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ABSTRACT 

To mitigate carbon dioxide (CO2) emission, carbon capture and utilization seems to make 

more sense than carbon storage. Catalytic conversion plays key roles in the efforts to make the 

conversion of CO2 into commodity chemicals or products feasible not only technically but also 

economically. Due to its thermodynamic stability, CO2 conversion needs energy input as well as 

the participation of second molecules or reactants, for example, CH4 in CO2 reforming to produce 

syngas, or H2 in CO2 hydrogenation for methanol synthesis. It has been found that CO2 and the 

second molecules are activated on different catalytic sites on a catalyst surface. This work studies 

the catalytic reaction mechanism of CO2 reforming of methane (CRM) and CO2 hydrogenation, 

focusing on the contiguity of the CO2 activation sites and the activation sites for the second 

molecules, i.e., the orientation, distribution, and interaction of the two kinds of catalytic sites. 

In CRM reaction, the Ni monometallic and NiM2 (M2=Co, Mn, Cu, and Fe) bimetallic 

catalysts supported by MgO-spinel prepared by the co-precipitation method were studied. It was 

observed that M2 affected metallic particle sizes and slightly affected the basicity of the catalysts. 

During the reaction, the initial TOF of CO2 and CH4 based on the number of metallic sites had a 

good correlation with the average metallic particle size. The deactivation behavior of the catalysts 

was explained by a pushing-pulling theory proposed in this study. A stable or suitable carbon-

resistant catalyst should let the CO2 species on the basic sites can fully oxidize the carbon species 

formed from CH4 dissociation on the metallic sites. This study also revealed the incomplete 

dissociation of CH4 on the metallic sites, which may be the reason leading to lower H2/CO instead 

of reverse water-gas shift reaction.  

In CO2 hydrogenation reaction to synthesize methanol, the ZnO over-coated Cu/SiO2 catalysts 

prepared by the combination of strong electronic absorption (SEA) and the atomic layer deposition 
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(ALD) to form catalysts with Cu nanoparticles surrounded by ZnO with different uniformity were 

studied. The catalyst activity was correlated with the number of metallic sites. The catalyst 

containing 5 wt% Cu over-coated with a single atomic layer of ZnO exhibited higher methanol 

selectivity. This catalyst has comparatively more metallic sites (Cu particles with uniform 

distribution) and basic sites (with uniform ZnO layer) formation, and the good contiguity between 

them both with their physical location and chemical interaction, which provided necessary synergy 

for the CO2 activation and hydrogenation to form methanol. 

In conclusion, the mechanism of CO2 catalytic activation was analyzed based on the CRM 

and CO2 hydrogenation reaction, especially on the aspect of contiguity of metallic sites and basic 

sites. For CO2 utilization, (a) enough and strong basic sites should be created on the catalysts for 

CO2 activation; (b) the properties of metallic sites can lead to different products formation (CO or 

coke formation in CRM, methanol or CO formation in CO2 hydrogenation reaction); (c) good 

contiguity of basic and metallic sites on the catalysts is necessary for these reactions to allow the 

activation of the reactants on these two catalytic sites so that they can reach and react with each 

other, further improving the stability and activity of the catalyst. These conclusions can be 

instrumental in developing effective catalysts for CO2 utilization in future.  
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CHAPTER 1 Introduction 

 

 

1.1 CO2 Emission and Utilization 

Carbon dioxide (CO2) is commonly considered as one of the most severe greenhouse gases 

by the amount of anthropogenic emission since the industrial era. CO2 emission from human 

activity is 12 gigatonnes of carbon (GtC) per year in 2018 (Friedlingstein et al., 2019). Naturally, 

the CO2 fluxes containing 60 GtC are in the carbon cycle among land, ocean, and atmosphere 

(Hasan and Webly, 2017). With the industrial revolution and development, the carbon cycle has 

been disrupted due to the increase in CO2 concentration in the ocean and the change in land use. 

The ability of land and ocean to take up CO2 is not enough to complete the carbon cycle, resulting 

in an accumulation of CO2 from the anthropogenic emission and also from the natural fluxes. 

Consequently, CO2 is remained in the atmosphere, leading to an increase in CO2 concentration, 

further global warming. The present CO2 concentration in the atmosphere is unprecedented as 

compared to past 420 thousand years (https://www.climatelevels.org). Before the industrial 

revolution, the CO2 concentration in the atmosphere was 285±10 ppm for several thousand years. 

This value increased to 310 ppm by 1950 and to 410 by now, shown in Figure 1-1 

(https://www.climatelevels.org). Considering past 20 thousand years, the rate of increase in CO2 

concentration in the atmosphere in last century has not been exceeded.  
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Undoubtedly, the increasing atmospheric CO2 concentration may be beneficial for the 

photosynthesis process for the plants to a certain extent. But the severe consequence of global 

warming cannot be negligible. From the trend of temperature anomaly and CO2 concentration in 

the atmosphere shown in Figure 1-1, the temperature keeps on increasing along with the increase 

in CO2 concentration. Due to the dependence of fossil fuels in the near future, the emission of CO2 

will still keep rising. Thus, the CO2 capture and storage (CCS) and CO2 capture and utilization 

(CCU) arouse attention to slow down the increasing rate of CO2 emission and the growing 

concentration of CO2 in the atmosphere. Compared to CCU, CCS faces the challenges on site 

selection, transportation cost, and CO2 leakage, which results in a loss of 64 % of CO2 emitted into 

the atmosphere after 200 years. These challenges suggest more research on CO2 utilization, 

alternative ways to solve the problem.  

 

Figure 1-1 The trends of temperature anomaly and CO2 concentration in the atmosphere 

(https://www.climatelevels.org) 
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The attractive factors for CO2 as the precursor for industrial purposes are (a) its abundant 

amount, good carbon source for existing applications to replace toxic precursors and intermediates; 

(b) a building block to construct new materials and polymers; (c) and a good substitute for organic 

solvents in recovery or separation application. Due to these advantages, CO2 has been used as 

feedstock in the industry to produce chemicals and fuels since the 19th century. For example, CO2 

is used in the synthesis of chemicals such as syngas, urea, salicylic acid, pigments, and carbonates. 

CO2 is also a carbon source for methanol, dimethyl carbonate, and dimethyl ether, which can be 

used as fuel (Centi and Perathoner, 2009). Based on CO2 physicochemical properties, CO2 can also 

be used directly in applications, for example in the supercritical state. Meanwhile, CO2 is involved 

in biological conversions, for instance, CO2 photo-conversion, CO2 fermentation by bacteria, or in 

the algae bio-refinery (Pérez-fortes et al., 2016).  

CO2 has so many advantages in industrial utilization. However, after hundreds of years of 

study and attempt, only 0.5% of the emitted CO2 has been used for industrial purposes (English et 

al., 2014). This is primarily because of the thermodynamic stability of CO2 (Wang et al., 2011) and 

high energy required to transform CO2 into other chemicals. CO2 can barely be involved in a 

reaction if there are no catalysts and/or driving energy. Thus, it is essential to understand the 

mechanism of catalytic activation of CO2 such that effective catalysts can be developed for the 

pursued reactions.  

1.2 Two Reactions for CO2 Utilization 

To study the mechanism of CO2 catalytic activation, further to develop effective and efficient 

catalysts, reactions such as CO2 reforming of methane (CH4) (CRM) and CO2 hydrogenation for 

methanol synthesis are chosen in this research.   
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CRM reaction has attracted intense research interest due to the conversion of CO2 and CH4 

into synthetic gas, which is in a more favorable ratio of H/C for the production of synthetic fuels 

via Fischer-Tropsch synthesis. Since the CRM reaction plays an important role in the development 

of gas-to-liquid (GTL) fuel technology, the published literature under the keywords of “CO2”, 

“reforming”, and “CH4” have increased from over one thousand during 2000-2010 to almost ten 

thousand during 2010-2020. Based on these new studies and results, the general agreement about 

the mechanism of CRM is summarized (Papadopoulou et al., 2012). During the reaction, CO2 is 

commonly considered to be activated on the metallic oxide phase, which is the basic sites on the 

catalyst. Another reactant, CH4, is cracked into CHx species on the surface of active metal, as well 

as metallic sites. Then at the interface of metallic and basic sites, surface hydroxyls or oxygen 

species from the basic sites oxidize the carbon species or CHx from the metallic sites to form CO 

and H2. Thus, only at the point where the metallic sites and basic sites are close enough, the reaction 

can be completed. In other words, the CO2 decomposition cannot occur to form CO unless the 

carbon species from CH4 cracking on the metallic sites could reach and reduce the activated CO2 

on the basic sites. To evaluate the performance of the catalyst, not only the activity and number of 

catalytic sites but also the accessibility of basic sites to metallic ones should be identified.  

