Numerous findings corroborate that the activity of PGMs can be remarkably enhanced 

by use of partially reducible oxide supports, namely ceria (CeO2), iron III oxide (Fe2O3), 

titania (TiO2) and zirconia (ZrO2) [98]. Noble metal-based catalysts supported on reducible 

oxides are believed to be bi-functional catalysts because both the metal and the support 

cooperate and promote the RWGS reaction [99] [100]. Therefore, the metal-support 

interaction is a major factor in the catalytic performance of noble metal-based catalysts in 

RWGS reaction. A comprehensive study by Thinon et al. on different metals supported on 

reducible oxides is shown in Table 2.2, which outlines the effect of metal-support interaction 

as well as the metal loading on the RWGS activity of catalysts.   
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Table 2.2: Activation energies and catalytic activities (at 300°C) of Pt, Au and Cu based 

catalysts in RWGS reaction [101] 

                     
 
 
            Ruthenium-based catalysts also show promising activity in RWGS reaction. However, 

it is very important to note that Ru is highly selective towards CH4 production [102]. 

Therefore, it is crucial to identify effective catalytic supports to enhance the performance of 

Ru towards RWGS reaction. Many studies focus on developing active Ru-based systems in 

RWGS reaction. Holladay et al. claimed that Ru showed high RWGS activity, reaching 97% 

of equilibrium conversion at 800°C, using ZrO2-CeO2 as the support [103]. In another 

attempt, Ru/V2O3 showed high activity in RWGS reaction [104]. Further enhancement of the 

catalytic activity of noble metals can be achieved through synthesizing bi-metallic systems. 

Pt-Ru alloys have been used to catalyze hydrocarbon oxidation and reforming for H2 

production as well as water splitting [105]. They also showed good results in RWGS 

reaction. Wenqian et al. reported a considerable reduction in CH4 selectivity of Ru with 

respect to the Ru-Pt/CeO2 catalyst [102]. 

            Nonetheless, the high cost of PGMs has ruled out their application in RWGS 

industrial practices. As a result, PGMs have gained more attention in compact catalyst beds 

such as automotive convertors and especially in fuel cell applications.  The catalysts applied 

in fuel cells need to be non-incendiary, durable in rapid heating and cooling cycles and free 

of pre-treatment processes such as pre-reduction. PGMs own all these characteristics.  

However, decreasing the metal content and further improvement of the catalytic activity are 

two main factors to be considered regarding precious metals. 

 

 



26	
  
	
  
	
  

2.7 Synthesis of Nano Catalysts 
         Wet impregnation method is one of the most widely used and acceptable catalyst 

synthesis approaches [106]. This method comprises dissolving the powder in a solution of the 

metal salt, followed by drying and calcination. Although this approach is regarded as a facile 

route but it exhibits some disadvantages, which encourage the development of other synthesis 

techniques [107]. An example of a major disadvantage is the processing medium that is an 

aqueous solution, which gives rise to metal aggregation. This indeed restricts the control over 

particle size and distribution that is not desirable in terms of catalytic activity and stability 

[108]. Moreover, some catalyst supports can lose their activity as a result of 

impregnation/calcination procedure. It is established that the calcination of ceria-supported 

metal catalysts results in little oxygen transfer from ceria to the metal because of their 

exposure to air at elevated temperatures. It is noticeable that oxygen mobility is one of the 

important catalytic features for some reactions such as oxidation-reduction reactions [109]. 

Surface “redox mechanism” is reported to be one of the main routes through which RWGS 

reaction proceeds [110] (see chapter 2, section 2.4). Therefore, the impregnation technique 

might lead to poor performance of catalytic systems including ceria-based catalysts [111].  

           The Polyol synthesis method is another technique for the synthesis of nano-sized 

metals that proved to be effective for many catalytic systems [112]. For example, it is a very 

efficient technique for the production of metal catalysts that are susceptible to O2 treatment, 

because exposure to O2 would result in their surface segregation [113]. The method involves 

using a polyol (e.g. ethylene glycol, triethylene glycol and etc.) as a solvent, which acts as a 

stabilizer as well as a reducing agent and it can be easily removed at low temperatures 

(160°C) [114].  

  

2.7.1 Polyol Synthesis Method 
          The polyol method is a liquid-phase synthesis that leads to the formation of 

nanoparticles. Varied range of polyols including ethylene glycol (EG) to longer chain 

polyols, e.g., triethylene glycol (TrEG), tetraethylene glycol (TEG), and so forth up to 

polyethylene glycol (PEG) can be used in this technique. Polyols are water-comparable 

media that have higher boiling point compared to water and are capable of reducing metal 



27	
  
	
  
	
  

salts and stabilizing their resultant nanoparticles. Thus, they can provide synthesis 

temperatures as high as 320°C [115]. EG, for example, is a powerful reducing agent that has 

a boiling point of approximately 197°C that has been used extensively in polyol reduction 

synthesis. Therefore, polyol method is an adaptable and flexible synthesis approach.  

           Polyol synthesis method offers several advantages and is known as an optimum 

method for the formation of noble metal-based nanoparticles [116]. For example, the polyol 

method proved to be a suitable technique for the synthesis of size-controlled Ru and Pt 

colloids (0.7 – 4 nm), using ethylene glycol as the solvent [117]. It has been reported that the 

use of high temperatures could result in surface segregation in Ru and particularly Pt 

nanoparticles [37]. However, polyol method can facilitate the formation of Ru- and Pt-based 

nanoparticles at low temperatures (160°C) [117]. Moreover, it is reported that polyol-

synthesized nanoparticles are very suitable for direct deposition on catalyst supports, 

compared to other nanoparticle synthesis methods [118]. 

           Nevertheless, this method has some shortcomings in the formation of size-controlled 

nanoparticles of non-noble metals. For instance, it has been reported that EG is reductive 

enough for the synthesis of size- and shape-controlled nanoparticles of noble metal [119], 

while its reducing power is not enough for the formation of Fe-based nanoparticles, namely 

magnetite (Fe3O4) [120]. In other words, the formation of Fe3O4 nanoparticles requires higher 

synthesis temperatures (> 200°C) and hence, polyols with higher boiling point, e.g., 

triethylene glycol facilitate their formation. It is important to note that he reduction potential 

of the longer chain polyols is remarkably higher as a result of suitable synthesis temperatures 

as well as their coordinative features [115].   The need for more reductive solvents is mainly 

attributed to the highly electropositive nature of the FeII and FeIII [121]. It has been reported 

that EG mainly supports the formation of elemental iron [122]. It is noticeable that Fe3O4 is 

the most active phase of iron oxide for the RWGS reaction, whereas metallic iron promotes 

the CO2 methanation reaction [64].  
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2.8 Catalyst Supports for RWGS Reaction 
              Catalytic supports are one of the principle components in heterogeneous catalysis. 

Stabilization of metal active sites and subsequently the prevention of sintering is the primary 

role of the supports that comes into play especially at elevated temperatures [123]. Although 

catalyst supports, e.g. alumina (Al2O3), carbon (C), titania (TiO2) and ceria (CeO2), are 

mainly used as substrates for metal deposition, they may exhibit several properties that could 

lead to the improved catalytic performance in the RWGS reaction. For example, support’s 

reducibility [76] [124], ion or electron conductivity [125] [126], oxygen mobility [127] [128] 

and surface area [129] can greatly determine the overall catalyst performance.  

          In the early 1970s, the possibility of using catalytic supports as conductors was 

suggested [130]. This idea was mainly based on some observations such as the conductivity 

of yttria-stabilized Zirconia (YSZ) due to an applied potential. Further investigations have 

confirmed the existence of ion conductivity in the absence of applied current. On the other 

hand, it was found that the conductivity could be induced by thermal energy rather than 

electrical energy [131]. Ceria-based ceramics and titania, for example, exhibit the similar 

behaviour.  

            Reducible supports play an important role in the RWGS reaction [132]. The 

reducibility of the support can promote the reaction through the redox (oxidation-reduction) 

mechanism as a result of undergoing different oxidation and reduction cycles. CeO2, for 

example, is considered as a reducible support that has shown good promoting effects on the 

catalytic activity of several metals including Cu, Pt [133]. Oxygen Storage Capacity (OSC) in 

oxide supports facilitates the storage and subsequent release of oxygen anions (O2-). Addition 

of dopants can further induce higher oxygen vacancies to reducible supports [134]. Examples 

include samarium (Sm3+)-doped ceria and lanthanum (La)-doped ceria that have higher 

oxygen vacancies compared to ceria [95]. 

              

2.8.1 Metal-Support Interaction (MSI) Effects 
            It has been established that catalytic activity is mainly investigated through studying 

the metal and the support as a whole. Therefore, it is very significant to identify the 

interaction between the metal catalyst and the support. The main role of a catalyst support is 
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to spread out the active sites. However, the support can have different chemical and 

electronic properties on its surface and at the interface of the active metals, which can lead to 

the promotion of the catalytic reactions.  

          The metal-support interaction can be affected by the nature of the support [135] [136], 

content of the metal [137] [138] and the catalyst synthesis method [139]. The nature of the 

support is considered as one of the most important factors in determining MSI. For example, 

it has been reported that the metal-support interaction is weak in the case of non-conductive 

supports, e.g., Al2O3, SiO2, carbon and etc. However, many studies have shown a strong MSI 

for catalysts supported on reducible oxides, namely CeO2, TiO2, YSZ and etc. [140]. It has 

been observed that the deposition of PGMs, namely platinum, ruthenium, palladium and etc. 

on reducible and partially reducible supports can lead to a strong MSI [141]. 

          Strong metal-support interaction can be attributed to the effect of the support on the 

electronic properties of the metal catalysts [142]. Electron exchange between the support and 

the metal can modify the catalytic performance through increasing the electron density on the 

metal. Oxide supports such as samarium-doped ceria (SDC), ceria (CeO2) and titania (TiO2) 

are considered as mixed ionic-electronic conductive (MIEC) materials. In a study conducted 

by Kim et al., the activity of Pt nanoparticles is noticeably higher over TiO2 compared to 

Al2O3 in RWGS reaction. The enhanced catalytic performance of Pt/TiO2 has been attributed 

to the charge transfer between the metal and the support, which results in a strong MSI [76]. 

 

2.8.2 Ionically-conductive Oxides 
            Ionic conductive metal oxide supports have received renewed attention in high 

temperature applications such as RWGS reaction in the past few decades [143] [144]. ceria 

(CeO2), samarium (Sm3+)-doped ceria (SDC), yttria-stabilized zirconia (YSZ), titania (TiO2) 

and iron III oxide (Fe2O3) pertain to this group of metal oxides [126] [145].  High 

temperature tolerance (1000°C and higher) of this type of oxides is another important factor 

that gives rise to their use in the RWGS reaction. 

           Ionic conductivity is believed to be dependent on the structure of the metal oxides, 

which facilitates ion transfer either through vacancies in crystal structure or through series of 

interstices [146]. Ionic conductivity is mainly attributed to the structural defects including the 

Frenkel disorder and the Schottky disorder [147]. Oxygen ion (O2-) conductivity has a 
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considerable promoting effect on RWGS reaction. It leads to the progress of the RWGS 

reaction, since it facilitates the oxidation-reduction cycles. It is noticeable that the redox 

mechanism is believed to be one of the main mechanisms in RWGS catalysis.  

          Doping can have a major promoting effect on the reducibility of conductive supports. 

As a result of doping, new energy levels within band gaps would be generated. As for ceria, 

the ionic conductivity is strongly dependent on the incorporation of rare earth dopants namely 

Sm, Gd, Dy, Nd and Er. Among these dopants, Sm3+ (10 mol% or higher) demonstrates 

higher conductivity [137]. It has been reported that Sm and Gd induce higher ionic 

conductivity to CeO2, as opposed to Dy, Nd and Er. Ceria facilitates CO2 adsorption and 

more importantly pure ceria exhibits no selectivity towards CO2 methanation as confirmed by 

some studies [148]. 

              Samarium (Sm3+)-doped ceria (SDC) has been extensively investigated in solid 

oxide fuel cells (SOFC). YSZ is also an ion conducting material, which has been used in 

SOFC as well as shift reactions [149]. It is notable that the ionic conductivity of ceria alone at 

750°C compares with that of YSZ at 1000°C [27]. Therefore, SDC is expected to be more 

conductive as opposed to YSZ. It has been reported (Fig. 2.4) that the RWGS activity of 

Ni/SDC at 700°C is 10-15% higher compared to Ni/YSZ [150]. 

 

 
Fig. 2.4: CO2 conversion in RWGS reaction over Ni supported on SDC and YSZ at 

varying temperatures, H2/CO2= 1, GHSV = 70hr-1 [150] 
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 2.8.2 Mixed Ionic-electronic Conductive Oxides 
                 Mixed-conductive supports are materials wherein both O2- and electron mobility 

can be observed. Electron conductivity is attributed to the delocalized domains in the valence 

band or localized domains in which electron exchange can be thermally induced [151]. It is 

noticeable that there is no correlation between the ion and the electron conductivity. Ion 

conductivity is mainly defined by the crystal structure, whereas electron conductivity 

depends on the electronic band gap [146]. For instance, YSZ shows little to no electronic 

conductivity in both oxidizing and reducing atmospheres, whereas it exhibits good ionic 

conduction [152]. 

               Ceria-based ceramics and titania (TiO2) are metal oxides demonstrating both ionic 

and electronic conductivity [153]. Electron hopping between Ti+3and Ti+4 in titania and Ce3+ 

and Ce4+ in ceria account for electron conduction and facilitates the redox ability of these 

materials [154]. It has been reported that the energy required for defect formation is 

considerably low in nano-crystalline CeO2-based ceramics, which accounts for higher 

electronic conductivity. Similar findings hold true for TiO2 [155]. Numerous studies show 

that mixed-conducting oxides are effective catalytic supports in RWGS reaction due to 

generating new active sites [69]. 

               

2.8.3 Non-conductive Oxides 
           Many metal oxides do not demonstrate any conductivity. Examples include gamma-

alumina (γ-Al2O3) [156]. It has been reported that γ-Al2O3 alone shows little to no activity 

towards RWGS reaction [157]. However, γ-Al2O3 as a catalyst support improves the metal 

dispersion and its subsequent stabilization as a result of its high surface area [158]. ZnO is 

another non-conductive oxide that has been used extensively in shift reactions. ZnO is a basic 

oxide that can be utilized to neutralize acidic species such as alumina and avoid the formation 

of dimethyl ether (DME) [83]. It has been found that these oxides might be non-conductive 

as a result of their grain boundaries. For example, the grain boundaries of ZnO are free of 

electrons and therefore it shows no electronic conduction [159]. Moreover, the structure of 

the non-conductive oxides is responsible for the absence of ionic conductivity.  
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2.8.4 Conclusions 
             All things considered, ionic conducive oxides are active towards the RWGS reaction. 

However, addition of other metals such as Cu, Fe and Pt can induce a synergic effect and 

further promote their RWGS activity. SDC, CeO2 and YSZ have oxygen mobility and 

increasing the temperature can enhance their conductivity. SDC shows higher oxygen 

vacancies compared to YSZ and CeO2. Hence, it can be deduced that SDC could be a better 

support in RWGS reaction. However, this hypothesis needs to be investigated within this 

research. Moreover, it has been reported in the literature that non-reducible oxides mainly 

improve the metal dispersion, but do not have a strong interaction with the metal catalysts. 
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Chapter 3: Catalyst Synthesis, Characterization and 

Catalytic Set-up 

 
3.1 Synthesis of Cu- and Fe-based Nanoparticles  
          Copper and iron nanoparticles were synthesized using a polyol synthesis method (see 

Chapter 2, section 2.7). Triethylene glycol (TrEG) was selected as a suitable polyol for the 

synthesis of mono- and bi-metallic Cu- and Fe-based nanoparticles. The catalyst preparation 

procedure consists of the dissolution of metal precursor salts in 50 mL of TrEG (hygroscopic 

99.8%, Acros Organics). Therefore, 0.3121 gr of copper (II) nitrate (Cu(NO3)2) (hydrate 

99.999%, Alfa Aesar) was mixed with 30 mL TrEG in a round bottomed flask and was 

agitated for 1hr at ambient temperature in order to fully dissolve. The resulting solution was 

mixed with 20 mL solution of 0.254M NaOH (EM Science, ACS grade)/TrEG in order to 

raise the Ph of the solution to 11-12. Subsequently, the mixture was heated to 280°C under 

reflux and magnetic stirring inside a heating mantle for 1 hr. The color of the final mixture 

was hanna and the final Ph was 8. 

          The same procedure was implemented for the formation of Fe nanoparticles, except 

that 0.0187 gr of iron (III) nitrate (Fe(NO3)3) (nanohydrate, Fisher Scientific) was mixed with 

a mixture of 20 mL of TrEG and 30 mL of 0.254M/NaOH. According to the observations, the 

concentration of NaOH had to be higher for obtaining the same initial Ph (11-12), because 

higher basicity was required in order to reduce the electropositive Fe3+ species. Addition of 

higher concentration of NaOH gave rise to increasing the initial PH to 11. Following this, the 

Fe-containing mixture was refluxed under the same conditions as described for Cu. The 

resulting mixture became black in color and the final Ph was measured as 7. 

          The bimetallic colloids of CuFe with different compositions, namely 50 at.% Cu/ 50 

at.% Fe (nominally Cu50Fe50) and 95 at.% Cu/ 5 at.% Fe (nominally Cu95Fe5) were prepared 

using the same approach. 0.3089 gr of the Cu salt (Cu(NO3)2, hydrate 99.999%, Alfa Aesar) 

and 0.032 gr of the Fe salt (Fe(NO3)3, nanohydrate, Fisher Scientific) were used to synthesize 

Cu95Fe5 nanoparticles. As for the synthesis of Cu50Fe50 colloid, 0.463 gr of the same Cu salt 

and 0.926 gr of the same Fe salt were used. The salts were added simultaneously to 50 mL 
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solution of NaOH/TrEG and the concentration of NaOH varied in order to obtain an initial 

PH of 11-12. The final PH of the bi-metallic colloidal solutions was between 7-8 after reflux. 

          Then the colloidal solutions were cooled to room temperature under continuous 

stirring. The colloidal particles were kept in TrEG solution prior to their deposition on a 

catalyst support. 

 

3.2 Synthesis of Ru- and Pt-based Nanoparticles 
         The formation of mono- and bi-metallic Ru- and Pt-based nanoparticles using polyol 

method has been previously reported (160) (117) (161). Ethylene glycol (EG) was used as the 

solvent (see Chapter 2, section 2.7). 

          0.2191 gr of RuCl3 (anhydrous, Strem Chemicals) was mixed with 50 mL of EG 

solution containing 0.08M NaOH for the synthesis of Ru colloid. The Pt colloid was prepared 

by dissolving 0.4512 gr of PtCl4 (99.9% metal basis, Sigma Aldrich) in 50 mL of EG 

solution. Then each EG solution was mixed for 1 hour at room temperature. The mixtures 

were subsequently refluxed for three hours at 160°C.  Both of the resulting solutions were 

dark brown in color.  

         The bi-metallic RuPt colloid (50 at.% Ru/ 50 at.% Pt) was synthesized by following the 

same approach as described above; except that 0.0777 gr of RuCl3 and 0.1285 gr of PtCl4 

were used and added simultaneously to 50 mL of EG.  

          Moreover, two bi-metallic Ru-Fe colloids with nominal compositions of Ru90Fe10 (90 

at.% Ru/ 10 at.% Fe) and Ru80Fe20 (80 at.% Ru/ 20 at.% Fe) were synthesized in ethylene 

glycol under the same conditions. However, the amount of RuCl3 varied from 0.1867 g to 

0.1598 g for Ru90Fe10 and Ru80Fe20, respectively; with corresponding Fe(NO3)3 amounts of 

0.149 g and 0.236 g.  

The initial PH of all solutions varied from 10-11 and was dropped to 8 after the synthesis. 

The colloidal solution were cooled to room temperature under stirring and were stored in EG 

before the addition of the support. 
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3.3 Nanoparticle Deposition on Conductive Supports 
         In order to deposit the nanoparticles on catalyst supports, 500 mg of each commercial 

support, namely ionically conductive oxides including YSZ (TOSOH), Fe2O3 (Sigma 

Aldrich) and mixed ionic-electronic conductive (MIEC) oxides including CeO2 (Fuel Cell 

Materials) and SDC (Fuel Cell Materials) were weighed and added to a beaker. Subsequently, 

appropriate amount of the colloidal solution was added to the beaker containing the support 

and 20 mL of deionized water. Then the mixtures were under stirring for 48 hrs. For example, 

for the total Ru loading of 1 wt.% over CeO2, 1.890 mL of the Ru colloidal solution with 

concentration of 2.1398 was added to a beaker containing 500 mg of CeO2 support and 20 

mL of deionized water. Then the mixture was under agitation for at least 48 hrs. Following 

that, the supported metal solution was transferred to a 45 mL centrifuge tube. The supported 

metal solution was centrifuged and washed with deionized water for at least three times. 

Subsequently, the catalyst was dried using a freeze dryer at – 46°C, under a pressure of ~  0.2 

mbar. The dried powder was crushed prior to use. 

  

3.4 Physicochemical Characterizations of Nanoparticles 

 

3.4.1 Scanning Transmission Electron Microscopy of Colloidal 

Nanoparticles 
        The scanning electron microscopy (STEM) was conducted on a FEI Titan 80-300 TEM 

at 300kev. Annular dark-field (ADF) images were acquired with a Fishione detector. They 

provided a contrast between different regions due to a difference in the atomic number (Z) 

and thickness of them. The values for convergence and collection angles were 17 and 60 

mrad, respectively. In order to prepare the TEM specimens, the catalyst powders were 

sonicated in ethanol. One droplet of the solution was placed onto a 200 mesh TEM copper 

grid coated with a lacey carbon support film (Ted Pella) and was dried in air afterwards. Ru 

and Pt catalysts were identified as the bright features in the ADF-STEM images. 
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3.4.2 X-ray Diffraction of Colloidal Nanoparticles 
        X-ray diffraction (XRD) measurements were carried out over colloidal Cu and Fe 

solutions using a Bruker D8 Advance X-ray diffractometer that used a CuKa X-ray source 

(40 kV, 40 mA). The focused beam geometry had a divergence slit of 2/3 degree with a scan 

speed of 0.17 deg.min-1. Data were taken for the 2θ range of 35 to 55 degrees and a step of 

0.06 degree.  

 

3.4.3 Infrared (IR) Spectroscopy of Colloidal Nanoparticles 
         A Fourier Transform infrared (FTIR) spectrometer (Cary 630 FTIR Spectrometer, 

Agilent Technologies) was used to determine the IR spectra of adsorbed CO on the colloidal 

nanoparticles of PGMs, namely Pt, Ru and Ru50Pt50.  

         First, a reference spectrum is measured on ethylene glycol without the presence of the 

colloids. Afterwards, a droplet of the colloidal metal solution was placed on the crystal. The 

spectrum was measured with the resolution 4cm-1 and a scan speed of 20 kHz. The 

measurements where carried out under the atmospheric pressure and ambient temperature.  

 

3.4.4 Dispersion Measurements: 
            The CO titration method was used as a technique to implement dispersion measures 

on the supported Ru and Pt nanoparticles [161-163]. This procedure is preceded by a two-

hour pre-reduction step at 300°C using H2 (Linde, 99.99%). Afterwards, CO adsorption was 

carried out through introducing a gaseous mixture of CO and He (Linde, 1000 ppm CO in 

He) at the total flow rate of 15 ml.min-1 at 140°C in order to saturate the catalyst surface with 

CO. Feeding He as the purging gas at 100 mL.min-1 follows each CO adsorption step. 

Subsequently, the adsorbed CO was oxidized via flowing pure oxygen (Linde, 99.997%). 

Therefore, CO2 was formed and further analyzed using an online non-dispersive infrared 

(NDIR) CO2 analyzer (Horiba VA-3001). The measurements were taken on the assumption 

that CO/Pt and CO/Ru ratios are 1 and 2.3, respectively. Various purging periods ranging 
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from 5 to 20 min were examined. The amount of adsorbed CO was calculated by 

extrapolation at time zero.   

 

3.5 Catalytic Set-up:  
         The catalytic performance of all commercial and synthesized catalysts was evaluated in 

RWGS reaction in the temperature range of 300-600°C under atmospheric pressure. In order 

to measure the catalytic activity, a total 50 mg of the catalyst powder was placed into a 35 

mL tubular fixed bed reactor. The reactant mixture was composed of 2 kPa H2 (Linde, 100%), 

2 kPa CO2 (Linde, 99.99%), and balance He (Linde, 100%). It is important to note that the 

total pressure of the reaction was 100 kPa. The total gas flow rate was 100 mL.min-1 for 

RWGS reaction. The gaseous reactants first flowed through mass flow controllers (MFC, 

mks Instruments) and then they were introduced to the quartz reactor. The product gases were 

analyzed using a non-dispersive infrared CO analyzer (Horiba VIA-510) and subsequently a 

quadropole mass spectrometer (QMS, Ametek Proline DM 100). Prior to each measurement, 

QMS was purged with helium in order to eliminate all impurities. All the gases with a 

molecular weight up to 50 atomic mass units were identified using QMS. 

          Each set of experiments was repeated for three temperature cycles to ensure the 

stability and reproducibility of the catalytic measurements. All measurements were carried 

out starting from 300°C and each temperature was maintained for 30-45 min to ensure the 

steady-state conversion was reached.  

          The yield of CO was determined using the following equation, Eq. 3.1: 

 

Yield of CO (%)= 
[!"]!"#  

  [!"!]!"  !  !""%
                                                  (Eq. 3.1) 

 

          Although the mass of the catalyst was held constant at 50 mg for all catalytic 

measurements, the gas hourly space velocity  (GHSV) differed depending on the catalytic 

supports because each had a different bulk density (8.5 g.mL-1 for SDC and 3.95 g.mL-1 for 

γ-Al2O3). The GHSV values were measured using Equation 3.2: 
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GHSV (hr-1) = 
!  !!!"##$%&  
!!"##$%&  

                                                    (Eq. 3.2) 

 

Where F is the total flow rate in mL/hr, d is the bulk density of the support in g/mL and W is 

the weight of the support in g. Therefore, the GHSV ranges from 473999.919h-1 to 

1020000.51h-1 for γ-Al2O3-supported and SDC-supported catalysts, respectively; meaning 

that the reactants residence time in the reactor is greater in the case of catalysts supported on 

γ-Al2O3. 

          The CH4 selectivity of the catalysts was measured using the mass spectrometer. The 

peak maximum values obtained from of the mass spectra were used in order to calculate the 

amount of unreacted CO2 as well as the methane yield. The CH4 selectivity was calculated 

using the Equation 3.2: 

 

CH4 selectivity (%) =   !"!(!"#)
!"! !""# !!"!(!"#)

  ×  100%                             (Eq. 3.3) 
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 Fig 3.10 shows the schematic diagram of the catalytic RWGS test station. 

    

 
                          

Fig 3.10: Schematic diagram of RWGS test station 
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Chapter 4: Characterization of Supported and 

Unsupported Metal Nanoparticles  
 

4.1 Characterization of Cu- and Fe-based Colloidal Nanoparticles 
         The X-ray diffraction spectra of Cu and Fe colloids are shown in Figures 4.1 and 4.2, 

respectively.  

                   
                        Fig 4.1: X-ray diffraction pattern for Cu nanoparticle colloids 

 

           Figure 4.1 evidences three peaks at 2θ values of 43.32, 50.43 and 74.01 deg, 

corresponding to (111), (200) and (220) planes. The high peak shown at (111) reflection 

corresponds to pure Cu. The experimental values for diffraction angles of the Cu colloid are 

in agreement with the standard diffraction angles for nano-sized Cu [164]. Therefore, Cu 

nanoparticles were successfully produced in triethylene glycol using a modified polyol 

synthesis method. No other impurities were detectable in the XRD pattern of Cu.  

        The crystallite size of the nanoparticles was estimated using the Debye-Scherrer 

formula, Eq. 4.1: 
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D= !.!  !
! !"#!

                                                                      (Eq. 4.1) 

           “λ” is the wavelength of X-ray (0.1541), “β” is FWHM (full width at half maximum), 

“θ” is the diffraction angle in radian and “D” is particle diameter. Using this formula, the 

average size of the Cu nanoparticles was 25 nm. 

 

 
Fig. 4.2: X-ray diffraction pattern of the prepared Fe nanoparticle colloids 

 

        Figure 4.2 shows the XRD pattern of Fe colloids synthesized in triethylene glycol. The 

peaks were identified at 2θ values of 19.981, 29.010, 36.44, 42.192 and 61.268 corresponding 

to (111), (220), (311), (400) and (440) planes. It is noted that the diffraction angles are 

consistent with the standard patterns for magnetite (Fe3O4). All the peaks are related to Fe3O4 

and no other impurities are visible. Moreover, the black color of the resultant Fe colloidal 

solution of further verifies the presence of magnetite phase.  

           The average crystallite size (D) is estimated using the Debye-Scherrer (Eq. 4.1). 

Furthermore, the interplanar spacing (dhkl) is determined using Bragg’s law (Eq. 4.2) and the 

value of the lattice parameter (α) is calculated using Eq. 4.3:  
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dhkl =  
!

!  !"#$
                                                                                                       (Eq. 4.2) 

dhkl  = 
!

!^!!!^!!!^!
                                                                        (Eq. 4.3) 

 

The values of α, dhkl and D are summarized in Table 4.1. 

 

Table 4.1: Crystallite size, d-spacing and lattice parameter of the prepared Fe3O4 

nanoparticle colloids. 

 

d-spacing (Å) Lattice parameter (Å) Crystallite size from XRD (nm) 

2.47 8.26 8.3 

 

       The d311 of 2.47 Å and α0 of 8.26 are lower than the values reported for bulk magnetite 

(α0 = 8.394 and d311 = 2.531) indicating that another phase of magnetite, namely γ-Fe3O4 (d311 

= 2.517 and α0 = 8.347) is formed [165]. It has been reported that 𝛾-Fe3O4 is the first oxidized 

phase of magnetite [166]. Structural irregularities of synthesized magnetite could account for 

its further oxidation to γ-Fe3O4 [167]. The XRD pattern of Fe (Fig. 4.2), shows that the peaks 

are broader compared to those obtained for Cu. This indicates that the particle size of Fe is 

smaller compared to Cu. The average particle size of Fe3O4 nanoparticles is estimated to be 

8.3. 

 

4.2 Characterization of Ru- and Pt-based Catalysts 

4.2.1 As-prepared Ru- and Pt-based Colloidal Nanoparticles 

         FT-IR measurements were carried out to determine the particle size of noble metal-

based nanoparticles synthesized in ethylene glycol. It has been found that there is a 

correlation between the particle size and the IR spectra of CO adsorbed (COad) in the case of 
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Ru- and Pt-based colloidal nanoparticles. It is noticeable that the CO gets adsorbed on the 

surface of the colloids during synthesis using polyol method and no further pre-treatment has 

been performed. The particle size of Ru, Pt and nominally Ru50Pt50 colloids were estimated 

using the IR spectra of COad. [117]. Figure 4.3 demonstrates the FTIR spectra of Ru colloid.  

 

Fig. 4.3: FTIR spectra of Ru colloid synthesized in ethylene glycol 

          IR spectroscopy results for Ru colloid (Fig. 4.3) indicate two distinct bands at 

frequencies 1945 and 1987 cm-1, corresponding to the typical bridged bonded COads of Ru 

nanoparticles [168]. The 2-folded bridged band of adsorbed CO is expected to shift to higher 

frequencies (>1948 and 1990 cm-1) for Ru particles larger than 2.8 ± 1 nm [117]. However, 

the two corresponding CO bands shown in Figure 4.3 are evident at frequencies 1945 and 

1987 cm-1. Therefore, the average particle size of Ru nanoparticles is smaller than 2.8 ± 1 

nm. The Ru particle size was further measured via scanning transmission electron 

microscopy (STEM). Figure 4.4 shows the STEM images of Ru colloid. 
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Fig.                                 Fig. 4.4: STEM images of Ru colloid 

          The average particle size of Ru nanoparticles was measured to be 1.1 nm using ADF-

STEM. Thus, the Ru particle size estimated using FTIR study (< 2.8 ± 1 nm) is close to the 

size measured from STEM (1.1 nm). However, the Ru particle size is marginally 

overestimated in IR measurement compared to STEM. The obtained Ru particles appear to be 

spherical and are well defined (Fig. 4.4).   

         Figure 4.5 shows the results of IR spectroscopy of Pt colloids.  The position of the 

pronounced CO band observed in the range of 2010 to 2015 cm-1 can be correlated to Pt 

particle size.  The adsorbed CO band tends to shift towards frequencies higher than 2050 cm-1 

for particles larger than 2.5  ±  0.5 nm [117]. 
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                   Fig. 4.5: FTIR spectra of Pt colloids synthesized in ethylene glycol 

         A noticeable peak can be observed at 2072 cm-1. Therefore, the Pt colloidal particle size 

is expected to be close to 2.5  ± 0.5 nm. TEM measurements on Pt colloids were also carried 

out to measure the Pt particle size.  