Methanol synthesis directly from CO2 hydrogenation is considered as a central technology for 

CO2 utilization, as methanol could be a starting feedstock for the production of some chemicals 

and fuels (Olah et al., 2009). More researches have been done in this area. As the proof, the number 

of published papers about this reaction has increased from one thousand during 2000-2010 to five 

thousand during 2010-2020. To understand the mechanism of the reaction, a dual-site, bifunctional 

theory was summarized (Dang et al., 2019). The dual-site mechanism is widely accepted, which 

deems that CO2 is activated as bicarbonate on the basic sites. At the same time, H2 is adsorbed and 

dissociated on the active metal phase, as well as metallic sites. With the right orientation of metallic 
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and basic sites, methanol can be produced at the interface of these catalytic sites. Thus, how the 

metallic sites and basic sites are connected to each other, and how the connection affects the 

performance of the catalyst should be studied for effective preparation of catalysts with specific 

structures. 

From the mechanism of these two reactions, there is something in common. Two catalytic 

sites exist on the catalysts. CO2 is activated on the basic sites, and the reducing agent, CH4 in the 

CRM reaction or H2 in the CO2 hydrogenation reaction, is adsorbed and dissociated on the metallic 

sites. For a homogeneous reaction, the molecules' collision frequency, orientation, and activation 

energy determine the reaction mechanism and kinetics. However, for a catalytic reaction involving 

two or more reactants to be activated on different types of activation sites, not only the number and 

activity of the sites but also the site distribution and orientation, namely site contiguity, determine 

the mechanism and kinetics. The reaction only can occur when two types of catalytic sites are close 

to each other. The contiguity here is a description of how dual or multiple catalytic sites exist next 

to each other in the desired orientation to allow collision among different active species to take 

place. CO2 reforming of methane and CO2 hydrogenation for methanol are such catalytic reactions 

where two reactants are activated by two types of sites. To develop an efficient catalyst for CO2 

utilization, the study on the contiguity of the CO2 activation sites and the activation sites for the 

second molecules should be carried out. 

1.3 Significance on Local Economy 

The research on CO2 utilization is not only significant scientifically but also impacts local 

economy. For example, the CRM reaction can be used at the locations where CO2 and CH4 coexist. 

Examples include biogas from biomass or biowaste degradation, coal gas from coal gasification 
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and pyrolysis processes, natural gas reservoirs with large CO2 content, and petroleum field when 

CH4 cannot be utilized effectively (Wang et al., 2013; Alabi et al., 2018). CO2 reforming of 

methane has the potential to be used in the dairy industry where biogas is producted. The reaction 

on CO2 hydrogenation to produce methanol can be combined with CO2 capture in the energy 

industry and local biodiesel industry. 

As a global landmark event, the first-ever, commercial-scale, coal-fired power plant which 

incorporates amine solvent adsorption for CO2 capture, started operation in Saskatchewan, Canada, 

on October 2, 2014 (Preston, 2015). The amount of CO2 captured in 2019 was 0.6 million tons. As 

planned, the CO2 captured is geologically stored in an oil reservoir and a deep saline aquifer, with 

a sale of a portion for petroleum exploitation by CO2 enhanced oil recovery. However, the revenue 

is not enough to balance the cost. The captured CO2 should be considered in the utilization of 

chemicals and fuel industries. 

In Saskatchewan, a major province in agriculture, biodiesel is produced from a certain amount 

of oilseed that is not qualified for the production of cooking oil. Biodiesel is produced by the 

reaction of transesterification or esterification of triacylglycerol (an ingredient in vegetable oil) and 

short-chain alcohols, like methanol or ethanol (Kurhade, 2019). Among the alcohols, methanol can 

lead to more excellent conversion of cooking oil to biodiesel, but it is expensive. Through the 

reaction of CO2 hydrogenation for methanol synthesis, both the CO2 utilization and methanol 

source can be solved. The H2 for CO2 hydrogenation reaction can be produced by the iodine-sulfur 

thermochemical cycle. SO2 used in this cycle is a by-product of the process of CO2 capture (Preston, 

2015). 

Except for the CO2 capture project in Saskatchewan, there is another new carbon capture 

project in Alberta, which is operational in 2020. Up to 1.8 million tons of CO2 each year will be 
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captured initially, and up to 15 million tons of CO2 annually for the long-term potential. This 

amount of CO2 can also be considered to produce value-added products as raw material. As a result, 

the biogas from the dairy industry and the CO2 captured in the local power plant can be utilized via 

CRM and CO2 hydrogenation reactions to produce value-added products. 

1.4 Theoretical Consideration 

As the Inspiration, the collision theory, where the molecules collision frequency, orientation 

and the activation energy determine the reaction mechanism and kinetics in a homogeneous 

reaction. However, during the study of a catalytic reaction involving two or more reactants to be 

activated on different types of active sites, the orientation and neighborhood of the types of active 

sites on catalysts are recognized to determine successful catalytic reaction. Thus, a conception, the 

site contiguity is proposed to describe the relationship between the types of active sites on catalysts. 

It is the quality of a catalyst by which how close different types of active sites are next to each 

other and how well they make the reacting molecules to desired orientations that lead to successful 

reactions. 

Based on the literature and our study, a theory, pushing-pulling theory is proposed to explain 

the mechanism of CO2 utilization reactions. When two or more types of sites play roles to complete 

a reaction, there must be two types of effects: pushing effect by which a molecule is activated by 

its adsorption site, and pulling effect which a species on one type of site receives from the species 

on other type of site or the site itself. Take CRM reaction as example, the CO2 activation occurs on 

the basic sites. The pushing effect is CO2 being activated to form activated CO2 (CO2*) or oxygen 

species (O*). The pulling effect is CO2* or O* being react with species on metallic sites. 

Meanwhile, the CH4 activation occurs on the metallic sites. The pushing effect is CH4 being 
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activated to form carbon or methyl-like species (C* or CHx*). The pulling effect is C* or CHx* 

being oxidized by CO2* or O* on the basic sites. Then there are regeneration of metallic sites and 

formation of CO and/or H2O. 

The conception, site contiguity, and the theory, pushing-pulling theory are used to understand 

the catalytic activation of CO2 during the CO2 reforming of CH4 and CO2 hydrogenation to 

methanol reactions in this study. 

1.5 Knowledge Gap 

Literature review (Chapter 2) was carried out related to the reaction mechanism and catalyst 

development for CO2 reforming of methane and CO2 hydrogenation for methanol synthesis, which 

led to the present knowledge gaps.  

The Ni-based bimetallic catalysts for CRM reaction and Cu-ZnO catalysts for CO2 

hydrogenation reaction have been studied in terms of dispersion and distribution of active metal, 

modification of second metal, and effects of various support. But no careful and sufficient attention 

has been given to the effects of the neighborhood, accessibility, and the orientation on the catalytic 

performance when there are two or more sites are involved in activating the reactants. In other 

words, the contiguity of the catalytic sites when two or more sites are involved in these catalytic 

reactions has not been fully studied. Especially for CO2 catalytic activation in CO2 reforming of 

methane and CO2 hydrogenation for methanol, no publications have been found discussing the 

effects of the interactions between CO2 activation sites and the activation sites for CH4 or H2. 