                                                Fig. 4.6: TEM images of Pt colloid Fig.                                                                 
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             According to TEM measurements, the average particle size of Pt colloids was 

estimated to be 1.9 nm. This value is less than one order of magnitude different from the 

value estimated from IR measurements (2.5  ± 0.5 nm). Resultant Pt nanoparticles are well 

defined and are dominantly spherical.   

         The approximate size of Ru50Pt50 colloid was also estimated using FTIR measurements. 

The IR spectra for the bi-metallic Ru and Pt colloid are expected to appear in the range of 

1955- 2057 cm-1 and are depicted in Figure 4.7.  

 

         Fig. 4.7: FTIR spectra of Ru/Pt bimetallic colloids synthesized in ethylene       

glycol                 glycol 

           As shown in Figure 4.7 the pronounced band visible at 2022 cm-1 is generated due to 

CO stretch on Ru/Pt step sites. Moreover, a shift towards lower frequencies is expected for 

larger Pt domains over Ru substrates [169]. The peak observed at the frequency of 1943 cm-1 

is reportedly related to the bridged bands seen for Ru. There is an inverse relationship 

between the intensity of the band at 2022 cm-1 and the particle size for Ru/Pt colloids. 

Considering the frequency and peak intensity of the adsorbed CO spectra (Fig. 4.7), the 

particle size of Ru50Pt50 can be estimated in the range of 1.6 ± 0.5 nm [117]. 
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4.2.2 Ru- and Pt-based Supported Nanoparticles: 

          Figure 4.8 shows the STEM micrographs of 1 wt.% Ru supported on CeO2. The STEM 

confirms the uniformity and sphericity of the supported Ru nanoparticles. Furthermore, it is 

evident that nanoparticles are finely dispersed on the support and no major agglomeration is 

visible. The average particle size of 1wt.%Ru/CeO2 was measured as 1.1 nm from TEM. 

Therefore, it is similar to the particle size of colloidal Ru. 

 

                               Figure 4.8: STEM images of 1 wt.% Ru/CeO2  

             Figure 4.9 shows the STEM micrographs of 5 wt.% Pt/CeO2. The average size of 3.8 

nm is calculated from STEM measurements. It is noticeable that the average particle size 

decreases by almost two orders of magnitude with increasing the Pt content to 5 wt.%, 

whereas the particle size of CeO2-supported 1 wt.% Pt was similar to that of Pt colloids (1.9 

nm). The increase in the particle size can be attributed to the relatively high metal loading of 

Pt that results in decreasing the metal dispersion and gives rise to particle agglomeration. 
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Fig. 4.9: STEM images of 5 wt.% Pt/CeO2 

     

4.2.3 Dispersion Measurements 

        The metal dispersion values of 5 wt.% Ru and Pt nanoparticles supported on CeO2 and 

SDC were measured using the CO titration technique. Ru and Pt dispersion values and 

corresponding sizes are reported in Table 4.2. The estimated sizes were calculated using Eq. 

4.4: 

𝑑!"   =   
!""  .    !!

!  .    !"#$%&#"'(   % .    !  .  !!
                                                      (Eq. 4.4) 

     Mw, ρ, α, Nα, and dnm respectively represent metal molecular weight, metal density, 

atomic surface area of the metal, Avogadro’s number, and dnm indicates the average particle 

diameter [170]. 
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        According to the results summarized in Table 4.2, the specific surface area of the 

support plays an important role in determining the dispersion of Ru and Pt nanoparticles. It is 

noted that the metal dispersion of Ru and Pt catalysts supported on CeO2 (SSA = 30-50 m2/g) 

is higher compared to those supported on SDC (SSA = 35 m2/g). Furthermore, Table 4.2 

indicates that regardless of the colloidal particle size of Ru and Pt nanoparticles, the particle 

sizes of SDC-supported Ru and Pt catalysts are larger than those supported on CeO2, 

implying that the extent of metal agglomeration is higher for SDC-supported catalysts.  
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Chapter 5: Ionic and Non-ionic Conductive Oxides for 
RWGS Reaction 
 

5.1 Introduction 
           Metal oxides exhibit several properties that made them interesting in heterogeneous 

catalysis. Moreover, they are considered as typical substrates for metal catalysts. The oxide 

supports can be ionically conductive, e.g., yttria-stabilized zirconia, 8mol.% Y2O3-ZrO2 

(YSZ), mixed ionic-electronic conductive (MIEC), e.g. CeO2 and non-ionic conductive, e.g. 

Al2O3 and SiO2 [171]. With respect to conductive metal oxides (YSZ, CeO2, Sm-doped CeO2, 

etc.), their high ion conductivity at elevated temperatures (350oC) allow their use as solid-

electrolytes in solid oxide fuel cells (SOFCs) and high temperature electrolyzers [125]. 

Utilization of solid electrolytes opens new doors in heterogeneous catalysis [172] [173] 

[161]. 

           This section aims to identify the most active oxide material for the RWGS reaction, so 

that they can be further used as substrates for the dispersion of the selected metal 

nanoparticles. Another key goal of this chapter is to investigate the effect of ion and electron 

conduction in the RWGS reaction under the operation conditions described in Chapter 3. The 

performance of each metal oxide as well as carbon support was examined in terms of activity, 

selectivity and stability towards the RWGS reaction. 

        Hereinafter, detailed information regarding the commercial conductive and non-

conductive supports, namely gamma-alumina (γ-Al2O3), carbon black (C), cerium IV oxide 

(CeO2), samarium-doped ceria (SDC), yttria-stabilized zirconia (YSZ), titanium dioxide 

(TiO2), and hematite (Fe2O3) is provided. 

 

5.1.1 Properties of Commercial Metal Oxides 
Gamma-alumina (γ-Al2O3): γ-alumina is extensively used as catalytic support at the industrial 

scale because it improves the metal dispersion as a result of its high surface area [174]. 

However, in applications requiring high temperatures (e.g. 600°C and higher), such as the 

RWGS reaction, γ phase of aluminum oxide readily transforms to metastable θ-Al2O3. 

Therefore, thermal stability improvement of γ-alumina for high-temperature applications is 
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essential. In the present work γ-Al2O3 from Alfa Aesar was tested and its selected properties 

are shown in Table 5.1. 

 

                                  Table 5.1: Selected properties of γ-alumina                

   

 

 

 

 

• From supplier 

 

Carbon black (C): Carbon serves as both a catalyst and catalyst support for hydrogenation 

reactions due to its high porosity and specific surface area. Carbon black is a popular support 

material in electro-catalysis for fuel cells due to its high surface area and electronic 

conductivity. Among the three popular phases of carbon as catalytic support; namely carbon 

black, activated carbon and graphite, activated carbon has received more interest [175]. 

       Improved metal dispersion is obtainable over C-supported catalysts. Additionally carbon 

black is classified as a non-ionically conductive material due to the volatile surface oxygen 

species [176]. Carbon black Vulcan XC-72R from Cabbott Corp. was tested in this chapter 

and its properties are summarized in Table 5.2. 

 

                                  Table 5.2: Selected properties of carbon black 

 
 

• From supplier   
 

Property Value 

Grain size, micron 1-3 

Density, g/cm3 3.95 

Melting point, °C 2072 

Specific Surface Area, m2/g 120 

Property  Value* 

Density, g/cm3          1.7-1.9 

Melting point, °C          2550 

Specific Surface Area, m2/g        254 
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Cerium IV oxide (CeO2): Ceria as a mixed ionic-electronic conductive (MIEC) ceramic 

exhibits high stability in the cubic fluorite phase without the need for additives. The ionic 

conductivity is due to the presence of oxygen vacancies in its crystal structure. Addition of 

dopants such as gadolinium and samarium leads to increased oxygen mobility [177]. CeO2 

from Fuel Cell Materials was tested in the form of powder and its properties are shown in 

Table 5.3. 

 

                                      Table 5.3: Selected properties of CeO2 

  

 

 

 

  

 
• From supplier      

                                               

Samarium-doped ceria (SDC): Samarium-doped ceria (Sm2O3 - CeO2) has the highest ionic 

conductivity among ceria-based ceramics at in the temperature range of 500-700°C (178). 

Moreover, incorporation of trivalent Sm3+ ions leads to higher thermal and textural stability 

in ceria [125]. The SDC from Fuel Cell Materials (FCM) was tested and its properties are 

shown in Table 5.4. 

                    

                              Table 5.4: Selected properties of Sm2O3 (15mol%)- CeO2 

 

 

 

• From supplier 

 

Property     Value* 

Grain size, nm            15-30 

Density, g/cm3            7.132 

Melting point, °C            2600 

Specific Surface Area, m2/g            30-50 

Property      Value* 

Grain size, nm            30-50 

Density, g/cm3           8.5 

Melting point, °C            3140 

Specific Surface Area, m2/g           35  



53	
  
	
  
	
  

Yttria-Stabilized Zirconia (YSZ): YSZ is a zirconium-based ceramic wherein “yttria” (Y2O3) 

is incorporated to stabilize the crystal structure of “zirconia” (ZrO2). Doping zirconia with 

yttria leads to the replacement of Zr4+ with Y3+ resulting in higher oxygen vacancies and as a 

result higher ion (O2-) conduction. YSZ from TOSOH was used in this thesis with the 

properties summarized in Table 5.5. 

 

                           Table 5.5: Selected properties of Y2O3 (8mol%)-ZrO2 
                                   

 

 

 

 

 
• From supplier 

 

Titanium Oxide (TiO2): TiO2 is a MIEC material and its physiochemical characteristics give 

rise to its extensive use in the field of heterogeneous catalysis. Relative high surface area and 

chemical stability of TiO2, are two important features that support its extensive use in high 

temperatures applications such as the RWGS reaction [179]. TiO2 from Alfa Aesar were 

tested towards RWGS reaction and the relevant properties are given in Table 5.6. 

 

                                          Table 5.6: Selected properties of TiO2 
 

 

• From supplier 

 

 

Property  Value* 

Conductivity at 300°C, mS/cm          1-3 

Density, g/cm3          5.9 

Melting point, °C          2680 

Specific Surface Area, m2/g         13 

Property  Value* 

Grain size, micron         < 40 

Density, g/cm3          4.23 

Melting point, °C          1843 

Specific Surface Area, m2/g           35-65 
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Hematite (Fe2O3): Iron III oxide is the most chemically stable phase of iron over a wide 

range of Ph values [180]. It has been used extensively in heterogeneous catalysis and was 

tested here for RWGS. The Fe2O3 powder was purchased from Sigma Aldrich and its 

properties are shown in Table 5.7. 

 

                                        Table 5.7: Selected properties of Fe2O3 

 

 

 

• From supplier 

 

 

 

5.2 Catalytic Performance of Metal Oxides and Carbon Towards 

the RWGS Reaction  

 

5.2.1 Catalytic activity 
         The RWGS reaction was investigated in the temperature range of 300 to 600°C. 

Reproducibility of the results was ensured by repeating each catalytic run for at least three 

times. Reaction yields were measured after the steady-state condition was reached. Initially, 

blank catalytic experiments with an empty reactor were carried out to determine the 

homogenous gas-phase contribution within the reaction temperature range. Experimental 

procedures are described in details in Chapter 3. 

          Figures 5.1 and 5.2 show carbon monoxide yield as a function of temperature for 

various materials as well as a blank reactor. The equilibrium conversion curve was calculated 

using Microsoft Excel. Therefore, thermodynamic calculations (using ΔH, ΔG, Keq and etc.) 

Property  Value* 

Grain size, micron       < 5 

Density, g/cm3          5.240 

Melting point, °C          1538 

Specific Surface Area, m2/g        > 100 
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were performed in order to determine the equilibrium conversion at H2/CO2 ratio of 1. 

Without a catalytic material (empty reactor) there is little to no reaction occurring in the gas 

phase up to 600°C. Figure 5.1 represents the yield of CO as a function of temperature for 

non-conductive supports: gamma-alumina and carbon.  

 

          

 
 

Fig 5.1: CO yield as a function of temperature over gamma-alumina and carbon black. 

Space velocity = 473999.919 h-1, PH2=PCO2= 2kPa, balance He, F = 100 mL.min-1 

 

            Figure 5.1 shows low CO yield over carbon black (C) and gamma-alumina (𝛾-Al2O3). 

Not only C exhibited poor catalytic activity, but also its highly variable nature of both pore 

and surface structure gave rise to irreproducibility of the measurements. Low reproducibility 

of the catalytic runs was also seen in the case of γ-Al2O3. Both of these non-conductive 

supports exhibit high specific area; however, on their own they show low activity for RWGS 

reaction. This finding is in agreement with the literature data [181].  Figure 5.2 presents CO 

yield as a function of temperature of MIEC and ionically conductive metal oxides. 
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Fig 5.2: CO yield as a function of temperature for various metal oxides, as indicated in 

the figure. Space velocity = 1020000.51h-1, PH2=PCO2= 2kPa, balance He, F = 100 

mL.min-1 

 

          It is noted (Fig. 5.2), CO yield is negligible over all materials up to 450oC and then 

increases with temperature. SDC demonstrates a superior performance at 600oC compared to 

other supports followed by Fe2O3 > CeO2 > YSZ > TiO2. 

Incorporation of Sm3+ as a lower-valent-cation dopant in CeO2 facilitates the 

generation of more oxygen vacancies as a result of charge balancing and consequently 

improves ionic conductivity. It is noticeable that no other metal oxide dopant has 

outperformed samarium oxide (Sm2O3) in terms of promoting ionic conductivity in ceria 

[182]. Therefore, SDC exhibits higher reducibility compared to CeO2.      

            However, it is important to investigate the potential correlation of reducibility with 

RWGS activity. It has been reported that reducibility leads to the promotion of the RWGS 

reaction towards the redox mechanism, which is believed to be one of the main mechanisms 

through which RWGS reaction proceeds [110] [76]. Moreover, the RWGS reaction mainly 
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undergoes the redox mechanism over bare metal oxides [183]. Equations 5.1 present the 

redox mechanism in RWGS reaction: 

                                                           CO2(g) ⇌ COa + Oa 

COa ⇌ CO(g) 

                                                              H2(g) ⇌ 2Ha 

                                                         Ha + Oa ⇌ OHa 

                                                      Ha + OHa àH2Oa 

H2Oa ⇌ H2O(g) 

(Eq.s 5.1): The redox mechanism in RWGS reaction 

 

            Successive redox cycles contribute to the production of CO and H2O via the RWGS 

reaction. Catalytic contribution of ceria-based metal oxides can be attributed to promoting 

another pathway for the generation of oxygen adatoms (Oad) and subsequently oxygen 

vacancies as illustrated in the following reactions [184], Eq. 5.2 and Eq. 5.3: 

 

2CeO2 à Oad + Ce2O3                                                                                                                               (Eq. 5.2)                       

Ce2O3 + 1/2O2àCeO2                                                                                     (Eq. 5.3)     

 

Therefore, higher activity of SDC can be attributed to its higher reducibility compared 

to other evaluated metal oxides. It can be deduced that high ion conduction followed by 

increased oxygen mobility favors the RWGS reaction. 

           The results of CO yield over the conductive oxides (Fig. 5.2) demonstrate that ceria is 

also a suitable oxide material for promoting the RWGS reaction. The grain size of ceria is 

reported to be a determining factor on its both electron and ion conductivity [151]. Lower 

electronic conductivity and higher ionic conductivity have been observed for CeO2 with 

smaller grain size. Considering pure CeO2, electronic conductivity is expected to decrease for 

grain sizes below 100 nm [185]. It is notable that CeO2 powders employed within this thesis 

work were between 30-50 nm. Therefore, the effect of the ionic conductivity of the ceria used 

in this work is expected to be higher, compared to its electronic conductivity. The improved 

RWGS performance of CeO2 can be also attributed to its ionic conductivity. 
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             Figure 5.2 indicates that CeO2-based materials, namely SDC and CeO2 as basic and 

reducible oxides, lead to high CO2 conversion at 500°C and beyond. This also holds true for 

the rest of the conductive oxides but to a lesser extent. It is noted that there is a noticeable 

improvement in the catalytic performance of conductive metal oxides at 500°C and higher, 

whereas the CO yield is relatively slight below 450-500°C.  Therefore, it can be inferred that 

ion conductivity is significantly a temperature dependent behaviour. This finding is in 

agreement with the literature data [182]. Interestingly, it has been reported that as of 600°C 

and beyond there is no further change occurring in the ion conduction of SDC [186]. 

           It has been reported that the electronic conductivity of SDC is negligible at low 

temperatures in reductive environments [186]. However, the values for electronic 

conductivity of ceria-based oxides in hydrogen were reported to be 3-4 times higher than that 

of ionic conductivity at 500°C [187]. In addition, another group found that the measured 

values for electron conductivity are higher than that of ion conductivity as of 400°C to 800°C 

in the case of SDC and CeO2 [186]. Therefore, electronic conductivity is not noticeable at 

low temperatures; however, at high temperatures (400°C and higher) its value is reported to 

be higher, compared to ionic conductivity. This can be also an explanation for the improved 

RWGS performance of SDC and CeO2 at high temperatures.  

             High CO yield over Fe2O3 (Fig. 5.2) can be attributed to its partial reduction to 

magnetite (Fe3O4) as a result of introducing diluted hydrogen. Rapid electron exchange 

between Fe2+ and Fe3+ within the lattice of magnetite and therefore the generation of oxygen 

vacancies is the main reason for the good performance of magnetite in RWGS reaction [188]. 

However, over-reduction of Fe2O3 can result in the formation of metallic Fe (Fe0) that is a 

suitable substrate for CO2 adsorption and therefore, promoting the CO2 methanation reaction. 

Moreover, it has been reported that Fe2O3 stabilize as FeO (Fe2+) at high temperatures, which 

is an inactive phase of iron oxide towards RWGS reaction [189]. The decrease in CO yield 

over Fe2O3 at 550°C and higher, could be associated with the formation of either Fe2+ or Fe0. 

Nonetheless, Fe2O3 demonstrated a suitable catalytic activity towards RWGS reaction (Fig. 

5.2) and outperformed CeO2 under the same reaction conditions. 

            TiO2 demonstrates (Fig. 5.2) lower catalytic activity compared to the other conductive 

metal oxides. It is notable that TiO2 exhibits both ion and electron conduction. However, 

conductivity of TiO2 did not majorly come into play since it underperforms all the conductive 
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supports including YSZ in the temperature of interest. Note that YSZ showed a better 

performance compared to TiO2, despite the fact that YSZ exhibits no electronic conductivity.  

              

5.2.2 Stability Measurements: 
          Thermal stability is one of the key evaluation criteria that a suitable RWGS catalyst 

must satisfy. Figure 5.3 shows the performance of C and γ-Al2O3 for three consecutive 

catalytic cycles from 300 to 600oC. 

 
Fig. 5.3: Stability of (a) gamma-alumina and (b) carbon black in three consecutive 

catalytic runs.  Space velocity = 473999.919 h-1, PH2=PCO2= 2kPa, balance He, F = 100 

ml.min-1 

 

           The light-off curves shown in Figure 5.3 indicate that the catalytic measurements of 

gamma-alumina and carbon black show little stability and reproducibility particularly at high 

temperatures, whereas the catalytic runs observed for all other supports denoted high stability 

and reproducibility. According to Figure 5.3, the best CO yield can be observed during the 

first temperature cycles. Low stability of γ-Al2O3 and C is distinctly evident from 350- 

400°C. This is in agreement with the results of Oberlander et al. [190].  

          Figure 5.4 presents the three consecutive catalytic measurements of SDC and CeO2. 
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Fig. 5.4: Stability of (a) SDC and (b) CeO2 in three consecutive catalytic runs.  Space 

velocity = 473999.919 h-1, PH2=PCO2= 2kPa, balance He, F = 100 ml.min-1 

 

           The catalytic stability of SDC, CeO2, YSZ and Fe2O3 was also evaluated using 

transient experiments for 24 hours at 550°C. The corresponding results are shown in Figure 

5.5. Except for Fe2O3, no deactivation of other supports occurred after 24 hours.  

 

                        
     Fig. 5.5: Time-on-stream (TOS) behaviour over SDC, CeO2, YSZ and SDC at 550°C,     

space velocity = 1020000.51h-1; PH2=PCO2= 2kPa, balance He, F = 100 mL.min-1 
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          Good catalytic stability of ceria-based oxides (SDC and CeO2) can be explained by 

taking their ion conduction into consideration. It has been reported that the ion conductivity 

of ceria-based oxides in a reductive environment, does not decrease as a result of repeated 

cooling and heating cycles [186]. This statement further acknowledges the veracity of our 

time-on-stream observations at 550°C. Evidently, our results indicate high stability of SDC 

and CeO2. YSZ also indicates a good stability and hence, improvement in catalytic 

performance was observed over time. The stability of these materials at high temperature is 

also well known from solid oxide fuel cell literature where these oxides are used as solid 

electrolytes at temperatures as high as 900oC [125]. 

          Hematite (Fe2O3) shows an excellent chemical stability [191]. In H2 environments, 

Fe2O3 transforms to magnetite (Fe3O4) at 250°C and higher. Fe3O4 is the most active phase of 

iron in the RWGS reaction but its long exposure to reductive environments leads to its 

stabilization in the form of FeO2 [192]. Moreover, it has been reported that iron stabilizes as 

Fe2+ in a variety of gas mixtures including CO2 and H2. In addition, exposure of Fe2O3 to 

high temperatures for a 24h period can lead to the formation of fully reduced iron (Fe0) and 

also Fe-carbides that could result in a dramatic reduction in CO yield [193]. Thus, the yield 

of CO over Fe2O3 at 550°C (Fig. 5.5) shows an increasing trend over time for the first twelve 

hours followed by a dramatic decrease to almost two third of its initial activity during the 

next twelve hours.  

             Moreover, in the case of conductive oxides, the time needed for reaching 

equilibration at each new temperature within 300°C - 600°C was approximately 45 min, 

whereas the steady state is reached within a longer period for non-conductive oxides, namely 

gamma-alumina and carbon black.  

 

 

5.2.3 Selectivity to Methane Formation: 
            Methane is the main by-product that can be generated alongside CO during RWGS 

reaction (see Chapter 1, section 1.2). Therefore, it is important to monitor CH4 formation 

during the RWGS reaction. This was done using Mass Spectrometer (MS) as described in 

details in Chapter 3, section 3.5. 
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           Results showed that He, CO2, H2, CO, H2O and CH4 were the only components 

identified in the mass spectrum of metal oxides. Figure 5.6 presents the mass spectrum of 

SDC at 600°C.  

 

 
 

Fig. 5.6: Mass spectrum of SDC at 600°C in RWGS reaction. Space velocity = 

1020000.51h-1; PH2=PCO2= 2kPa, balance He, F = 100 mL.min-1 

 

The peaks identified at mass-to-charge (m/z) ratios of 2, 4, 16, 18, 28 and 44 correspond to 

H2, He, CH4, H2O, CO and CO2, respectively. It is important to note that the reactants were 

fed stiochiometrically in order to hamper CH4 yield, which increases when H2 amount 

increases and is favoured at high H2/CO2 ratios, e.g. H2/CO2 = 4.  

        It was found that CO and CH4 were the main products formed in the temperature range 

of 300 to 600°C over metal oxides. Results presented in Figure 5.7 show CH4 selectivity at 

varying temperatures. 
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Fig. 5.7: Methane selectivity over conductive and non-conductive metal oxides from 300 

to 600°C. Space velocity = 473999.919 h-1; PH2=PCO2= 2kPa, balance He, F = 100 

mL.min-1 

 

            It is established that the extent of CO2 adsorption indicates the CO2 methanation 

activity of metal oxides [194]. Al2O3 does not show methanation activity by itself, but it is a 

very suitable substrate for the irreversible adsorption of CO2 [195]. It has been reported that 

SDC and CeO2 are not efficient promoters for the CO2 methanation reaction [196]. Although 

ceria-based oxides are efficiently capable of CO2 reduction, according to density functional 

theory calculations, CO2 adsorption is not favoured on all CeO2 facets except [110] [197]. As 

for 8mol% Y2O3-ZrO2 (YSZ), existence of less reactive hydroxyl groups in YSZ compared to 

Y2O3, results in the lower strength of YSZ for CO2 chemisorption; considering that CO2 

adsorption takes place upon its substitution with OH- groups [198]. Therefore, higher CH4 

selectivity of γ-Al2O3 at lower temperatures (Fig. 5.7) can be explained by its higher affinity 

for the adsorption of CO2 molecules.  
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Fig. 5.8: Comparison of unreacted CO2 at 600°C over conductive and non-conductive 

metal oxides. Space velocity = 473999.919 h-1; PH2=PCO2= 2kPa, balance He, F = 100 

ml.min-1 

          

             As expected from thermodynamic viewpoint and as observed experimentally, the 

higher temperatures remarkably increase CO2 conversion and CO formation in RWGS 

reaction. The noticeable decrease in the intensity of CH4 and CO2 mass spectra beyond 

500°C, indicates the high selectivity of the reaction towards CO formation (Figures 5.7 and 

5.8). Due to the exothermic nature of the CO2 methanation reaction, higher methane yield is 

observed at lower temperatures (below 350°C), whereas higher temperatures clearly favour 

CO production.  

            Figure 5.8 shows that the CO2 conversion was more over SDC compared to other 

oxides at 600°C, which indicates that SDC had more catalytic activity. Therefore, the amount 

of unreacted CO2 observed over SDC is lower. The CO2 to CO conversion at 600°C increases 

(Fig. 5.8) in the order of SDC > CeO2 >YSZ > γ-Al2O3.  It has been reported that YSZ 

promotes the methanation reaction up to 240°C, but at higher temperatures, methanation 

activity of YSZ is low [199]. Hence, it shows lower CH4 selectivity compared to other metal 

oxides at higher temperatures. 
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5.2.4 Effect of H2/CO2 Ratio on CO Yield 
          The Effect of H2/CO2 Ratio on CO Yield was studied over conductive supports. Figure 

5.9 represents the yield of CO as a function of temperature at two different partial pressures 

of H2, i.e., H2 to CO2 ratio of 1 and 4. Increasing H2 partial pressure considerably impacts 

CO2 conversion and subsequently CO yield. According to Figure 5.9, regardless of the nature 

of the support, CO yield increases as of 450°C, which indicates that RWGS is the dominant 

reaction.       

Results the measurements indicate that at lower temperatures (400°C and below), increase in 

H2 concentration noticeably favours the CO2 methanation reaction. Note that increased CO2 

conversion has been observed as a result of feeding higher H2 concentrations. The RWGS 

catalytic results of CeO2 and YSZ (Fig. 5.9) show higher methanation activity compared to 

SDC at 350°C and 400°C at H2/CO2 = 4, because of the decrease in CO yield. It can be 

deduced that at lower temperatures and higher H2/CO2 ratios, where CH4 formation is 

thermodynamically favourable, SDC shows higher selectivity to CO. 
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Fig. 5.9: CO yield as a function of temperature over (a) SDC, (b) CeO2, and (C) YSZ at 

two different H2/CO2 ratios (1 and 4). Space velocity = 1020000.51h-1, F = 100 mL.min-1 
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5.3 Conclusions: 
             The catalytic performance of non-conductive and conductive metal oxides has been 

investigated for RWGS reaction in order to select the most suitable catalyst support for 

deposition of nanostructured metal catalysts. It was found that there is a difference in the 

behaviour of non-conductive conventional oxides (C and γ-Al2O3) and the oxides 

demonstrating oxygen mobility (e.g. SDC, YSZ and CeO2). However, the stand-alone 

performance of metal oxides indicate that although none of the conductive materials 

approached equilibrium up to 600°C, they were capable of increasing the yield of CO 

considerably from 500°C and beyond. SDC as the best-performing metal oxide enhanced the 

reaction yield to 23% at 600°C. It is notable that the equilibrium conversion at 600°C is 39%.  

            SDC is not only the most active oxide in favour of RWGS reaction, but also in terms 

of methanation activity, SDC shows the least activity towards CH4 formation in the 

temperature range of 300 - 600°C as opposed to other oxides. Moreover, the amount of 

unreacted CO2 was the lowest at all reaction temperatures in the case of SDC, which 

indicates higher CO2 conversion. These parameters altogether, made SDC the best-

performing metal oxide in terms of activity, stability and selectivity in RWGS reaction. 

           According to the discussions and observations, conductivity comes into play with 

increasing temperature, which implies that ion and electron conductivities are temperature-

dependent behaviours. Moreover, no definitive agreement could be made regarding the 

promoting effect of ionic conductivity compared to that of electronic, because they were both 

initiated at about 400 - 500°C. However, due to the absence of ion conductivity lower than 

500°C, low CO yield indicates a negligible contribution from electronic conduction. Thus, 

below 500°C, neither ionic nor electronic conductivities are significant to promote the RWGS 

reaction. 

           The low catalytic activity and stability of γ-Al2O3 and C is an agreement with the 

literature. The RWGS catalytic activity over the investigated materials decreases in the order: 

SDC > Fe2O3 > CeO2 > YSZ  > TiO2 > γ-Al2O3 > C. Fe2O3 as a conductive oxide exhibits a 

similar catalytic activity to that of SDC. However, the time-on-stream behaviour of Fe2O3 at 

550°C shows poor catalytic stability, while SDC has high stability. Based on the results the 

following materials SDC, CeO2, YSZ and Fe2O3 were chosen to serve as catalyst supports in 

the following chapters. 
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 Chapter 6: Iron- and Copper-based Nanoparticles for 

RWGS Reaction 
6.1 Introduction 
            The purpose of the present chapter is to develop and study Cu- and Fe-based catalysts 

for RWGS reaction using ionic and mixed-ionic electronic conductive (MIEC) metal oxides 

as supports. Moreover, this chapter aims at investigating the promotional effects of the ion 

(O2-) conductivity of metal oxide supports on the performance of Fe and Cu nanoparticles. As 

described in details in Chapter 5, reducible metal oxides, namely samarium-doped ceria 

(SDC), ceria (CeO2) and yttria-stabilized zirconia (YSZ) demonstrate good catalytic activity 

towards RWGS reaction, and higher the reducibility, the higher CO yield was observed. 

Therefore, the nanostructured mono-metallic Cu and Fe as well as bi-metallic CuxFe1-x (x = 

50 and 95 at.%) were synthesized and deposited on the most active supports from Chapter 5, 

namely SDC, CeO2 and YSZ and the catalysts were studied for the RWGS reaction. 

            Copper surfaces are active in WGS reaction, and hence Cu is employed extensively as 

an effective shift catalyst particularly at low temperatures [200]. Moreover, as shown in 

Chapter 2, several studies proved that Cu is also an active site for catalyzing the high 

temperature RWGS reaction, when it is stabilized against “aging” at high temperatures. Cu is 

an appropriate adsorption site for CO2 molecules, therefore Cu-based catalysts promote the 

RWGS reaction via the redox mechanism through oxidation of Cu0 by CO2 and subsequent 

reduction of Cu(I) by H2 [201] [200].  

However, the requirement of high temperatures for higher CO yields necessitates 

developing thermally stable Cu-based RWGS catalysts since they are susceptible to thermal 

sintering. Metallic Cu alone deactivates rapidly when exposed to high temperatures due to 

loss of surface area [202]. Furthermore, many studies indicate that Cu/CeO2 systems have 

lower activity and stability in the presence of CO2 and H2 [203]. This addresses the need for 

employment of a stabilizer. 

            Many studies have been undertaken to stabilize copper at high temperatures. 

Stabilizing effects of manganese and alkali metals such as potassium (K) have been 

extensively studied. For instance, addition of potassium of 1.9% is claimed to increase CO2 

adsorption and facilitate formate decomposition over Cu/SiO2 [204]. Fe is another promising 
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stabilizer that showed better promoting results in Cu-based catalysts. As reported by Chen et 

al., incorporation of trace amounts of Fe is adequate in order to induce high catalytic activity 

to Cu/SiO2 catalyst up to 120h at 600 °C [200]. In another study, higher stability and catalytic 

activity was reported for Cu-Fe/ZrO2 catalysts due to the incorporation of Fe [205]. In 

addition, iron oxide is regarded as an active catalyst in RWGS catalysis [97]. 

 In the present chapter, monometallic Cu and Fe and bimetallic catalysts with nominal 

compositions of Cu95Fe5 (95 at.% Cu - 5 at.% Fe) and Cu50Fe50 (50 at.% Cu - 50 at.% Fe) 

were synthesized using the polyol method as described in details in Chapter 3. Mono-metallic 

Cu and Fe were subsequently deposited on samarium-doped ceria (SDC), yttria-stabilized 

zirconia (YSZ) and cerium oxide (YSZ) supports, whereas the bi-metallic Cu95Fe5 and 

Cu50Fe50 nanoparticles were deposited on SDC. The loading of all mono- and bi-metallic Cu 

and Fe nanoparticles was nominally 5 wt.% when dispersed on the supports. These systems 

were put to the test in the temperature range of 300 -600°C. Stability measurements were 

performed at 550°C for a 48-hour period.  