1.6 Hypotheses 

Based on the above knowledge gaps, the following hypotheses are proposed: 
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1. In a catalytic reaction involving two different catalytic sites, only those of which the 

active species on one site can access the species on the other site, or two catalytic sites in 

good contiguity, participate in the reaction. 

2. In CRM, carbon formation can be mitigated only if the CH4 dissociation sites are in close 

proximity of the CO2 activation sites. 

3. For CRM catalysts, a second metal in addition to Ni can change the contiguity and then 

the accessibility between the CH4 dissociation sites, which are the metallic sites, and the 

CO2 activation sites, the basic sites. 

4. In CO2 hydrogenation for methanol, CO2 activation sites and H2 activation sites must be 

next to each other and sit in the right locations so that H atoms can not only pull off one 

O from the activated CO2 but also react with the CO to form C-H and O-H bonds for 

methanol.  

5. The use of ALD and SEA to formulate CO2 activation sites (the Zn sites), and the H2 

activation site (the Cu sites) can change the probability of the right site locations and thus 

change the methanol selectivity on the formulated catalyst.   

1.7 Research Objectives  

The principal research objective of this work is to study the CO2 catalytic activation 

mechanism by considering the effect of contiguity of the two activation sites in the CO2 reforming 

of methane system and CO2 hydrogenation for methanol system. Then the desired catalyst surface 

designs for both reactions can be determined to achieve better catalytic performances, for example, 

to mitigate carbon formation in CRM, and to improve methanol selectivity in CO2 hydrogenation. 

To meet the overall objective, the following sub-objectives are formulated: 
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1. Study the contiguity of CO2 activation sites (metal oxide sites as well as basic sites), and 

the CH4 activation sites (Ni-second metal sites as well as metallic sites) by using different 

second metals in addition to Ni on Ni-second metal bimetallic catalysts for CO2 reforming 

of methane, and confirm the contiguity effects by analyzing the results with varying the 

strength of basic sites. 

2. To reveal the reaction mechanism and the structure of the good catalyst, the Cu-ZnO/SiO2 

catalysts were prepared by strong electronic adsorption (SEA) method and atomic layer 

deposition (ALD) method. 

3. We had two types of catalyst proposed, first one is metallic Cu particles isolated in ZnO 

layers, and the second is ZnO particles isolated in Cu layers.  

4. We hypothesize that the second has more probability to have right Cu-ZnO orientation to 

form methanol. Due to the instrument limitation at this moment, only the first catalyst can 

be synthesized. 

5. Study the contiguity of CO2 activation sites (Zn sites as well as basic sites), and the H2 

activation sites (Cu sites as well as metallic sites) by switching the ALD method for one 

site and SEA for the other for CO2 hydrogenation for methanol production. Two types of 

catalyst are proposed, first one is metallic Cu particles isolated in ZnO layers, and the 

second is ZnO particles isolated in Cu layers. The second is supposed to have more 

probability to have right Cu-ZnO orientation to form methanol. Due to the limitation of 

the ALD instrument, only the catalyst of ALD over-coated ZnO on Cu/SiO2 is studied in 

this phase. 



 

11 

 

1.8 Organization of Thesis 

This thesis is organized in 6 chapters, followed by the reference and appendix sections. In this 

chapter (Chapter 1), global warming due to the emission of greenhouse gases, especially CO2, and 

one of the solutions, CO2 capture and utilization, are introduced. The reactions such as CO2 

reforming of methane and CO2 hydrogenation for methanol synthesis have significance on the 

study of catalysts for CO2 utilization and the local economy. Based on the literature review in 

Chapter 2, the knowledge gap, hypotheses, and research objectives are stated.  

Chapter 2 presents the literature review for reactions of CO2 reforming of methane and CO2 

hydrogenation to methanol. For the reaction of CRM, the development of Ni-based bimetallic 

catalysts and the mechanism of the reaction, along with the contribution of our group in this area, 

are summarized. For the reaction of CO2 hydrogenation, the catalyst Cu-ZnO and the reaction 

mechanism are stated. A special catalyst preparation method, atomic layer deposition, is also 

introduced in this section.  

The experimental methodology, including the preparation, characterization, and evaluation of 

the catalysts are described in Chapter 3.  

Chapter 4 is devoted to the studies for CRM reaction. Different second metals are used with 

Ni to modify the properties of catalytic sites, mainly the metallic ones, and the contiguity of basic 

and metallic sites to clarify the importance of sites contiguity on the activity and stability of the 

catalysts. Higher reduction temperature was used to prepare larger Ni particles to further certify 

the importance of contiguity on the stability of the catalyst. Then the effects of basic sites on the 

contiguity of basic and metallic sites on the catalysts are summarized based on Ni and NiCo catalyst 

with different supports. 
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Chapter 5 presents the studies related to CO2 hydrogenation to methanol. Cu-ZnO catalysts 

containing isolated Cu-related particles distributed on ZnO atoms with different distributions are 

characterized and evaluated, to study the effects of properties of metallic sites on the activity of the 

catalyst, and the contiguity of basic and metallic sites on the catalyst selectivity to methanol. 

Chapter 6 states the major conclusions as well as recommendations for further studies. 

References and Appendices are presented at the end of this thesis. 

 

  



 

13 

 

 

 

CHAPTER 2 Literature Review 

 

 

The literature reviews on CO2 reforming of methane, including the development of Ni-based 

catalysts, mechanism of the reaction, and contributions of Professor Wang’s group in this area, are 

presented in the first part of this chapter. The reviews of the CO2 hydrogenation reaction, including 

the development of Cu-ZnO catalysts, and the mechanism of the reaction, are presented in the 

second part of this chapter. The reviews mainly focused on the papers published in the last decade. 

Then one of the material growth techniques, atomic layer deposition (ALD), especially its 

utilization for the catalysts’ preparation, is summarized in the last part of this chapter. 

2.1 CO2 Reforming of Methane Reaction 

Carbon dioxide reforming of methane reaction has become an attractive process as a starting 

part of gas-to-liquid fuel technology. Meanwhile, it can convert CO2 and methane, two major 

greenhouse gasses into value-added products (Muraza and Galadima, 2015). As a result, this 

process has the potential to constitute an essential unit in carbon capture and utilization 

technologies (Pakhare and Spivey, 2014; Rathod and Bhale, 2014; Arora and Prasad, 2016). 

Additionally, the flue gas can be directly used as the feedstock for this reaction and CO2 need not 

to be separated. The syngas product can be used in the Fisher-Tropsch process to synthesize long-

chain hydrocarbons (Kawi et al., 2015). 
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As an endothermic reaction, the heat of the CRM reaction is 247 kJ∙mol-1 at 101.3 kPa and 

298 K (equation 2-1). Simultaneously, the side reaction, reverse water-gas shift (RWGS) reaction 

(equation 2-2) happens between the chemisorbed CO2 and produced H2, if H2 does not leave the 

surface of the catalyst. The heat of this reaction is 41 kJ∙mol-1 at the same condition. 

CH4 + CO2 ↔ 2CO + 2H2 , ∆H298K
0  = 247 kJ∙mol

-1
                                                              2-1 

CO2 + H2 ↔ CO + H2O,  ∆H298K
0  = 41 kJ∙mol

-1
                                                                    2-2 

The methane decomposition reaction and CO disproportionation reaction as shown in 

equations 2-3 and 2-4 lead to coke formation on the catalyst surface and consequently deactivate 

catalysts. (Nikoo and Amin, 2011) 

CH4 → C* + 2H2, ∆H298K
0  = 75 kJ∙mol

-1
                                                                             2-3 

2CO → C* + CO2, ∆H298K
0  = -172 kJ∙mol

-1
                                                                        2-4 

The thermodynamics of reaction CRM and other reactions were studied by Zhang and co-

workers (shown in Figure 2-1) (Zhang et al., 2007). The equilibrium constant of reaction CRM 

increases dramatically with the increase in temperature. However, the value of this constant for the 

RWGS reaction rises moderately. Thus, high reaction temperature is more favorable to the target 

reaction, but the higher temperature also enhances the equilibrium constant of the methane 

decomposition reaction, which is one of the reasons for carbon formation, leading to the 

deactivation of the catalysts. 
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Figure 2-1 Equilibrium constant of CRM reaction and other reactions as a function of temperature 

(Zhang et al., 2007) 

2.1.1 Development of Ni-based bimetallic catalysts 

Noble metals usually are highly active towards CRM reaction and more resistant to coke 

formation than other transition metals, however they are expensive. For industrial applications, 

non-noble catalysts are studied widely. The nickel (Ni)-based catalysts, as the non-noble metal 

catalysts, show their high catalytic activity, excellent availability, and low cost, resulting in broader 

use for the CRM reaction. But Ni-based catalysts are prone to coke formation, which is the major 

concern during the reaction (Alabi, 2018; Wang and Zaidi, 2013).  

The amorphous carbon species, generated from CO disproportionation reaction (equation 2-

4) at low temperatures, is less active than most of the carbon species formed via methane 

decomposition. It deposits on the metal surface and causes deactivation of the catalysts. When the 

reaction temperature is above 700 °C, the CO disproportionation reaction is inhibited because it is 
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highly exothermic. The highly reactive carbon species (C*), which is intermediate, primarily 

formed by methane decomposition (equation 2-3), is oxidized by CO2. As a result, coke deposition 

is not apparent (Fan et al., 2009). However, the least reactive carbon species, which is also the 

graphitic type of carbon, leads to the catalytic deactivation at a high temperature above 850 °C 

(Tomishige et al., 2002; Kawi et al., 2015).  

The mechanism of whisker carbon growth on Ni-based catalysts is summarized as follows: 

The less reactive carbon species originating from CO disproportionation reaction or methane 

decomposition dissolves and diffuses into the Ni cluster to form nickel carbide, which is the crucial 

step for the growth of carbon whisker. Then the growing high strength carbon whisker pushes the 

Ni crystal out of the structure of Ni-based catalysts (Trimm, 1999; Rostrup-Nielsen et al., 2002; 

Annesini et al., 2007). Other important factors of coke deposition are attributed to the size of Ni 

metal clusters and purity of the Ni (111) phase. The size of the Ni particle, 9 nm, was reported as 

a critical size, above which carbon deposition cannot be mitigated effectively (Wang and Zaidi 

2013). Compared to Ni (100) and Ni (110) surfaces, the Ni (111) plane shows more carbon 

resistance, as the carbon formation reaction is structure-sensitive (Y. H. Hu & Ruckenstein, 2004).  

Due to the coke deposition of the Ni-based catalyst, second metals are introduced to improve 

the stability of the catalysts by enhancing the carbon resistance (Hu and Ruckenstein, 2004; Fan et 

al., 2009; Fan et al., 2010; Ahmad et al., 2017). The role of the specific transition metal is quite 

different because of their intrinsic characteristics (Kawi et al., 2015; Bian et al., 2017). The 

researches on the CRM reaction over the Ni-based bimetallic catalyst modified by Co, Fe, Cu, and 

Mn, which are most commonly used as the second metal, are reviewed and summarized. 

Ni-Co-Mg-Al-O catalyst prepared by Zhang and coworkers (Zhang et al., 2007) using the co-

precipitation method has turned out to be one of the best catalysts for CRM. During the 2000 h 
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stability test, the catalyst showed stable performance with very low carbon formation, attributing 

to its high surface area, high metal dispersion, strong metal-support interaction, and formation of 

different types of stable solid solutions. The conclusion, that the addition of Co can remarkably 

inhibit coke formation, is uncontroversial. The ratio of Ni/Co plays a crucial role in the activity of 

the catalyst. The NiCo catalyst with a small amount of Co has higher activity. The study on catalyst 

Co-Ni-Mg-O solid solution platelets enclosed by facets (Fan et al., 2015) revealed the role of Co 

in the catalyst. Co was enriched on the surface of NiCo alloy, enhanced the gasification of coke 

intermediates, and accelerated the chemisorption of oxygen in CO2. These effects of Co on the 

catalyst modification are mainly attributed to the strong affinity of Co. Much lower energy is 

needed to oxidize metallic Co than other metals, like Ni or noble metals. The metallic Co on the 

catalyst can be oxidized by CO2 to Co-O, then reduced to metallic Co by carbon species originating 

from CH4 dissociation. As a result, the presence of Co improves the adsorption of CO2 due to the 

strong interaction of Co-O, which helps to decrease the carbon deposition by enhancing carbon 

removal. (Ruckenstein and Wang, 2002; Bian et al., 2017) Furthermore, the Ni reduction was 

mitigated by Co because of the interaction between them, resulting in smaller metallic particle 

formation. This can improve the stability of the catalyst. (Wang and Zaidi, 2013) The Co 

monometallic catalyst supported by MgO, γ-Al2O3, and MgO-spinel has been studied (Wang and 

Ruckenstein, 2001; Ruckenstein and Wang, 2002; Wang et al., 2013). The Co catalyst supported 

by MgO-spinel shows higher activity and stability due to the properties of support. 

The addition of Fe to Ni-based catalysts also improved its ability for carbon resistance. 

Research (Theofanidis et al., 2015, 2016; Kim et al., 2017) has been done to study the role of Fe 

in the Ni-Fe catalyst. It has been found that Ni and Fe were distributed uniformly in the alloy 

particles and the effect of Fe on carbon resistance was due to the redox properties of Fe. Fe partially 
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segregated from the NiFe alloy and formed FeOx, then FeOx was reduced by the surface carbon 

during the reaction. Thus, the carbon species on the catalysts can be rapidly removed, resulting in 

a lower amount of accumulated carbon. A similar conclusion was drawn based on the study of Ni-

Fe bimetallic catalysts by Kim and co-workers (Kim et al., 2017). A dealloying-realloying process 

is exhibited in Figure 2-2. Through the Fe2+O/Fe0 redox cycle, the stability of the catalyst was 

increased. But according to the study of Zhang et al., 2007, the NiFe catalyst prepared by the co-

precipitation method had poor catalytic performance and higher amount of carbon formation than 

that by NiCo. To date, no Fe monometallic catalyst has been reported to have better activity for 

CRM reaction. 

 

Figure 2-2 Schematic diagram of the dealloying-realloying process on Ni-Fe bimetallic catalyst in 

CRM reaction (Kim et al., 2017) 

Compared to the studies on NiCo and NiFe catalysts, there are not much discussion on NiCu 

and NiMn bimetallic catalysts, especially in terms of the reaction mechanism. Lee et al., 2004 and 

Wu et al., 2015 have found that the addition amount of Cu on Ni-based catalysts was crucial. Less 

amount of Cu addition can promote the CRM activity and increase the coke resistance. It was found 
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that Cu-rich alloy was formed and facilitated carbon growth over the NiCu catalyst with higher Cu 

loading.  

The addition of Mn to Ni/SiO2 catalyst enhanced the dispersion of Ni particles and promoted 

the formation of smaller Ni particles (Yao et al., 2013). The study on the self-supported Ni-Mn 

catalyst prepared by Menezes et al.,2016 indicated that Mn had a significant promotion on the 

activity and stability of the catalyst. However, Rouibah et al., 2017 prepared a series of Ni-based 

bimetallic catalysts by co-precipitation and observed the most severe deposition of coke formed on 

the Ni-Mn catalyst due to the high Mn surface content and low Ni dispersion compared to the Ni-

Cr and Ni-Co catalysts.  

2.1.2 Mechanism of CRM reaction 

The mechanism of CRM reaction was discussed in detail by Papadopoulou et al., 2012 and 

the scheme is shown in Figure 2-3. 