Synthesis of magnetite (Fe3O4) nanoparticles and their use in RWGS reaction is one 

of the novel features of this work as it is catalytically the most active phase of iron. It has 

been reported that the activity of unsupported Fe3O4 is better than that of metallic iron 

supported on 𝛾-Al2O3 [206]. However, sintering is the main drawback that inhibits the 

catalytic activity of Fe3O4 at high temperatures over time [207]. Therefore, its structural 

stability needs to be improved through adding a stabilizer for long-term RWGS experiments.  

 

6.2 Effect of the Support on CO yield over Cu and Fe3O4 

nanoparticles 
 Prior to RWGS test, all supported catalysts were first pre-reduced at 450°C in a flow 

of 5 wt.%H2/He for 1hr. The pre-reduction has a major effect on the catalytic activity of Fe-

oxide based catalysts, since it can induce the partial reduction of Fe2O3 to Fe3O4 and further 

promotion of Fe-based catalysts [208]. XRD measurements shown in Chapter 4 confirmed 

the existence of iron nanoparticles in magnetite (Fe3O4) phase with a crystallite size of 8.3 

nm and no visible impurities. Thus, Fe nanoparticles employed in this work mainly exist in 

the form of Fe3O4. Interestingly, magnetite is the most active and stable iron oxide phase in 
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RWGS and WGS reactions [206]. Moreover, XRD measurements show the formation of Cu 

nanoparticles with the average particle size of 25 nm. 

          Figure 6.1 presents the CO yield as a function of temperature over Cu and Fe3O4 

nanoparticles dispersed over conductive oxide supports. As described in a detailed manner in 

Chapter 5, the good catalytic performance of conductive oxides namely SDC, CeO2 and YSZ 

was attributed to their ion conduction and reducibility.  

         As can be seen, the yield of CO depends on the type of the support. Notably, catalytic 

activities of SDC-supported Fe3O4 and Cu are clearly higher, while no significant 

enhancement is evident in activity of supported Fe3O4 and Cu catalysts over CeO2 and YSZ. 

Enhanced catalytic performance of SDC-supported Fe3O4 and Cu catalysts, in particular at 

low temperatures, can be ascribed to the higher oxygen conductivity of SDC than that of 

other investigated oxide supports. Higher ion conductivity of SDC gives rise to an increase in 

oxidation and reduction cycles of Fe3O4 and Cu. In addition, earlier catalytic activity of SDC-

supported Fe3O4 and Cu can be attributed to higher bulk oxygen conductivity of SDC and 

therefore its facile oxygen ion (O2-) diffusion at lower temperatures. This is particularly 

noticeable in the case of Fe3O4 nanoparticles. Increased activity of Fe3O4/SDC can be related 

to the metal-support interaction. It has been reported that there is a strong interaction between 

Fe-based oxides and oxide supports as a result of structural similarities [209]. Moreover, 

RWGS reaction proceeds through the redox mechanism over magnetite nanoparticles [210]. 

Thus, higher activity of SDC-supported magnetite can be attributed to the stronger interaction 

of SDC and Fe3O4, which could be related to the high oxygen ion (O2-) mobility in SDC as 

well as electron exchange between both oxides. 
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Fig. 6.1: CO yield over Fe3O4 and Cu nanoparticles supported on YSZ, CeO2 and SDC. 

Dashed lines represent CO yield over blank YSZ, CeO2 and SDC. Space velocity = 

1020000.51h-1; PH2=PCO2= 2kPa, balance He; F = 100 mL.min-1 
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           Magnetite as the most stable and active bulk phase of iron exhibited better 

performance compared to Cu as displayed in Figure 6.1. Easily accessible oxidation states of 

cations (Fe3+ and Fe2+) in Fe3O4 can explain the higher catalytic activity of supported Fe 

catalysts as opposed to Cu catalysts. It is noted that the reducibility of the support is a 

determining factor in the catalytic activity of Cu and Fe3O4. Figure 6.1 demonstrates that the 

catalytic activity increases with the reducibility of the support increasing, as the promotion 

effect of the oxide supports is in the sequence of SDC >  CeO2 > YSZ. As for Cu catalysts, it 

has been reported that there is a strong interaction between copper and partially reduced ceria 

species in RWGS reaction [211]. Note that redox mechanism is the main route that Cu 

catalysts undergo in the RWGS reaction [204]. The redox mechanism over Cu-based 

catalysts in the RWGS reaction can be shown in the following scheme [212]: 

 

                                                 CO2 + 2Cu →  Cu2O + CO 

                                                 H2 + Cu2O →  Cu0 + H2O 

 

         Therefore, increased catalytic activity of Cu/SDC can be associated with the promotion 

of the reaction through the redox mechanism as a result of successive redox cycles occurring 

over the catalyst. As regards Fe-based catalysts, it is noticeable that they mainly stabilize as 

Fe2+ in CO/CO2 gas streams and this could be responsible for their shorter lifetime, 

considering that Fe2+ cannot easily undergo redox cycles in WGS and RWGS reactions [193]. 

Addition of a support with high oxygen conductivity such as SDC can facilitate the re-

oxidation of Fe2+-stabilized species to more active iron oxide phases such as magnetite 

(Fe3O4) and hematite (Fe2O3). The decrease in the catalytic activity of Fe3O4/SDC observed 

at 550°C can be attributed to the excessive reduction of Fe3O4 to metallic Fe and therefore, 

lower CO yields. Thus, it is important for Fe-based particles to maintain their magnetite 

phase in order to be active in RWGS reaction. 

         All things considered, metallic copper and ion mobility in Fe3O4 as well as oxygen 

vacancies in conductive supports can be taken responsible for the better catalytic activity of 

Cu- and Fe3O4-loaded catalysts when compared to bare metal oxide supports at lower 

temperatures (300 - 550oC). However the maximum yield achieved was only 20% at 600oC 

for Fe3O4/SDC, which is far away from the requirements of the good catalysts; considering 
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that the equilibrium conversion is 39% at 600oC. In order to improve the performance and 

stabilize Cu from deactivation, bi-metallic Cu95Fe5 and Cu50Fe50 catalysts deposited on SDC 

were studied next. 

        Figure 6.2 shows the activity of Fe3O4 and Cu over SDC for three consecutive catalytic 

measurements. 

 

     

 
 

         Fig. 6.2: Stability of 5wt.% (a) Fe and (b) Cu nanoparticles over SDC in three 

consecutive catalytic runs. Space velocity = 1020000.51h-1, PH2=PCO2= 2kPa, balance He, 

F = 100 mL.min-1 

 

                   The SDC-supported Cu catalyst by itself had a poor catalytic stability, showing ~ 10% of 

reduction in CO yield in the third run at 600°C. Thermal sintering can be responsible for 

deactivation of Cu. Moreover, surface oxygen species from the support and CO2 can oxidize Cu 

and stunt the progress of the reaction through the redox mechanism. On the other hand, figure 6.2 

demonstrates the good stability of Fe3O4/SDC. This indicates that the Fe3O4 phase was maintained 

throughout the consecutive catalytic measurements and therefore no difference in the catalytic 

activity can be observed.  
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6.3 Activity and Stability of Bi-metallic CuxFe1-x (x = 95 and 50 

at.%) Catalysts Deposited on Samarium-doped Ceria 
           Bimetallic Cu-Fe nanoparticles of two different compositions (Cu50Fe50 and Cu95Fe5) 

were prepared as described in Chapter 3 and were supported on SDC. Figure 6.3 summarizes 

the results of the reaction experiments at different temperatures over the Cu50Fe50 and 

Cu95Fe5 as well as Cu and Fe3O4 dispersed on SDC.  

 

               
Fig. 6.3: CO yield over Fe, Cu, Cu95Fe5 and Cu50Fe50 nanoparticles deposited on SDC. 

Dashed line represents the yield of CO over blank SDC. Space velocity = 1020000.51h-1, 

PH2=PCO2= 2kPa, balance He, F = 100 mL.min-1 

  

         Figure 6.3 demonstrates that Fe3O4 nanoparticles supported on SDC show higher CO 

yield than Cu50Fe50/SDC catalysts up to 500°C, whereas Cu50Fe50/SDC has the highest 

activity at 550°C and higher. This indicates the higher thermal stability of Cu50Fe50 compared 

to Fe3O4. Moreover, increased catalytic activity of Cu50Fe50 above 550°C can be also 

attributed to the synergistic effect of Cu and Fe nanoparticles in Cu50Fe50, which can prevent 

the over-reduction of Fe3O4 as well as over-oxidation of Cu. It is noted that (Fig. 6.3) 
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Cu95Fe50 showed the same activity as the mono-metallic Cu. Thus, it can be concluded that 

CO yield is directly proportional to Fe3O4 loadings for Cu-Fe catalysts.  

         Figure 6.4 represents the light-off curves of Cu50Fe50 nanoparticles dispersed on SDC. It 

is notable that the third run is the backward cycle with temperature decreasing from 600 to 

300°C.  

 

                        
 

Fig. 6.4: Stability of 5wt.% Cu50Fe50 nanoparticles supported on SDC in three 

consecutive catalytic runs. Space velocity = 1020000.51h-1, PH2=PCO2= 2kPa, balance He, 

F = 100 mL.min-1 

            

            Figure 6.4 clearly shows the role of Fe in stabilizing Cu nanoparticles. It indicates that 

due to the addition of Fe3O4 to Cu, higher and constant catalytic activity was observed after 

three successive catalytic runs, while Cu/SDC showed a considerable deactivation (Fig. 6.2). 

Interestingly, Cu50Fe50 and Cu95Fe5 catalysts were stable to several reaction runs, indicating 

that 5 at. % of Fe was adequate to stabilize Cu nanoparticles. 

 

        SDC-supported Fe3O4, Cu and Cu50Fe50 catalysts were also evaluated for 48-hour time-

on-stream stability experiments for RWGS reaction at 550°C as shown in Figure 6.5.  
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 Fig. 6.5: Time-on-stream behaviour of 5 wt.% Fe3O4, Cu, and Cu50Fe50 supported on 

SDC at 550°C. Space velocity = 1020000.51 h-1, PH2=PCO2= 2kPa, balance He, F = 100 

mL.min-1 

 

            Supported Cu/SDC catalyst considerably deactivated at 550°C with reaction time. The 

deactivation of Cu indicates a multistage process with deactivation rapidly elevating after 10 

hours. As for Fe3O4/SDC, the initial CO yield was ~18% and this value dropped to ~ 16% 

within 20 hrs. Thereafter the catalytic activity was stable with an error of ±1% for the next 

28hrs. The decrease in the catalytic activity of Fe3O4/SDC can be attributed to the reductive 

environment of the RWGS reaction that could result in the excessive reduction of Fe3O4. 

            As shown in Figure 6.5, Cu50Fe50/SDC exhibited higher stability over a 48-hour 

period compared to Cu/SDC and Fe/SDC. A slight decrease in CO yield from ~20% to 

~19% can be noted over Cu50Fe50 after 48 hours of reaction at 550°C. Increased thermal 

stability of Cu50Fe50 compared to Cu can be assigned to the addition of Fe, which has a higher 

melting point (1535°C) compared to Cu (1083°C). Moreover, the close contact between Fe to 

Cu nanoparticles prevents Cu from sintering [213]. In addition, Fe has a great propensity for 

oxidation and hence, the oxygen species released on Cu would interact with Fe rather than Cu 
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resulting in enhanced stability of Cu50Fe50. It is important to note that the oxidized Cu species 

eventually result in catalyst deactivation in RWGS reaction. Moreover, the rate of the 

formation of oxidized copper (Cu2O) is higher than that of its reduction by H2 [200]. Thus, 

the content of oxidized Cu is on the rise with reaction time and can be lowered by the 

addition of Fe. Everything considered, despite the slightly higher catalytic activity of Fe/SDC 

up to 550°C, Cu50Fe50/SDC had a superior performance in terms of catalytic stability 

compared to Fe and Cu catalysts supported on SDC. 

 

6.4 Methane Production  
          SDC-supported Fe3O4, Cu and Cu50Fe50 were compared in terms of CH4 selectivity in 

the range of 300 – 600°C at H2/CO2 ratio of 1. Figure 6.6 shows CH4 selectivity of these 

catalysts measured using on-line mass spectrometer. 

 

             
Fig. 6.6: Selectivity to CH4 as a function of temperature over 5 wt.% Fe3O4, Cu and 

Cu50Fe50 catalysts supported on SDC. Space velocity = 1020000.51 h-1; PH2=PCO2= 2kPa, 

balance He, F = 100 mL.min-1 
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             The analysis demonstrated that CH4, as the main by-product of the RWGS reaction, 

was formed over Fe3O4/SDC and Cu50Fe50/SDC catalysts, especially below 500°C. 

Moreover, the intensity of H2 peak on MS spectra over Fe3O4/SDC was lower compared with 

other evaluated catalysts below 500°C. This is attributed to higher H2 consumption due to the 

formation of CH4 in of SDC-supported Fe3O4 catalyst. 

            Nonetheless, Fe3O4/SDC was the most active catalyst up to 500°C compared to other 

catalysts, since the amount of unreacted CO2 was the lowest. From 550°C and beyond, 

Cu50Fe50/SDC exhibits more catalytic activity as confirmed by higher CO yield and lower 

unreacted CO2 values. It is important to note (Fig. 6.6) that the Fe3O4/SDC catalyst became 

highly selective to CO as of 500°C since the amount of CH4 yield was marginal. 

  Cu-SDC catalyst showed negligible amounts of CH4 by-product within the reaction 

temperatures. In this case, the only observed components were He, CO2, H2, H2O and CO. 

Similar observations have been reported in the literature regarding the selectivity of Cu [97]. 

It is worth noting that the amount of unreacted CO2 detected over Cu/SDC was considerably 

higher compared with Fe3O4/SDC, implying that the conversion of CO2 was lower in 

Cu/SDC. In addition, Figure 6.6 demonstrates negligible CH4 selectivity over Cu/SDC 

catalyst. Therefore, it can be deduced that the overall catalytic activity of Cu is lower than 

that of Fe3O4. On the other hand, Cu50Fe50 /SDC showed selectivity to CH4 at 450°C and 

below; however, CH4 selectivity of Cu50Fe50 was less than Fe3O4/SDC. Formation of a 

surface rich in Cu may be a reason for higher selectivity of Cu50Fe50/SDC to CO as opposed 

to Cu.  

 

6.5 Conclusions 
           Cu, Fe3O4 as well as CuxFe1-x (x= 50 and 95 at.%) were synthesized using a polyol 

method and were deposited on conductive supports (SDC, CeO2 and YSZ). Their catalytic 

performance was investigated in RWGS reaction in the temperature range of 300-600°C.  

SDC showed a better promoting effect on the RWGS activity of Fe3O4 and Cu catalysts 

compared to CeO2 and YSZ. The activity of Fe3O4/SDC was considerably higher compared 

to Cu/SDC. The higher activity of Fe3O4/SDC can be attributed to the reducibility of both 



79	
  
	
  
	
  

oxides, which enhances the redox ability of the catalyst. Nevertheless, the activity of 

Fe3O4/SDC did not reach the equilibrium conversion and it needed to be further improved. 

         Cu50Fe50/SDC showed a higher catalytic activity compared to Fe3O4/SDC above 550°C; 

however, its activity was slightly lower than Fe3O4 below 500°C.  Moreover, Cu95Fe5/SDC 

showed a comparable activity to Cu/SDC. The RWGS activity of Cu50Fe50/SDC is 25% at 

600°C that requires an improvement in order to reach the equilibrium conversion of 39%. 

         Furthermore, Fe3O4/SDC catalyst had considerably higher catalytic stability in 

comparison to Cu/SDC. Time-on-stream measurements over SDC-supported Cu50Fe50, Fe3O4 

and Cu catalysts indicate a noticeable decrease in the RWGS activity of Cu within 48 hours 

of exposure to 550°C. The stability of the SDC-supported catalysts decreased in the order of 

Cu50Fe50 > Fe > Cu. Copper proved itself as an inefficient catalyst at high temperatures due 

to its poor thermal stability. However, a major enhancement in the catalytic stability of Cu 

was observed with respect to Cu50Fe50/SDC. It is significant to note that despite the very low 

catalytic activity and stability of Cu in RWGS reaction, its selectivity to the formation of CH4 

was negligible.  
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Chapter 7: Pt- and Ru-based Nanoparticles for RWGS 

Reaction 

 
7.1 Introduction 
             Design and optimization of active, selective and stable Pt and Ru-based catalysts for 

RWGS reaction is the key aim of this chapter. Many studies indicate that the RWGS activity 

of Pt and Ru catalysts can be markedly enhanced by using partially reducible metal oxides 

supports [98]. As discussed in Chapter 5, ionic conductivity of metal oxides including SDC, 

CeO2, YSZ and Fe2O3 contributes considerably in promoting RWGS activity. It was shown 

that the oxide supports are directly involved in the RWGS reaction mechanism mainly due to 

their ion (O2-) conductivity.  

            Pt and Ru have shown promising catalytic performances in RWGS reaction. Ru and 

Pt are reduction promoter metals, which can induce higher reducibility to ionic conductive 

supports and subsequently improve their catalytic performance in RWGS reaction [214]. It 

has been reported that the RWGS activity of these metals is strongly dependent on the type of 

the support material [215]. For instance, the activity of Ru/Fe2O3 is reported to be notably 

good for the RWGS reaction, while Ru/Al2O3 shows activity for CO2 methantion [216]. In 

another study, performance of Pt nanoparticles supported on TiO2 catalysts showed 

improvement in RWGS reaction compared to those supported on Al2O3 [217]. Therefore, it is 

of the greatest significance to study the effect of the support on the catalytic properties of Ru 

and Pt nanoparticles. 

           Ru is active in RWGS reaction and is markedly less expensive than Pt; however, its 

employment in RWGS reaction is challenging since Ru also shows high activity in CO2 

methantion reaction [218]. It has been reported that the Ru particle size comes into play in 

determining its selectivity in CO2 hydrogenation. Basinka et al found that the mean size of 

Ru is a decisive factor in its RWGS catalytic activity [64]. It is proposed that small Ru 

nanoparticles with sizes around 1-2 nm are incapable of CO2 dissociation, which is the first 

step of methane formation [219]. Eckle et al. also reported that Ru/ 𝛾-Al2O3 catalysts with Ru 

particle sizes of 2nm exhibit high CO yield than those containing larger Ru particles [220]. 
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Therefore, synthesis and development of selective Ru catalysts is very important for our 

purpose to inhibit the methanation reaction. 

          Optimization of the properties of Ru and Pt metals is achievable through using a 

suitable synthetic technique, selecting appropriate substrates as well as alloying with other 

metals. Synthesis of bi-metallic catalysts can contribute to exceeding the catalytic properties 

of individual components since both the composition and atomic ordering would be effective 

[221]. For instance, Caglayan et al. found high CO selectivity in PtNi/𝛾-Al2O3 catalysts in 

spite of the high selectivity of Ni metal for CH4 formation [222].  

            In this chapter mono-metallic Pt, Ru nanoparticles and bi-metallic nanoparticles, 

namely RuxPt1-x (x =50 at.%) as well as RuxFe1-x (x = 80 and 90 at.%) were synthesized using 

polyol method and then deposited on conductive supports (SDC, CeO2, YSZ and Fe2O3) and 

subsequently tested for RWGS. The RWGS activity of supported Ru, Pt and Ru50Pt50 has 

been investigated in the temperature range of 300 - 600°C using a feed composition 

consisting of CO2 and H2 in equimolar ratio as described in details in Chapter 3. All catalysts 

were subjected to a 1h pre-reduction step in a flow of 5 wt.%H2/He at 450°C in order to 

induce an appropriate activation for RWGS reaction. The purpose of the present work is to 

study the effect of the type of the metal oxide support and its correlation with the activity of 

the metals. Furthermore, an investigation into the effect of the metal loading on the activity of 

Ru and Pt metals was undertaken.  

 

 7.2 Effect of the Support on CO Yield over Ru and Pt Noble 

Metals 
         Ruthenium and platinum nanoparticles with average particle size of 1.1 and 1.9 nm 

were deposited on the conductive metal oxide supports (SDC, CeO2, YSZ and Fe2O3) , with 

the metal loading of 1 wt.%. Figure 7.1 shows the CO yield of supported Ru and Pt 

nanoparticles in the temperature range of 300 -600°C.  
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Figure 7.1: CO yield over Ru and Pt nanoparticles supported on YSZ, CeO2, SDC and 

Fe2O3. Dashed lines represent CO yield over blank YSZ, CeO2, SDC and Fe2O3. Space 

velocity = 1020000.51h-1; PH2=PCO2= 2kPa, balance He; F = 100 mL.min-1 
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              SDC had the best stand-alone performance due to its high ion conductivity. 

However, Figure 7.1 shows that CeO2 has the best promoting effect on both Ru and Pt 

catalysts, which indicates that higher ionic conductivity and reducibility of SDC did not come 

into play to induce higher activity to Ru/SDC and Pt/SDC catalysts. In addition, as discussed 

in Chapter 5, YSZ has lower catalytic activity in RWGS reaction compared to CeO2 and SDC 

due to its lower reducibility. Surprisingly, the deposition of 1 wt.% Ru metal evidently had a 

profound impact on the activity of YSZ support, because Ru/YSZ shows (Fig 7.1) a higher 

catalytic activity compared to Ru/SDC.  

            According to Figure 7.1b the promotion effect of the supports in Ru catalysts follows 

the sequence of CeO2   >  Fe2O3 ≥  YSZ   ≥  SDC, with Ru/SDC and Ru/YSZ showing 

comparable activities up to 450°C. Moreover, Ru/Fe2O3 apparently outperforms Ru/SDC 

above 400°C. According to the activity order of the supports for Ru catalysts, it can be 

deduced that the reducibility of the support is not the most determining factor in promoting 

the RWGS activity of Ru nanoparticles, since SDC appeared to underperform less reducible 

supports. 

            It has been reported that supplying Ru with high amounts of O2- drives the CO2 

hydrogenation reaction towards higher CH4 yields [199]. This can explain the lower activity 

of Ru/SDC compared to CeO2- and YSZ-supported Ru catalysts as a result of higher oxygen 

conductivity of SDC. It can be inferred that the presence of excessive oxygen species can 

give rise to the oxidation of Ru and subsequently its deactivation in RWGS reaction. The 

oxidized Ru bonds markedly weaker with CO and thus larger surface areas would be 

available for H2 to dissociatively adsorb and promote CH4 formation [223]. Therefore, high 

RuOx/Ru ratio plays a major role in reducing the RWGS activity of Ru catalysts. Higher 

activity of Ru/CeO2 compared to other supported Ru catalysts can be explained by the effect 

of CeO2 on Ru. CeO2 as an oxygen capacitor can either withdraw or provide oxygen. 

Therefore, superior performance of Ru/CeO2 might be related to the ability of CeO2 to 

deprive oxygen of RuOx, forming metallic Ru.  

          Figure 7.1a shows that for Pt catalysts, the activity of the supports is in the sequence of 

CeO2 > SDC > YSZ > Fe2O3. CeO2 demonstrates the best promotion effect in spite of its 

lower ion conductivity compared with SDC. Figure 7.1a displays that except for CeO2, the 
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activity of the rest of the metal oxide supports increases with reducibility. Reducibility of 

oxide supports is a decisive factor in promoting the activity of Pt catalysts in RWGS reaction 

[217]. However, the nature of the support is also determining. On the basis of the results, the 

affinity between Pt and CeO2 is markedly high, but the incorporation of sm3+ ions in CeO2, 

leads to its reduction as evidenced by the lower activity of Pt/SDC. 

           Moreover, it is important to note that the specific surface area of CeO2 (SSA = 30-50 

m2/g) is higher than that of SDC (SSA = 35 m2/g) and YSZ (SSA = 13 m2/g). This gives rise 

to lower Ru dispersion in Ru/YSZ. Considering the low surface area of YSZ as well as the 

higher activity of Ru/YSZ compared to Ru/SDC, it can be concluded that the surface area of 

the support and the Ru dispersion are not mainly influential in the activity of supported Ru 

catalysts. In contrast, the activity of Pt catalysts appeared to be associated with the specific 

surface area of the supports, exhibiting better performance with the support’s specific surface 

increasing, as confirmed by the activity order of CeO2 > SDC > YSZ. It is evident that Pt, 

like Ru, promotes the oxide supports such as CeO2 and SDC. However, unlike Ru, the 

promotion effect of Pt on YSZ is apparently marginal. Thus, we concluded that the activity of 

Pt catalysts depends strongly not only on the nature of the support, but also on Pt dispersion. 

            Dispersion values of Ru and Pt metals in 5 wt.% Ru and Pt catalysts supported on 

CeO2 and SDC were measured using the CO titration technique (see Chapter 3, section 

3.4.4). The results of metal dispersions as well as their corresponding particle sizes are 

reported in Chapter 4. Results summarized in Table 7.1 clearly show that Ru and Pt catalysts 

supported on SDC exhibit lower metal dispersion compared to those supported on CeO2. This 

is reasonable with respect to the higher specific surface area of CeO2 (SSA = 30-50 m2/g) 

compared to SDC (SSA = 35 m2/g) as well as the smaller crystallite size of CeO2 (dp = 15-30 

nm) as opposed to SDC (dp = 30-50 nm). 

 

 

 

 

 



85	
  
	
  
	
  

Table 7.1: Ru and Pt dispersion and size in CeO2- and SDC-supported catalysts *From       

(Eq. 4.4):  𝑑!"   =   
!""  .    !!

!  .    !"#$%&#"'(   % .    !  .  !!
 

 

            It is apparent that Pt dispersion has dropped nearly by half from Pt/CeO2 to Pt/SDC, 

while less difference in dispersion values can be observed for Ru catalysts. We found that the 

activity of Ru catalysts is independent of metal dispersion, whereas the opposite holds true 

for Pt catalysts. Therefore, improved performance of Pt over CeO2 compared to Pt on SDC 

can be also explained by its higher dispersion.  

            It has been reported that YSZ mostly exhibits ionic conductivity and its electronic 

conductivity is negligible compared to mixed ionic-electronic conductive ceria-based oxides 

[224], implying that the interaction between the support and the metal is mainly interfacial 

due to the surface oxygen vacancies present in ion-conducting YSZ. Furthermore, it has been 

reported than the ionic conductivity of CeO2 at 750°C compares with that of YSZ at 1000°C 

[225]. This indicates that the promoting effect of ion conductivity is lower in YSZ. Therefore, 

it can be inferred that the interaction of Pt with YSZ is weaker than that of Pt with CeO2 and 

SDC. Hence, the lower Pt dispersion over YSZ combined with weaker metal-support 

interaction results in the inferior performance of Pt/YSZ compared to other investigated Pt 

catalysts. However, it is presumable that with respect to Ru/YSZ, a specific metal support 

interaction between Ru and ZrO2 might be responsible for the improved performance of 

YSZ-supported Ru. It has been reported that Ru/ZrO2 catalysts inhibit excessive 

chemisorption of H2 upon their reduction at high temperatures [226], which indicates lower 

CH4 selectivity and subsequently higher CO yields in Ru/YSZ. 

Catalyst 

metal 

Colloidal 

particle size 

from TEM (nm) 

 Supported catalyst Dispersion from 

CO titration 

method (%) 

Supported particle 

size (nm)* 

Ru 1.1 5 wt.% Ru / CeO2 21 2.7 

5 wt.% Ru / SDC 13 3.3 

Pt 1.9 5 wt.% Pt / CeO2 43 3.1 

5 wt.% Pt / SDC 22 3.6 
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            Despite the very low catalytic stability of Fe2O3, as earlier reported in Chapter 5, we 

found it significant to evaluate the activity of Pt and particularly Ru metals on Fe2O3 due to 

the high activity of Fe2O3 in RWGS reaction. Activity of noble metals essentially depends on 

the nature of the support and Ru/Fe2O3 is known as an effective RWGS catalytic system due 

to a specific metal-support interaction [64]. High activity of Ru/Fe2O3 shown in Figure 7.1b 

may be also attributable to the reduction of the support to Fe3O4 due to the pre-reduction step. 

Figure 7.1b displays the higher activity of Fe2O3 compared to SDC in Ru catalysts. In 

contrast, the activity of Pt/Fe2O3 is less than that expected for Fe2O3 alone. This might be 

related to low Pt dispersion over Fe2O3 as well as weak interaction between the metal and the 

support. This finding is in agreement with the literature, indicating that ferric oxide-supported 

platinum catalysts are inactive systems for catalyzing the RWGS reaction [93].  

             It is important to note that except for Fe2O3-supported Ru and Pt catalysts, the 

activity of all catalysts showed considerably high and reproducible behaviour for three 

successive heating cycles in the temperature range of 300 – 600°C. Figure 7.2 demonstrates 

the performance of 5 wt.% Ru, Pt and catalysts supported on Fe2O3 at three different catalytic 

cycles. 

 
Fig. 7.2: Stability of 1 wt.% (a) Ru, (b) Pt catalysts supported on Fe2O3 in three 

consecutive catalytic runs. Space velocity = 8628805.584 h-1, PH2=PCO2= 2kPa, balance 

He, F = 100 mL.min-1 
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           Although the activity of the Pt/Fe2O3 catalyst is significantly lower, but the catalytic 

measurements (Fig. 7.2) indicate that it shows higher stability and reproducibility when 

compared to Ru/Fe2O3. The last temperature cycle over Ru/Fe2O3 indicates ~10% of 

reduction in CO yield, while the light-off curves observed for Pt/Fe2O3 are more stable with 

only ~ 4% decrease in CO yield particularly above 500°C.  

            All things considered, Figure 7.1 clearly denotes that the nature of the support is of 

great importance for both Ru and Pt metals. Experimental results indicate that the catalyst 

activity may derive from electronic metal-support interaction (EMSI). It is notable that 

electron transfer is favourable on CeO2 support as a mixed ionic-electronic conductive 

material. The charge transfer between Ru, Pt and CeO2 can modify the catalytic performance 

of the metals and it would subsequently increase the oxidation-reduction cycles, leading to 

the promotion of RWGS reaction. The electronic effects of the metal-support interaction 

between CeO2 and noble metals have been studied extensively and proved to be effective in 

shift reactions [227]. Use of CeO2 ensured a high selectivity of Ru to CO formation. 

Furthermore, it can be observed that CeO2 is by far the most active support for Ru and Pt 

catalysts, with Pt/CeO2 of 1 wt.% of metal loading showing a higher promotion effect 

towards the RWGS activity when compared to 1 wt.% Ru/CeO2. 

 

 

7.3 Effect of the Metal Loading on CeO2-supported Ru and Pt 

Nanoparticles  
          The effect of the content of metal nanoparticles has been studied over CeO2-supported 

Pt and Ru catalysts with nominal metal contents of 1, 5 and 10 wt. % on CeO2. The results of 

the metal loading are shown in Figure 7.3. 

 



88	
  
	
  
	
  

 
Fig. 7.3: CO yield over (a) Pt and (b) Ru catalysts supported on CeO2 with varying Ru 

and Pt loads. Dashed line represents the CO yield over blank CeO2. Space velocity = 

855846.86h-1; PH2=PCO2= 2kPa, balance He; F = 100 mL.min-1 

 

           Evidently, increasing the metal loading from 1 wt.% to 10 wt.% drastically 

deteriorates the activity for Pt catalysts, whereas it appears to favour the RWGS activity of 

Ru. It is believed that Ru and Pt catalysts at relatively high metal loadings of 10 wt.% are 

expected to exhibit lower metal dispersion compared to metal loadings of 1 wt.%. 

Interestingly, this reinforces our previous finding stating that the RWGS activity of Pt 

catalysts is strongly sensitive to metal dispersion, while the activity of Ru catalysts shows no 

dependence on Ru dispersion. Figure 7.2 demonstrates that the catalytic activity of Pt/CeO2 

decreases with increasing metal loading, with the 10 wt.% Pt catalyst showing the lowest CO 

yield. In addition, the activity of 1 wt.% Pt is marginally higher than that of 5 wt.% Pt. Thus, 

we conclude that Pt catalysts having small metal loadings (5 wt.% and below) are more 

effective for promoting the RWGS reaction. 

            As displayed in Figure 7.2, a marked enhancement in activity can be observed by 

changing the Ru content from 1 wt.% to 5 wt.%, indicating that Ru content of 1 wt.% is 

definitely not the optimum metal loading in Ru/CeO2 catalysts. In addition, the difference in 

the catalytic activity of Ru/CeO2 catalysts having 5 and 10 wt.% of Ru loading appeared to be 

negligible, with 5 wt.% Ru/CeO2 showing an outperformance. 
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           Altogether, the results demonstrate (Fig. 7.2) that the activity of CeO2-supported Ru 

and Pt catalysts is in agreement with the order of 5 wt.% Ru ≈ 1 wt.% Pt > 5 wt.% Pt >  10 

wt.% Ru >  1 wt.% Ru > 10 wt.% Pt, with 5 wt.% Ru and 1 wt.% Pt showing comparable 

activities. Catalytic activity of Pt/CeO2 was proved to be associated with metal loading, with 

1wt.% Pt showing the best catalytic performance. Unlike Pt/CeO2, we found no correlation 

between the RWGS activity of Ru catalysts and the metal loading, however, 5 wt.% of Ru 

metal was determined as the optimal loading for Ru/CeO2 catalysts. It is notable that 5 wt.% 

Ru/CeO2 (dp = 2.7) and 1 wt.% Pt/CeO2 (dp = 1.9) more or less perform similarly and 5 wt.% 

Pt/CeO2 (dp = 3.8) shows a slightly lower RWGS activity.  