Step 1: methane adsorption and activation. As the CH4 is introduced into the system, it is 

activated on the metallic site, Ni or NiM2 alloy, to form carbon species (C*) and H2 (equation 2-

5). The CH4 dissociation to carbon species may not be completed by one step. There may be 

methyl-like species (CHx) formed. It is reported that the degree of methane decomposition 

depended on the active metal and the nature of the support. It is generally agreed that CH4 

dissociation is a slow reaction and the rate-determining step during the reaction. 

Step 2: carbon dioxide adsorption and activation. The catalytic sites for CO2 adsorption and 

activation also depend on the nature of active metal and support of the catalytic system. It can be 

the active metal, the support (metal oxide), or the interface of metal and support. The most accepted 

statement was that CO2 is activated on the basic sites. It is generally considered that CO2 
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decomposition is a fast reaction. It occurs in three coordination geometries: carbon atom only 

adsorbs on the surface of catalyst; carbon atom and one of the oxygen atoms adsorb on the surface 

and the other oxygen atom exposed; both oxygen atoms form bonds with surface metal. The latter 

two are more favorable in CRM reaction. In this step, there are activated CO2 (CO2*) or CO and 

oxygen species (O*) formation (equation 2-6).  

Step 3: surface reaction. This step is quite fast and contains hydroxyl group formation and 

intermediates oxidation and desorption. Surface hydroxyl groups are formed based on the spillover 

of hydrogen from CH4 dissociation and oxygen from CO2 decomposition. The surface hydroxyls 

or oxygen species oxidize the carbon species or CHx to form eventually CO and H2. In short, 

oxygen species or activated CO2 from the basic sites react with carbon species on the metallic sites, 

forming CO and H2 (equation 2-7). The accessibility of basic sites to the metallic sites (or 

accessibility of metallic sites to basic sites) is important in this step.  

During the reaction, the relative rate of dissociation of CH4 and oxidation of carbon species is 

crucial. Higher CH4 dissociation rate leads to the formation of surface carbon, which cannot be 

oxidized by activated CO2 or oxygen species from CO2 decomposition immediately. As a result, 

the carbonaceous species begin to form and accumulate from the surface carbon, causing the 

deactivation of the catalyst. 

CH4 + metallic sites → C* + H2                                                                                           2-5 

CO2 + basic sites →CO2* or CO + O*                                                                                 2-6 

C* + CO2* or O* → CO + H2                                                                                                 2-7 
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Figure 2-3 Reaction steps for CRM. (a) step 1; (b) step 2; (c-d) step 3. (Papadopoulou et al., 2012) 

2.1.3 Contribution of our group to the development of Ni-based catalyst 

Professor Wang’s group at the University of Saskatchewan has patented a highly active and 

stable Ni-based catalyst for CRM reaction, which has been tested in lab and pilot plant scales for 

over 2000 h and 1500 h, respectively. The following studies were performed in this area.  

1. To develop the CRM catalyst which can be used for industrial purpose, sophisticated 

analyses including stoichiometry, thermodynamics, and reaction mechanism of CRM 

system were conducted. This revealed that the properties of a suitable catalyst must have 

(a) thermal stability at reaction temperature, (b) relatively high surface area and proper 

pore size and volume, (c) strong support-metal interaction, and (d) small and stable 

metallic sites (Ni) with acceptable dispersion (Zhang, 2008; Wang and Zaidi 2013). 

Besides, the commonly available and low-cost materials and simple development 

procedures were the priorities of the selection of metals and preparation methods. After 

comparison of the performance of catalysts such as NiCo, NiFe, NiCu, and NiMn 
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supported by MgAlOx oxide matrix prepared by co-precipitation method, it was found 

that NiCo catalyst with a lower amount of active metal loading displayed high activity 

and excellent stability, due to the high metal dispersion, the strong interaction of metallic 

and basic sites, and formation of stable solid solutions (Zhang et al., 2007; Zhang, 2008). 

2. Since the property of metallic sites, such as the size of metallic particles and the number 

of metallic sites are the key factors for affecting the performance of the catalysts, the 

impact of reduction on the growth of the metallic nanoparticles was studied (Wang et al., 

2013). Based on the synchrotron X-ray absorption spectroscopy study, it was found that 

the reduction of Ni was mitigated by Co, Co reduction promoted by Ni, and there was a 

strong interaction between Ni and Co atoms leading to the formation of alloy. 

3. Then the effects of the support structures, namely the properties of basic sites on the 

surface properties of the catalyst, and thus the performance during the reaction were 

studied with changing the Mg/Al ratio in the catalysts (Alabi, 2018). It demonstrated that 

at a higher Mg/Al ratio there was MgO-solid phase and spinel structure on the catalyst, 

and only spinel structure was observed at the lower ratio. The MgO phase improved the 

basicity and reduction of the active metals, resulting in the higher activity and better 

stability of catalyst for CRM reaction.  

4. To develop the catalyst suitable for the industrial application, the biogas, coal gas, and 

feed containing H2S or SO2 were used as feedstocks to study the catalysts’ performance 

(Shakouri, 2018). It revealed that the steam content in the biogas can affect the 

performance of the catalyst, and the NiCo catalyst was more stable than other 

monometallic catalysts (Ni or Co). With the coal gas as feedstock, the activity of catalyst 

NiCo was influenced by the ratio of CH4 and CO2. The investigation of the catalyst 

deactivation in sulfur-containing gases presented that the support of NiCo catalyst 
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provided additional active sites for CH4 dissociation during catalyst poisoning by H2S or 

SO2.  

5. Then the shaped NiCo catalysts, such as spherical catalysts and cylindrical/extrudate 

catalysts, prepared were stable and active for the CRM reaction during 800-900 °C with 

the strength similar to the commercial spherical alumina ones (Shakouri, 2018).  

The literature study and Professor Wang’s group research showed that the properties of 

metallic sites and basic sites were studied, however, no sufficient attention has been given to the 

contiguity of these two catalytic sites. For the CRM reaction involving two reactants to be activated 

on different types of activation sites, not only the number and activity of the sites but also the 

distribution and orientation of catalytic sites, namely site contiguity, determine the mechanism and 

kinetics. The contiguity of basic and metallic sites is later found as one of the key factors impacting 

the performance of the CRM catalyst. A study becomes necessary to explain the CO2 catalytic 

activation process, further for the development of the catalyst with the right orientation of catalytic 

sites.  

2.2 CO2 Hydrogenation for Methanol Synthesis 

Compared to nature’s photosynthesis to recycle CO2 and water into plant life, then fossil fuels, 

which take sufficient geological time, chemical recycling of CO2 to methanol can be achieved in a 

short time via CO2 capture and subsequent conversion to methanol. Related methanol economy is 

shown in Figure 2-4 (Olah et al., 2009). Through the reaction of carbon dioxide hydrogenation to 

methanol (equation 2-8), one of the greenhouse gases (CO2) can be converted to value-added 

products, methanol. The product methanol is a feed for productions of many chemicals and clean 

liquid fuel, like dimethyl ether, ethylene, propylene, and other products, which are obtained from 
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petroleum or natural gas. The hydrogen for CO2 hydrogenation reaction can be obtained from 

thermochemical cleavage of H2O with solar or nuclear energy, which is an emission friendly energy 

source. After the combustion of methanol and its derivatives, CO2 is released and the carbon cycle 

is completed (Olah, 2005; Olah et al., 2009; Goeppert et al., 2014). In this cycle, CO2 

hydrogenation to methanol is one of the key reactions, which may solve both the environmental 

issue and energy shortage in the modern industry. 

 

Figure 2-4 Anthropogenic carbon cycles based on the methanol economy (Olah et al., 2009) 

Although CO2 hydrogenation to produce methanol (equation 2-8) is an exothermal reaction, 

the high reaction temperature is in favor of the activation of CO2. However, high temperature also 

contributes to the formation of by-products CO and other hydrocarbons, because these side 

reactions are endothermal. (Ma et al., 2009) Among the side reactions, the RWGS reaction 
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(equation 2-9) is the main one, which decreases the catalyst’s selectivity to methanol significantly. 

The methanol synthesis from CO2 is less favored thermodynamically as compared to that from CO 

(Fujimoto and Yu, 1993). The equilibrium yield of methanol from CO2 hydrogenation is less than 

40 % at 200 °C, but it is more than 80 % from CO hydrogenation (Jadhav et al., 2014). Thus, a 

catalyst with high activity and selectivity is essential for this reaction. The CO2 hydrogenation for 

methanol synthesis reaction results in a reduction in the number of molecules. Therefore, it should 

be facilitated at high pressure.  

CO2 + 3H2 → CH3OH + H2O, ∆H298K
0  = -49.5 kJ∙mol

-1
                                                     2-8  

CO2 + H2 → CO + H2O, ∆H298K
0  = 41 kJ∙mol

-1
                                                                  2-9 

2.2.1 Development of Cu-ZnO catalysts 

Catalysts are developed in order to minimize or prevent the occurrence of side reactions. Lots 

of work have been done to study Cu-based catalyst for methanol synthesis with different modifiers, 

like Zn, Zr, Ce, Ga, Al, Si, V, Ti, etc, and various supports, such as ZnO, SiO, Al2O3 (Wang et al., 

2011). Among all of these, the Cu-ZnO catalyst has been predominantly studied for CO2 

hydrogenation reaction (Wang et al., 2011). The summary of the performance of the Cu-ZnO 

catalysts is shown in Table 2-1. 
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Table 2-1 The performance of Cu-ZnO catalysts with different supports for CO2 hydrogenation to 

produce methanol. 

Catalyst Preparation method 

CO2 

conversion 

(%) 

Methanol 

selectivity 

(%) 

Methanol 

formation rate 

(mmol∙g-1h-1) 

Cu-ZnO/Al2O3 

(Tisseraud et al., 

2015) 

Co-precipitation 4.1 17.8 1.3 

Cu-ZnO/Al2O3 

(Ahouari et al., 2013) 
Co-precipitation 10.0 8.0 2.4 

Cu-ZnO/Al2O3 (Kobl 

et al., 2016) 
Co-precipitation 19.5 37 9.7 

Cu-ZnO/ Al2O3 

(Gesmanee and Koo-

Amornpattana, 2017) 

Incipient wetness 

impregnation 
0.2 22.5 0.5 

Cu-ZnO/Al2O3 (Lei 

et al., 2016) 

Citric acid as fuel by 

mechanical milling and 

combustion method 

16.2 63.8 4.1 

Cu-ZnO/Al2O3 (Lei 

et al., 2016) 

Carbonate co-

precipitation 
8.1 63.3 2.1 

Cu-ZnO/Al foam (Z. 

Liang et al., 2017) 
Hydrothermal 9.9 82.7 23.2 

CuO-ZnO-Al2O3 

graphene nanosheet 

(Liu et al., 2014) 

High energy ball milling 

method 
14.6 62.3 11.3 

Cu-ZnO/Al2O3 

(Arena et al., 2013) 
Commercial 20.0 42.0 8.3 

CuZn/NrGO 

(Deerattrakul et al., 

2016) 

Incipient wetness 

impregnation 
26.0 5.1 13.3 

Cu-Zn-Zr (Bonura et 

al., 2014) 

Co-precipitation with 

NaHCO3 
16.0 48.7 9.0 

Cu-Zn-Zr (Bonura et 

al., 2014) 

Complexation with citric 

acid 
12.5 51.8 7.5 
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Catalyst Preparation method 

CO2 

conversion 

(%) 

Methanol 

selectivity 

(%) 

Methanol 

formation rate 

(mmol∙g-1h-1) 

Cu-Zn-Zr (Bonura et 

al., 2014) 

Gel-oxalate co-

precipitation 
18.0 51.2 10.6 

Cu-ZnO/CeO2 

(Arena et al., 2013) 
Reverse co-precipitation 8.0 70.0 5.5 

Cu-ZnO/ZrO2 (Arena 

et al., 2013) 
Reverse co-precipitation 10.0 62.0 37.5 

Cu/ZnO/ZrO2 (Kobl 

et al., 2016) (Angelo 

et al., 2015) 

Co-precipitation 23.2 33.0 10.3 

Cu-ZnO-ZrO2-

MgO/Al2O3 (Ren et 

al., 2015) 

Impregnation 12.12 35.9 1.0 

Cu/CuO-ZnO on 

Mesoporous carbon 

(Duan et al., 2014) 

In-situ method without 

precipitate addition 
4.0 10.2 0.2 

Cu/CuO-ZnO on 

Mesoporous carbon 

(Duan et al., 2014) 

In-situ method with 

precipitate addition 
5.3 87.0 1.7 

Cu/CuO-ZnO on 

Mesoporous carbon 

(Duan et al., 2014) 

Ex-situ method with co-

precipitate addition 
27.0 69.0 7.3 

Cu@ZnOx (Le Valant 

et al., 2015) 

Surface modification 

precipitation process 
2.3 100.0 4.6 

Cu/ZnO/Al2O3 

(Dasireddy and 

Likozar, 2019) 

Ultrasonic co-

precipitation 
13.5 10.5 5.1 

CuZnAl (Liang et al., 

2019) 
Commercial ≥50.0 ≤1.0 5.7 

Cu/ZnO plate (Huang 

et al., 2019) 

Simple hydrothermal 

method and 

impregnation method 

3.5 81.0 6.3 
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It is observed from the literature review that some catalysts exhibit high conversion but poor 

selectivity to methanol while the others show prominent selectivity of methanol but lower CO2 

conversion. There is no catalyst yet offering both high CO2 conversion and high methanol 

selectivity. On the high conversion-low selectivity side, Duan et al., 2014 prepared Cu-ZnO 

catalyst supported on mesoporous carbon. The catalyst showed a relatively high CO2 conversion 

of 27 %, and high methanol selectivity of 69 % due to the excellent contact between Cu/CuO and 

ZnO particles. The Cu-ZnO catalyst (Deerattrakul et al., 2016) supported by reduced graphene 

oxide nanosheets also showed CO2 conversion of 26 % resulting from good dispersion of Cu-Zn 

particles enhanced by the support, but much low methanol selectivity of 5 %. Cu/ZnO/ZrO2 catalyst 

(Dong et al., 2016) prepared by precipitation-reduction method showed CO2 conversion of 23 % 

and selectivity to methanol of 57 %. The study found that the CO2 conversion was related to the 

surface area of exposed Cu, and methanol selectivity is related to the number of basic sites.  

On the high selectivity-low conversion side, Cu@ZnOx core-shell catalyst (Le Valant et al., 

2015) prepared by precipitated ZnO on the surface of Cu powders showed 100 % of selectivity to 

methanol, and CO2 conversion of 2 %. The excellent selectivity was due to the alloy formation and 

migration of Zn. Cu-Zn/Al foam catalyst (Z. Liang et al., 2017) prepared via hydrothermal method 

showed selectivity to methanol of 83 % and CO2 conversion of 10 %. Compared with other Cu 

based catalysts, Cu-Zn/Al foam catalyst possessed a great heat and mass transfer properties and 

suitable amount of strong basic sites.  

To develop the catalysts with high CO2 conversion and selectivity to methanol, the mechanism 

of the CO2 hydrogenation reaction over Cu-ZnO should be understood. 
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2.2.2 Mechanism of the CO2 hydrogenation reaction 

Cu or ZnO alone had little effect on methanol synthesis, shown by Karelovic et al., 2012. 