         According to TEM results shown in table 7.1, the colloidal particle sizes of Ru and Pt 

are 1.1 nm and 1.9 nm, respectively. STEM micrograph of 1 wt.% Ru/CeO2 (shown in 

Chapter 3) indicated that the particle size of Ru remained unchanged after its dispersion on 

CeO2. In addition, the particle size of 1 wt.% Pt/CeO2 also did not undergo a change with 

respect to the colloidal Pt particle size.  However, increase in particle size was evident after 

the deposition of 5 wt.% Ru and 5 wt.% Pt nanoparticles over the support, with 5 wt.% 

Ru/CeO2 and 5 wt.% Pt/CeO2 having respectively particle sizes of 2.7 nm and 3.8 nm.            

            Interestingly, results confirm that in spite of the smaller particle size of Ru than Pt in 

1 wt.% CeO2-supported catalysts, 1 wt.% Pt is significantly more active than 1 wt.% Ru. This 

implies that smaller particle size of Ru and hence its higher surface area did not come into 

play to induce higher activity to Ru catalysts in RWGS reaction. Higher activity of 1 wt. % 

Pt/CeO2 than 1 wt.% Ru/CeO2 might be also attributable to an electronic interaction between 

the Pt metal and the CeO2 support in RWGS reaction. It has been found that additional CeO2 

expansion as a representative of more oxygen vacancies was mainly observed for Pt/CeO2 as 

opposed to Ru/CeO2 [223]. Therefore, one of the factors responsible for the superior 

behaviour of Pt with low metal loading could be its stronger reducing effect on CeO2. We 

conclude that the promotion effect of Pt on CeO2 is significantly greater than that of Ru. 

           Nonetheless, relatively high Pt loadings (e.g. 10 wt.%) dramatically worsen catalyst 

activity due to lower metal dispersion. Thus, Pt catalysts with low metal content (< 5 wt.%) 

deposited on CeO2 are effective systems for catalyzing RWGS reaction, whereas higher Ru 

content is required in order to provide a catalytic activity similar to that of 1 wt.% Pt/CeO2. 
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Hence, it can be inferred that besides the kind of the support, metal content is likewise a 

decisive parameter. 

  

7.4 Activity and Stability of RuxPt1-x (x = 50 at.%) and RuxFe1-x 

(x= 80 and 90 at.%) Catalysts for RWGS Reaction: 
            As earlier shown in Figure 7.1, CeO2-supported Ru and Pt catalysts exhibit higher 

catalytic performance due to the effective metal-support interaction. Moreover, it was found 

that the metal loading of 5 wt.% showed the best catalytic effect in RWGS reaction for Ru 

catalysts. Additionally, we found that Pt/CeO2 catalysts of 1 and 5 wt.% of loading exhibited 

similar activities, with 1 wt.% Pt having a slightly improved RWGS performance.  

          Herein, Ru-Pt nanoparticles having nominal composition of Ru50Pt50 were synthesized 

as described in Chapter 3. The nominal metal loading of 5 wt.% was held constant in order to 

favour the RWGS activity of both Ru and Pt metals in the bi-metallic Ru-Pt systems. The 

equilibrium conversion curve was obtained using Microsoft Excel as described in Chapter 5. 

Figure 7.4 summarizes the catalytic activity of 5 wt.% Ru50Pt50 catalysts over various metal 

oxide supports.  

 
Fig. 7.4: CO yield over 5 wt.% Ru50Pt50 nanoparticles supported on YSZ, CeO2, SDC and 

Fe2O3. Dashed lines represent CO yield over blank YSZ, CeO2, SDC and Fe2O3. Space 

velocity = 1020000.51h-1; PH2=PCO2= 2kPa, balance He; F = 100 mL.min-1 
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           The characterization results shown in Chapter 4, confirm the formation of Ru-Pt alloy 

with an average particle size of 1.6 ± 0.5 nm. Interestingly, Figure 7.4 denotes that the 

promotion effect of 5 wt.% Ru50Pt50 on the oxide supports to a great extent follows the trend 

observed for 1 wt.% Pt catalysts (Fig. 7.1). The catalytic activity of the supports varies in the 

order of CeO2 >  SDC > Fe2O3 > YSZ. It is notable that the metal-support interaction 

between CeO2 and Ru50Pt50 is more effective compared with Ru50Pt50 and other oxides.   

          Figure 7.5 shows the three consecutive catalytic measurements carried out over 5 wt.% 

Ru50Pt50 catalysts deposited on CeO2, SDC and Fe2O3.  

 

 
 

Fig. 7.5: Stability of 5 wt.% Ru50Pt50 catalysts supported on CeO2, SDC and Fe2O3 in 

three consecutive catalytic runs. Space velocity = 8628805.584 h-1, PH2=PCO2= 2kPa, 

balance He, F = 100 mL.min-1 
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          The light-off curves for Ru50Pt50/Fe2O3 clearly denote its good stability to several 

catalytic runs as well as the reproducibility of the catalytic measurements. Considering the 

progressive decrease in the catalytic activity of Ru/Fe2O3 (Fig. 7.2), the promoting effect of 

Ru50Pt50 on the catalytic stability of Fe2O3 is stronger compared to Ru. The overall 

performance of Ru50Pt50/ Fe2O3 is better compared to Fe2O3-supported Ru and Pt catalysts. 

           The IR spectroscopy results previously demonstrated in Chapter 4 show that there is 

more resemblance between the IR spectra of Ru and Ru50Pt50 with respect to the adsorbed CO 

bands. This could result from the presence of higher atomic percentage of Ru than its 

nominal value, which was calculated as 50 at.%. However, according to the results we 

conclude that Ru50Pt50/CeO2 exhibits a good performance, possessing mostly Pt features. 

            Figure 7.4 shows that except for Fe2O3, the reducibility and the specific surface area 

of the supports were determining on the performance of Ru-Pt catalysts. As displayed in 

Figure 7.1, despite the lower ion conductivity of Fe2O3, the catalytic activity of Ru/Fe2O3 was 

outstanding, showing a similar performance to Ru/CeO2. In contrast, Pt/Fe2O3 exhibited a far 

inferior catalytic activity. Ru50Pt50/Fe2O3 demonstrated (Fig. 7.5) an improved behavior with 

respect to Pt/Fe2O3, mainly attributable to the promoting effect of Ru. However, It has been 

observed later in Chapter 5 (Fig. 5.5) that the catalytic stability of Fe2O3 markedly 

deteriorates as a result of long-term exposure to H2 environments at elevated temperatures, 

while other conductive oxides (SDC, CeO2 and YSZ) showed high stability. 

            Despite the good catalytic performance of 5 wt.% Ru/CeO2 (Fig. 7.3), the RWGS 

equilibrium conversion of CO2 was not reached within the range of 300 – 600°C over this 

catalyst. Therefore, we attempted to incorporate Fe in order to investigate its promotion effect 

on the activity of Ru/CeO2. Thus, Ru-Fe catalysts with nominal compositions of Ru90Fe10 and 

Ru80Fe20 were tested. Figure 7.6 compares the catalytic activity of 5 wt.% mono- and bi-

metallic Ru- and Pt-based catalysts supported on CeO2 as a function of temperature. 
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Fig. 7.6: CO yield on 5 wt.% Ru, Ru50Pt50, Ru90Fe10, and Ru80Fe20 catalysts deposited on 

CeO2. Dashed line represents the CO yield over blank CeO2. Space velocity = 855846.86 

h-1, PH2=PCO2= 2kPa, balance He, F = 100 mL.min-1 

 

             It is evident that 5 wt.% Ru50Pt50 has a superior performance compared to all the 

other CeO2-supported catalysts of the same metal loading.  The CO2 conversion to CO over 5 

wt.% Ru50Pt50/CeO2 exhibited the closest value to the amount of CO2 conversion at 

thermodynamic equilibrium. It is notable that the combined activity is greater than the sum of 

that attributable to the Ru and the Pt catalysts alone. Therefore, it can be concluded that the 

synergism between Ru, Pt and CeO2 resulted in the superior performance of the 5wt.% 

Ru50Pt50/CeO2 catalyst. Enhanced activity of Pt-Ru/CeO2 may be ascribed to the ability of the 

bi-metallic Ru50Pt50 system to inhibit the dissociation of CO bond, which leads to the 

hydrogenation of carbon to methane. 

             Moreover, results displayed in Figure 7.6 indicate that the promoting effect of Fe in 

Ru90Fe10/CeO2 catalyst is mostly evident at lower temperatures, while no difference in 

catalytic activity can be observed above 450°C when compared to Ru/CeO2. It is noted that 

with respect to Ru-Fe catalysts, increasing Fe content from 10 wt.% to 20 wt.% gives rise to a 

reduction in activity at high temperatures, while showing slightly enhanced initial activity at 

300°C. It is apparent that the initial activity of Ru90Fe10 is higher than that of Ru80Fe20. The 
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increase in CO yield at lower temperatures can be associated with higher CO selectivity 

induced by Fe, as CO2 methanation mainly occurs up to 450°C.  

            It has been reported that Ru-Fe oxide catalysts can be remarkably active for RWGS 

reaction, depending on the iron oxide phase. Furthermore, it has been shown that the 

reduction of iron oxides follows the steps: Fe(III) to Fe(II,III) to Fe(II) [92]. Improved 

catalytic activity of Ru90Fe10/CeO2 might be attributed to the facilitation of partial reduction 

of Fe2O3 to Fe3O4 at lower temperatures due to the presence of Ru [64]. More importantly, it 

could be associated with the prevention of Ru oxidation by Fe, as we found oxidized Ru to be 

highly selective towards CH4 formation. Nevertheless, this promoting effect was not observed 

for Ru-Fe/CeO2 catalysts with higher Fe loading (20 wt.%). It was also found that the 

subjection of Ru-Fe catalysts to 5 wt.%H2/He pretreatment decreases the CO yield.  

            Figure 7.6 indicates that the activity of 5wt.% CeO2-supported catalysts, in the range 

of 300 - 600°C, is in the order of Ru50Pt50 > Ru90Fe10 ≥ Ru > Ru80Fe20. An interesting 

remark is that despite the high CH4 selectivity of Ru reported in the literature [219], the 

synthesized Ru-based catalysts supported on CeO2 showed high RWGS activity, which was 

further promoted by the addition of Pt and Fe metals. We earlier demonstrated the effect of 

some crucial parameters including the nature of the metal and the support, metal loading and 

dispersion as well as the promoting effect of each of the components. Nevertheless, another 

explanation for the improved performance of Ru-based catalysts can be the particle size of 

metals ranging from 1.1 nm to 2.7 nm. It is noticeable that particles of small size result in an 

increase in the number of surface active sites, indicating an enhancement in the interaction 

between the metal and the support. Notably, the metal-support interaction was found to be 

highly decisive in the RWGS activity of Ru and Pt metals. 

           Figure 7.7 shows the time-on-stream behaviour of 5 wt.% Ru, Pt and Ru50Pt50 catalysts 

supported on CeO2 for 48 consecutive hours at 550°C. 
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Fig. 7.7: Time-on-stream behaviour of 5 wt.% (a) Ru50Pt50, (b) Ru, and (c) Pt at 550°C 

supported on CeO2. Space velocity = 855846.86 h-1, PH2=PCO2= 2kPa, balance He, F = 

100 mL.min-1 

 

           Figure 7.7 shows that the catalytic activity of 5 wt.% Pt/CeO2 was not fully maintained 

after 48 hours of operation. In contrast, 5 wt.% Ru/CeO2 is markedly stable over the same 

period. Moreover, it indicates that Ru50Pt50/CeO2 was highly active for the time-on-stream of 

48h, while CO2 conversion over Pt/CeO2 dropping ~ 2-3% of CO yield. However, Pt and 

CeO2 showed an effective interaction for promoting the RWGS reaction.  

           As discussed earlier in this chapter, Pt had a higher reducing effect on CeO2 as 

opposed to Ru, implying that Pt was more effective at facilitating the reduction of CeO2 at 

lower temperatures. It has been reported that CeO2 can be irreversibly reduced as a result of 

long-term exposure to H2 and subsequently it can face sintering [228]. Moreover, the 

reduction of surface ceria occurs at around 450°C, while its bulk reduction can be observed at 

roughly 750°C [229]. Presumably, the decrease in Pt/CeO2 catalytic activity may be 

explained by the excessive reduction of CeO2 resulting from the addition of 5 wt.% Pt. 

Furthermore, it has been reported that the deterioration of the catalytic activity of Pt/CeO2 
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might be the carbon deposits resulting from CO disproportionation that can potentially occur 

on partially reduced ceria surfaces [230]. 

 

 

7.5 Effect of H2/CO2 Ratio on CO Yield 
             The effect of reactant composition and total feed flow rate were investigated in 

RWGS reaction for 5 wt.% Ru50Pt50/CeO2. The effect of the total feed flow rate was studied 

by changing the reactant flow rates between 100 mL/min to 400 mL/min. Higher flow rates 

were achieved by diluting the feed stream with helium. Figure 7.8 shows the light-off curves 

of 5 wt.% Ru50Pt50 supported on CeO2 at different total feed flow rates. 

 

 
Fig 7.8: CO yield at varying total feed flow rates over 5 wt.% Ru50Pt50/CeO2 in the 

temperature range of 300°C – 600°C. Space velocity = 855846.86 h-1 - 3423387.44h-1; PH2 

= 1-4kPa, PCO2= 2kPa, balance He 

 

             It is noticeable that all the light-off curves shown in Figure 7.8 correspond to the 

same amount of the CeO2-supported Ru-Pt catalysts. Therefore, gas hourly space velocity 

(GHSV) as a representative of the total flow rate to the total catalyst volume can considerably 

impact the reaction yield. Increasing the total flow rate from 100 to 400 mL.min-1 results in 
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the GHSV varying from 855846.86h-1 to 3423387.44h-1. It is notable that increasing the total 

flow rate and subsequently GHSV values significantly reduces the catalyst performance. It is 

expected that the residence time of the reactants decrease with increasing the total feed flow 

rate. A shorter residence time is associated with higher GHSV values, which indicates that 

the contact time between the catalyst and the reactants is shorter. Moreover, Figure 7.8 

demonstrates a drastic decrease in CO yield from 100 to 200 mL.min-1, while as of 200 

mL.min-1 the variation in the catalyst activity is marginal, showing a slight reduction in CO 

yield from F=300 mL.min-1 to F=400 mL.min-1. It can be concluded that the total flow rate of 

100 mL.min-1 is more favourable for the RWGS reaction. 

             The H2/CO2 ratio was kept constant at 1 throughout this study in order to inhibit the 

CO2 methanation reaction. It is crucial to investigate the effect of the H2 concentration to 

investigate the catalytic performance under different reactant compositions. Figure 7.9 

indicates the effect of the partial pressure of H2 on the catalytic activity of 5 wt.% 

Ru50Pt50/CeO2 at different H2/CO2 ratios in the range of 1 to 4. 

 
Fig. 7.9: CO yield at varying H2 partial pressures over 5 wt.% Ru50Pt50/CeO2 in the 

temperature range of 300 – 600°C. Space velocity = 855846.86 h-1; PH2 = 1 - 4kPa, PCO2= 

2kPa, balance He; F = 100 mL.min-1 
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           This study indicates that the yield of CO is strongly dependent on H2 partial pressure. 

Due to the exothermic nature of the CO2 methanation reaction, high H2/CO2 ratios greatly 

favour the formation of CH4 at lower temperatures. Figure 7.9 clearly denotes that CO2 

methanation at H2/CO2 = 2 is predominant up to 450°C, while a markedly improved RWGS 

activity is evident as of 500°C. However, by increasing H2/CO2 from 2 to 4, CH4 formation is 

facilitated at higher temperatures. As for H2/CO2=4, CH4 formation can be noted up to 

550°C, with only ~5% of enhancement in RWGS activity at 600°C. In addition, as 

previously discussed, the irreversible reduction of CeO2 can result in its catalytic 

deactivation. Therefore, It is also presumable that at high H2/CO2 ratios, the overall catalytic 

activity of the Ru50Pt50/CeO2 might be deteriorated because of the over-reduction of CeO2 

due to exposure to high H2 concentrations. In general, it is evident that CO yield 

progressively decreases upon the introduction of higher amounts of H2, showing a negative 

reaction order with respect to H2 particularly from 300 - 450°C for all reactant ratios. 