However, the combination of Cu and ZnO enhanced the catalyst performance dramatically, 

revealed by Gesmanee & Koo-Amornpattana, 2017. ZnO is regarded as structure-directing support 

to improve the dispersion of metallic Cu particles during reduction and acts as a spacer between 

the Cu particles (Behrens, 2009; Behrens et al., 2012). ZnO could provide active sites for spillover 

of hydrogen (Waugh, 1992; Fujimoto and Yu, 1993; Gesmanee and Koo-Amornpattana, 2017; Hu 

et al., 2018). According to a study of Cu-based catalysts modified by ZnO, ZrO2, and MgO, Ren et 

al., 2015 observed that Cu0 sites were the catalytic active centers for hydrogenation of CO2 to 

methanol. However, Choi et al., 2001 discovered that Cu-Zn sites were the active sites for CO2 

hydrogenation to methanol. Kanai et al., 1994 found that parts of ZnO migrated onto the surface to 

form Cu-Zn alloy, and that Cu+ species formed in the vicinity of ZnOx were regarded as active sites 

for methanol synthesis. The group of Tisseraud and Le Valant (Le Valant et al., 2015; Tisseraud et 

al., 2015, 2016, 2018) have done much work to study the Cu-ZnO catalysts. They reported that the 

active sites for CO and methanol synthesis were different. CO was produced on ZnO sites and 

methanol was produced on ZnOx, which were formed on the interface of Cu and ZnO through 

cross-diffusion of Cu and ZnO. The model of the CO2 hydrogenation is presented in Figure 2-5.  

The activity of the catalysts was found to be related to the number of “contact points” of Cu and 

ZnO.  
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Figure 2-5 Model representation of the CO2 hydrogenation: active sites for methanol and CO over 

a Cu/ZnO catalyst. (Tisseraud et al., 2015) 

Although a variety of mechanisms were proposed and some of them were debatable, one 

recognized that CO2 was activated by one type of sites, say ZnO or ZnO related, and H2 by another 

type, say metallic Cu or Cu related. Each type alone cannot have the activity for the activation of 

either H2 or CO2. The metallic sites (Cu or Cu related) and basic sites (ZnO or ZnO related) must 

be next to each other to form the right structures to facilitate the formation of methanol. If not, the 

two active sites may form the wrong structures to help the formation of CO. The activated CO2, 

still in molecular form, needs assistance from the activated H to pull one O away and to insert H 

in at the same time to form C-H and O-H bonds. In other words, the right structures must be able 

to perform two functions at the same time, pulling one O away to form H2O and inserting H atoms 

in to form methanol. Beside one activated CO2, there must be two units of activated H atoms 

available. There should be enough H atoms around the activated CO2. In other words, enough 

metallic sites should be prepared around one basic site.  
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Based on the literature study related to the development of catalysts such as Cu-ZnO and the 

reaction mechanism over these catalysts, we have proposed two extreme catalyst models to 

ascertain how the right structure should be. The first model of catalyst contains isolated Cu-related 

particles distributed in a layer of ZnO atoms, and the second shows isolated ZnO phases distributed 

in a layer of Cu or surrounded by sufficient Cu nanoparticles. To develop the pursued catalysts, the 

atomic layer deposition method was used as one of the catalyst preparation methods. 

2.3 Atomic Layer Deposition Technique in Catalyst Development 

Atomic layer deposition (ALD) is a thin film growth technique. In this method, gaseous 

precursors are used to grow thin films on the surface of the substrate by atomic layers through self-

limiting reactions (Lu et al., 2012). ALD was first used in transistor material preparation and battery 

manufacturing. In the past few years, ALD has been used to prepare catalysts to further study of 

the mechanism of the catalytic reaction and the structure-property relationships of the catalysts by 

preparing the catalysts with a controlled distribution of particle size, element composition, and 

catalytic sites. 

The deposition process relies on discrete pulsing of chemical precursors that act as an element 

source of the desired film (see Figure 2-6). Typically, one of the precursors is a metal precursor 

with the high vapor pressure, which reacts with the substrate as the first half-reaction (Figure 2-6 

a,b). The reactive ligands of the metal precursor reacted with the active sites on the substrate. The 

exposure of the substrate to the precursor stops and the unreacted precursor and reaction by-product 

are purged out of the system with an inert gas when the first half-reaction reaches completion 

(Figure 2-6 c). Through the second half-reaction between the substrate and the other precursor, the 

remaining ligands of the metal precursor are removed, the active sites are regenerated, and the 
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reaction cycle is completed (Figure 2-6 d). Then the system is purged again after the completion 

of the surface reaction (Figure 2-6 e). This procedure is repeated until the desired thickness of the 

metal oxide is achieved (Figure 2-6 f) (Janocha, 2011; Lu et al., 2012; Oneill et al., 2015). 

 

Figure 2-6 Scheme of film ALD with a binary (AB) precursor system. a) substrate with reactive 

sites; b) exposed the substrate to the first precursor and first half-reaction occurred; c) purging of 

unreacted precursor and reaction byproducts; d) exposed to the second precursor and second half-

reaction happened; e) purging; f) film resulting from several ALD cycles. (Oneill et al., 2015) 

The superiority of ALD in the development of catalysts is related to the deposition of active 

metals or nanoparticles in atomic layers uniformly (Oneill et al., 2015). During the deposition of 

the materials, the structure and component of the ALD layer are dependent on the chosen precursors. 

By selecting an appropriate substrate, precursor, and preparation condition, atomic layer(s) or 

nanoparticles can form on the surface of the catalyst. In the preparation of nanoparticles on the 

surface of the substrate, the initial metal particles deposited on the substrate could act as nucleation 

points, and subsequent precursors will form bonds with former metals instead of the substrate 

because of the Volmer-Weber growth mechanism. These interactions allow the formation of core-
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shell metal nanoparticles (Feng et al., 2010; Rikkinen et al., 2011; Masango et al., 2014). However, 

if the precursor is allowed with enough time to react with all the active bonds on the substrate, a 

saturated metal oxide layer can be deposited on the surface of the substrate (Oneill et al., 2015).  

Taking advantage of the ALD technique on the deposition of nanoparticles or atomic layer(s) 

via choosing an appropriate substrate, precursor, and preparation condition, the Cu-ZnO catalysts 

with a particular structure can be developed. 
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CHAPTER 3 Experimental Methodology 

 

 

3.1 Catalysts Preparation 

3.1.1 Ni monometallic and NiM2 bimetallic catalysts 

The Ni monometallic and NiM2 bimetallic catalysts supported by MgO-spinel were 

synthesized by the co-precipitation method. The various metal nitrites [nickel (II) nitrate 

hexahydrate (98 to 102% purity; Alfa Aesar), cobalt (II) nitrate hexahydrate (98 to 102% purity; 

Alfa Aesar), magnesium nitrate hexahydrate (98 to 102% purity; Alfa Aesar) and aluminum nitrate 

nonahydrate (98 to 102% purity; Alfa Aesar)] were used as precursors to prepare the solution 

through dissolving in de-ionized water. The other NiM2 catalysts were prepared by replacing cobalt 

nitrate with manganese (II) nitrate hexahydrate (99.98% purity; Fisher Scientific), copper (II) 

nitrate hemi-(pentahydrate) (98 to 102% purity; Alfa Aesar), or iron (III) nitrate nonahydrate (99% 

purity, Lancaster Synthesis), respectively.  

During the precipitation procedure, the salt solution and the base solution (ammonium 

hydroxide; 28 to 30 w/w%; Fisherbrand) were simultaneously pumped to a container to maintain 

the pH in the solution at the desired pH value of 8.5-8.7 at any time until a certain amount of salt 

solution is used up. Then the precipitate was collected using a Buchner vacuum filtration unit. The 

filtrate cake was washed until the pH value of the washing fluid was 7. Then the filtrate cake was 
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dried at 120 °C overnight to remove water and calcined at 850 °C for 6 hours. The calcined catalysts 

were ground and sieved to the desired size, with radius of 0.165 mm. In the heterogeneous catalytic 

reaction, the external mass transfer is associated with feed flow rate. The discussion about external 

mass transfer is shown in 3.3.1. The internal mass transfer is dependent on the radius of the catalyst 

particles. Based on the previous study in the group, it is determined that when catalyst particle size 

was less than 0.200 mm, the internal mass transfer can be neglected (Zhang, 2008). The catalysts 

prepared are named Ni, NiCo, NiMn, NiCu, and NiFe. 