 

7.6 Methane Production 
                CeO2-supported Ru- and Pt-based catalysts showed good RWGS activities, 

however, it is significant to evaluate their selectivity for CO formation, as it is likewise a 

decisive factor for the practical application of these catalysts. Therefore, the formation of 

methane and other potential by-products such as methanol was carefully monitored using the 

Mass Spectrometer (MS). The on-line MS analysis indicated that no CO2 conversion was 

visible due to the empty reactor up to 600°C. Moreover, according to the findings 

demonstrated earlier in Chapter 5, CH4 was the only by-product formed over pure CeO2 in 

the temperature range of 300 – 600°C. Figure 7.10 displays the CH4 selectivity of CeO2-

supported Ru- and Pt-based catalysts. 
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Fig. 7.10: Methane selectivity over 5 wt.% (a) Ru, (b) Pt, (c) Ru50Pt50, (d) Ru90Fe10, and 

(e) Ru80Fe20 catalysts supported on CeO2 from 300°C to 600°C. Space velocity = 

855846.86 h-1; PH2=PCO2= 2kPa, balance He, F = 100 mL.min-1 

 

           Mass spectrometry results over Ru/CeO2 exhibited low amount of unreacted CO2 at all 

reaction temperatures, implying the good catalytic activity of Ru/CeO2. Nevertheless, Figure 

7.10 denotes that the Ru catalyst has the highest activity for the formation of CH4 compared 

to all the other CeO2-supported catalysts. An interesting finding observed with respect to 

Ru/CeO2 was the formation of trace amounts of methanol up to 500°C, while no methanol 

has been detected over the rest of the catalysts. As for Pt/CeO2, it was noted that despite the 

higher amount of unreacted CO2 as opposed to Ru/CeO2, only trace amounts of CH4 were 

identified. Interestingly, it can be concluded that the conversion of CO2 is higher in Ru/CeO2 

compared to Pt/CeO2; however, the Ru catalyst shows more CH4 selectivity. 

           The addition of Fe dopant (Fig. 7.8) exhibited a minimal effect on the catalytic activity 

with respect to CeO2-supported Ru90Fe10 and Ru80Fe20 catalysts, in particular at high 

temperatures. However, MS analysis shown in Figure 7.10 shows that the amount of CH4 

yield decreases owing to the addition of Fe. We found that the amount of CH4 yield was 
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associated with Fe content, exhibiting lower methane yield for Ru80Fe20 compared to 

Ru90Fe10. As discussed later in this chapter, oxidized Ru species exhibit higher selectivity to 

CO2 methanation rather than CO formation.  Higher CO selectivity of Ru-Fe catalysts can be 

attributable to the prevention of Ru oxidation as a result of Fe incorporation. The released 

oxygen from the reaction can readily interact with Fe, as it has higher propensity for 

oxidation in comparison to Ru.  

           Notably, the generation of CH4 was comparable over Ru50Pt50 and Ru80Fe20 catalysts, 

while the amount of unreacted CO2 was higher in the case of Ru80Pt20. As for Ru50Pt50, low 

CH4 selectivity might derive from the interaction between Ru and Pt by which a stronger 

bond between the metal and CO would be formed and subsequently less H2 would be 

dissociatively adsorbed to cleave the C−O bond. Everything considered, the CH4 selectivity 

of the CeO2-supported catalysts is in conformity with the order of Ru  > Ru90Fe10 >  Ru80Fe20 

≈  Ru50Pt50 >  Pt.  

 

 

7.7 Conclusions 
           Ru- and Pt-based catalysts were prepared using a modified polyol reduction method. 

Their RWGS catalytic performance on conductive oxides, namely SDC, CeO2, YSZ and 

Fe2O3 showed a great dependence on the nature of the support.  In the case of Pt catalysts, the 

reducibility of the support, electronic metal-support interaction (EMSI) and metal dispersion 

were important factors in determining its catalytic performance in RWGS reaction. The 

activity of Pt catalysts decreased according to the order: Pt/CeO2 > Pt/SDC > Pt/YSZ > 

Pt/Fe2O3. Pt showed great affinity for CeO2, however, the incorporation of Sm2O3 affected 

EMSI, which resulted in a lower RWGS activity in Pt/SDC. In the case of Ru catalysts, it was 

found that their RWGS activity was independent of metal dispersion and was mainly defined 

by metal-support interaction (MSI). As for Ru catalysts, the RWGS activity varied according 

to the order of Ru/CeO2  > Ru/Fe2O3 ≥ Ru/YSZ  ≥ Ru/SDC. Higher ionic conductivity of 

SDC gave rise to the formation of oxidized Ru species (RuOx), which reduced the RWGS 

activity of Ru catalysts. Ru, Pt and Ru50Pt50 metals showed better activity when deposited on 

CeO2. This was attributed to the stronger MSI between Ru,Pt and CeO2.  
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             All the evaluated catalysts except for Ru/Fe2O3 and Pt/Fe2O3 showed high catalytic 

stability during three consecutive catalytic runs. It was noted that in spite of the higher 

activity of Ru/Fe2O3, it had a considerably lower catalytic stability compared to Pt/Fe2O3. 

The catalytic instability of Fe2O3 has been previously reported in Chapter 5. Therefore, Pt 

was more effective in stabilizing Fe2O3 oxide compared to Ru. One of the major advantages 

of Ru50Pt50 system was inducing high catalytic stability to Fe2O3, with only 5 wt.% of metal 

loading. Moreover, Pt/CeO2 showed a slight reduction in catalytic activity during a 48-hour 

stability measurement, whereas CeO2-supported Ru and Ru50Pt50 maintained their activities. 

Therefore, it was found that it is important to stabilize Pt/CeO2 catalysts for long-term RWGS 

experiments. 
         The RWGS activity of Pt/CeO2 catalysts is not only a function of support’s nature, but 

also metal loading and dispersion. Low Pt loadings, e.g. 1-5 wt.%, significantly favoured the 

RWGS activity, while high Pt loadings, e.g. 10 wt.%, deteriorated the RWGS performance. 

On the other hand, no specific correlation was observed between the activity and metal 

content in Ru/CeO2 catalysts.  However, low metal loadings, e.g. 1 wt.%, and relatively high 

metal loadings, e.g. 10 wt.%, appeared to be less favourable compared to the loading of 5 

wt.% in Ru/CeO2 catalysts. 5 wt.% Ru and 1 wt.% Pt catalysts supported on CeO2 showed 

higher CO yields. 

         In the case of CeO2-supported catalysts with 5 wt.% of metal loading, Ru50Pt50 showed 

the best RWGS activity compared to Ru, Pt, Ru90Fe10 and Ru80Fe20 catalysts. The high 

activity of 5wt.% Ru50Pt50/CeO2 was attributed to synergism between Ru, Pt and CeO2. 

Moreover, addition of Fe gave rise to higher CO yields up to 450°C with respect to RuFe 

catalysts. However, increase in the content of Fe from 10 at.% to 20 at.% resulted in lower 

CO yield at high temperatures. Therefore, Ru90Fe10 had a better performance compared to 

Ru80Fe20. Pt exhibited less intermediate activity compared to other CeO2-supported catalysts, 

while Ru/CeO2 showed the highest CH4 selectivity. However, the overall catalytic activity of 

Ru/CeO2 was higher than that of Pt/CeO2, as the amount of unreacted CO2 identified over the 

Ru catalyst was noticeably lower. In the case of RuxFe1-x (x= 80 and 90 at.%), it was observed 

that the CH4 selectivity decreases with increasing the Fe loading. Nevertheless, higher Fe 

loading resulted in lower catalytic activity with respect to Ru80Fe20. Despite the very high 

catalytic activity of 5 wt.% Ru50Pt50/CeO2, it did not fully approach the equilibrium 
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conversion. However, 38 % of CO yield can be observed at 600°C, which is only 1% lower 

than the equilibrium conversion. 
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Chapter 8: Conclusions and Recommendations 
8.1 Summary of the Findings 
        This chapter presents a summary of the main findings of the thesis with respect to the 

project objectives: 

 

Objective I: Synthesis and characterization of mono- and bi-metallic nanoparticles based on 

Cu, Fe, Ru and Pt 

Objective II: Investigation of the catalytic performance of three different types of 

commercial metal oxides (ionically conductive, mixed ionic-electronic and non-conductive) 

in RWGS reaction for further use as catalytic support 

Objective III: Investigation of the catalytic performance of non-noble metal nanoparticles 

including Cu, Fe and CuFe supported on active metal oxides for RWGS reaction  

Objective IV: Investigation of the catalytic performance of noble metal nanoparticles 

including Ru, Pt, RuPt, RuFe supported on active metal oxides for RWGS reaction 

 

Objective I: The synthesis of mono- and bi-metallic nanoparticles of non-noble metals 

(Cu,Fe) and noble metals (Ru,Pt) was successfully performed using a polyol synthesis 

method. This method proved to be facile and effective in controlling the size of metal 

nanoparticles by adjusting the pH of the solution using NaOH. Therefore, size-controlled 

nanoparticles were obtained without the need for any stabilizers, e.g. PVP 

(polyvinylpyrrolidone). Ru, Pt, RuxPt1-x  (x = 50 at%) and RuxFe1-x (x= 80 and 90 at%) were 

synthesized in ethylene glycol (EG, bp =197.3 °C) at the reflux temperature of 160°C. On the 

other hand, non-noble metals, namely Cu, Fe and CuxFe1-x (x=50 and 95 at%) were 

synthesized in triethylene glycol (TrEG, bp =285°C) at the reflux temperature of 280°C. The 

initial pH of all the solution was 11-12 before reflux. One of the novel features of this work 

was the synthesis of magnetite (Fe3O4) in TrEG with the particle size of 8.3 nm.  

 

Objective II: The catalytic performance of three different types of commercial metal oxides 

(ionically conductive, mixed ionic-electronic and non-conductive) was evaluated in RWGS 

reaction from 300 - 600°C in order to choose the most active substrates for the deposition of 
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metal nanoparticles. Non-conductive oxides, namely gamma-alumina (𝛾-Al2O3) and carbon 

(C) showed poor catalytic activity and stability. On the other hand, conductive oxides, 

namely samarium-doped ceria (SDC), ceria (CeO2), yttria-stabilized zirconia (YSZ), titania 

(TiO2) and hematite (Fe2O3) showed improved activity. However, none of the oxides 

approached the equilibrium conversion under the reaction conditions described in Chapter 3. 

The RWGS activity of conductive oxides decreased according to the order: SDC>  Fe2O3  >

  CeO2  >  YSZ  >  TiO2. Samarium-doped ceria showed superior RWGS activity mainly due to 

its higher oxygen ion (O2-) conductivity and increased the CO2 to CO conversion to 23% at 

600°C (equilibrium conversion at 600°C = 39%). The good activity of Fe2O3 was attributed 

to its partial reduction to magnetite (Fe3O4). However, Fe2O3 showed a considerable 

deactivation after 24 hours of RWGS experiment at 550°C, while SDC, CeO2 and YSZ fully 

maintained their catalytic activity. Moreover, the Mass Spectrometry (MS) analysis on SDC, 

CeO2, YSZ and 𝛾-Al2O3 demonstrated that YSZ had the lowest CH4 selectivity in the 

temperature range of 300 - 600°C and  𝛾-Al2O3 showed the highest CH4 selectivity below 

450°C. Furthermore, it indicated that SDC had the highest catalytic activity compared to the 

other evaluated oxides because it showed the lowest amount of unreacted CO2 at all 

temperatures. SDC, CeO2, YSZ and Fe2O3 were chosen as catalyst support due to their better 

RWGS activity. However, the catalytic stability of Fe2O3 needs to be improved through 

adding metal promoters. 

 

Objective III: The catalytic performance of mono- and bi-metallic Cu- and Fe3O4-based 

catalysts namely, Cu, Fe3O4 and CuxFe1-x (x= 50 and 95 at.%) was evaluated in the RWGS 

reaction using conductive oxides (SDC, YSZ and CeO2) as supports. SDC showed a higher 

catalytic improvement on the RWGS activity of non-noble metals. This was mainly attributed 

to the high ion conductivity of SDC. Higher activity of Fe3O4 catalysts compared to Cu was 

evident over all conductive supports. Furthermore, Fe3O4/SDC showed higher catalytic 

activity compared to other SDC-supported catalysts, namely Cu95Fe5 and Cu50Fe50 up to 

500°C due to the reducibility of the metal as well as the support. It is notable than 

Cu50Fe50/SDC had a better performance above 550°C, showing 25% of CO yield at 600°C. 

Higher activity of Cu50Fe50/SDC can be also associated with the strong oxide-oxide 

interaction. Moreover, Cu50Fe50 was more stable. Cu95Fe5 showed a similar activity to Cu; 
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however, unlike Cu, it was stable to several catalytic measurements. Cu/SDC showed a low 

catalytic activity and stability. Its catalytic stability appeared to improve considerably with 

respect to Cu50Fe50/SDC. Higher RWGS activity was found to be related to the Fe loading in 

the case of evaluated metals.  

 

Objective IV: It was found that the RWGS catalytic performance of precious metals 

including Ru, Pt, RuxPt1-x (x= 50 at.%) and RuxFe1-x (x= 80 and 90 at.%) was mainly 

determined with respect to their interaction with the support. SDC, CeO2, YSZ and Fe2O3 

were the catalyst supports studied within this section. The RWGS activity of all the catalysts 

was higher when deposited on CeO2. Beside the metal-support interaction (MSI), the activity 

of Pt was found to be dependent on metal dispersion, while the activity of Ru was mostly 

defined by MSI and no dependence on metal dispersion was found.  An interesting 

observation was that in spite of the higher ion conductivity and reducibility of SDC compared 

to CeO2, its promoting effect was less on the RWGS activity of Ru and Pt metals. In the case 

of Ru catalysts, Ru/Fe2O3 showed a comparable activity to Ru/CeO2, while Pt/Fe2O3 had a 

considerably low activity. It was noted that Ru/Fe2O3 outperformed Ru/SDC. The only 

drawback of the Ru/Fe2O3 catalyst was its lower catalytic stability compared to Pt/Fe2O3 and 

Ru50Pt50/Fe2O3. Moreover, it was found that lower Pt loadings, e.g. 1 wt.%, and higher Ru 

loadings, e.g. 5 wt.%, favour the RWGS reaction. Due to the sensitivity of the Pt catalysts to 

metal dispersion, a remarkable reduction in catalytic activity was observed for Pt catalysts 

with 10 wt.% of loading. The Ru50Pt50/CeO2 outperformed all other catalysts in terms of 

activity and stability. Thus, it was concluded that Ru and Pt acted synergistically to promote 

the RWGS reaction. On the other hand, Ru-Fe catalysts were capable of increasing the yield 

of CO up to 450°C compared to Ru. Ru90Fe10 showed a comparable activity to Ru50Pt50 in the 

temperature range of 300-450°C. Furthermore, it was found that the CH4 selectivity of Ru-Fe 

catalysts decreases with increasing the Fe loading. However, Ru80Fe20 showed a lower 

activity as opposed to Ru above 450°C. 
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8.2 Future Work and Recommendations 
           It is significant to investigate the metal-support interaction (MSI) especially in the case 

of noble metals, because their catalytic activity in RWGS reaction is mainly determined by 

MSI. Moreover, the catalyst dispersion needs to be enhanced in order to prevent 

agglomeration and subsequent catalyst deactivation. This can be done through using another 

metal deposition technique such as acetone precipitation.  

          More characterization techniques, namely Inductively Coupled Plasma (ICP), 

transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and X-ray 

diffraction (XRD) measurements should be carried out in order to investigate the metal 

loading, particle size, surface composition and also identify the crystalline phase of bi-

metallic catalysts. 

          Further study should be done in order to improve the RWGS performance of Cu and 

Fe3O4 catalysts in terms of catalytic activity and stability. Addition of other stabilizers such 

as potassium (K) and chromia (Cr2O3) can be investigated. Reducibility of the oxide support 

played an important role in the RWGS activity of Cu and Fe-based catalysts. Therefore, 

supports with higher ionic conductivity and reducibility can be used. Moreover, the cu- and 

Fe-based catalysts were prepared using 5 metal weight percent. The effect of the metal 

loading needs to be examined in order to find an optimum loading. 

         Ru and Pt-based catalysts showed promising results in RWGS reaction; however, it is 

very significant to reduce the loading weight of Ru and Pt on supports and further improve 

their catalytic activity. Non precious metals can be added in different compositions and tested 

in RWGS reaction. It is also interesting to synthesize particles with different sizes using the 

polyol synthesis method in order to study the effect of the particle size and distribution on 

RWGS activity. 
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