3.1.2 ZnO over-coated Cu/SiO2 catalysts  

Silica gel (6-12 mesh, grad 40; Fisher Chem) was ground and particles in the size of 255-350 

nm range was chosen as the support. Silica gel was used as the support due to its high surface area 

and suitability as the substrate for the ALD procedure. 

Cu nanoparticles were prepared by dry impregnation (Imp) method or strong electronic 

adsorption (SEA) method. Compared to the SEA method, Imp method is simpler and more 

manageable. If Imp can prepare Cu nanoparticles as small and uniform as SEA, it would be chosen. 

In the Imp method, a certain amount of copper nitrate hemi-pentahydrate (Cu(NO3)2·2.5 H2O, 

98~102%; Aldrich), which can give 5 wt% of Cu in the catalyst, was dissolved in 2 mL distilled 

water. The ammonia hydroxide (28 wt%; Sigma-Aldrich) was added into the Cu precursor solution 

dropwise to form copper hydroxide solid, then the solid was re-dissolved to be a dark blue solution, 

which is tetraamine copper (II) ion, [Cu(NH3)4]
2+. Distilled water then was added into the solution 

of [Cu(NH3)4]
2+ until the volume was the same as the pore volume of the substrate. The prepared 

solution of Cu(NH3)4]
2+ was added to silica gel dropwise with manual mixing. The resultant solid 

was dried overnight at 110 °C and calcined at 250 °C for 3 h. The sample was named as Imp-5Cu. 
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The resultant solid was also calcined at 500 °C, then named as Imp-5Cu-CT500. The names of the 

samples prepared are given in Table 3-1. 

In the SEA method, the substrate (silica gel) was pretreated in 50 mL ammonia solution for 

30 min to adjust the surface charge, which is opposite to the [Cu(NH3)4]
2+. The pH of the ammonia 

solution was higher than 10. The copper nitrate was dissolved in 50 mL of H2O.  Then ammonia 

solution was added to the solution of copper nitrate to form [Cu(NH3)4]
2+ solution. After the 

pretreatment of silica gel, the solution of [Cu(NH3)4]
2+ was added to the silica gel mixture and 

stirred for 2 h. The solid was filtered, washed, dried at 110 °C overnight, and calcined at 250 °C 

for 3 h. The samples were named as SEA-5Cu (with 5 wt% of Cu in the catalyst) and SEA-10Cu 

(with 10 wt% of Cu in the catalyst). The solids were also calcined at 500 °C, then named as SEA-

5Cu-CT500 and SEA-10Cu-CT500 (Table 3-1). 

ZnO layer(s) on the samples with Cu was prepared by the atomic layer deposition (ALD) 

method using a Beneq TFS 200 equipment. Diethyl zinc (DEZ) (Sigma-Aldrich) was used as the 

Zn precursor and H2O employed as the oxidant. Nitrogen (UHP, Praxair Canada Inc.) was used to 

purge the gas lines and the reactor. The temperature of the reaction was set at 150 °C to avoid the 

formation of metallic Zn.  The ALD cycle follows the reaction (Janocha, 2011): 

Zn(C2H5)2 + H2O → ZnO + 2C2H6 (g)                                                                                3-1 

This reaction splits into two half-reactions: 

Sub-Surf-OH + Zn(C2H5)2 → Sub-Surf-O-Zn(C2H5) + C2H6 (g)                                        3-2 

Sub-Surf-O-Zn(C2H5) + H2O → Sub-Surf-O-Zn-OH + C2H6 (g)                                       3-3 

The first half-reaction (equation 3-2) in the ZnO deposition procedure is shown in Figure 3-1 

a-d. DEZ vapor was first introduced to the chamber (Figure 3-1 a) and reacted with hydroxyls 

which were on the surface of the substrate to form monoethylzinc. The monotheylzinc replaced 
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hydrogen and connected to the oxygen atom with the release of ethane (Figure 3-1 b). The chamber 

was purged with N2 to remove the unreacted precursor and gaseous products (Figure 3-1 c). Then 

a surface was saturated by monoethylzinc molecules (Figure 3-1 d). After well purging, the second 

half-reaction (Figure 3-1 f-h) began by allowing H2O vapor to the chamber (Figure 3-1 e) to react 

with the monoethylzinc, forming hydroxyls bonded with Zn, and releasing ethane (Figure 3-1 f). 

The chamber was again purged with N2 to remove the unreacted oxidant and the gaseous products 

(g). The hydroxide formed a chemical bond with Zn atom on the surface of SiO2, and the surface 

was ready for the next layer of over-coated ZnO. SiO2 surface with saturated hydroxide is obtained 

by the first ZnO layer deposition followed by introducing H2O to the chamber to pre-treat the 

surface of SiO2. In each ZnO ALD run, before steps (a) and (e), the pressure of the chamber was 

reduced to 1.2 kPa and the valve, which separated the chamber and the pump, was closed until the 

purging procedure started.  Finally, exposure time and/or the number of cycles were changed to 

obtain catalysts with different atomic layers and properties. The samples were named as given in 

Table 3-1. 

 

Figure 3-1 Reaction mechanism of ALD using DEZ and H2O to form ZnO. (a) DEZ exposure; (b) 

monotheylzinc replaced H2 and connected to atomic O; (c) N2 purge; (d) monoethylzinc saturated 
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surface; (e) H2O exposure; (f) H2O react with the monoethylzinc to form hydroxyls bonded with 

Zn; (g) N2 purge; (h) hydroxide saturated ZnO monolayer. (Janocha, 2011) 

Table 3-1 Catalysts prepared by Imp or SEA and ALD method and calcined under different 

calcination temperatures. 

Samples a 
Cu content 

(wt%) 
Method 

Calcination 

T (°C) 

ALD 

exposure 

time (s) 

ALD 

cycles 

Imp-5Cu 5 Dry impregnation 250 - - 

SEA-5Cu 5 SEA 250 - - 

SEA-10Cu 10 SEA 250 - - 

Imp-5Cu-CT500 5 Dry impregnation 500 - - 

SEA-5Cu-CT500 5 SEA 500 - - 

SEA-10Cu-CT500 10 SEA 500 - - 

5Cu-1CyZn-5s 5 SEA 250 5 1 

5Cu-1CyZn-30s 5 SEA 250 30 1 

5Cu-5CyZn-5s 5 SEA 250 5 5 

a  For the samples calcined at 250 or 500 °C, they are named as name-CT250 or 500. For the reduced 

samples at 250 or 500 °C for 2 h, they are named as name-RT250 or 500. 

3.2 Catalyst Characterization 

3.2.1 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

The elemental compositions of Ni monometallic and NiM2 bimetallic catalysts and ZnO over-

coated Cu/SiO2 catalysts were obtained using ICP-MS analysis. The analysis was carried out by 

the equipment of PerkinElmer Optima 5300 DV/Optima 8300 DV at Saskatchewan Research 
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Council, Saskatoon, SK, Canada. The element could not be detected if it is less than 0.1 ug∙g-1 

(1×10-5 wt%) in the catalyst.  

3.2.2 N2 Adsorption-Desorption Experiment  

The textural properties of the Ni monometallic and NiM2 bimetallic catalysts and ZnO over-

coated Cu/SiO2 catalysts were determined by N2 adsorption-desorption experiment. The 

experiment was carried out using Micromeritics ASAP 2020 with 100-200 mg sample. The 

degassing was carried out at 200 °C and 500 μmHg (66.6 Pa) for 2 h to remove the moisture and 

adsorbed gases from the surface of the samples. Then the N2 adsorption was carried out at -196 °C. 

Brunauer–Emmett–Teller (BET) method was used to calculate the surface area of the catalysts. 

The pore volume and pore size were obtained from the N2 isotherm adsorption branch by Barret –

Joyner-Halenda (BJH) method. 

3.2.3 H2 temperature-programmed reduction (H2-TPR) 

The reduction of active metals on ZnO over-coated Cu/SiO2 catalysts was studied using the 

Micromeritics 2950 HP Chemisorption Analyzer, equipped with a thermal conductivity detector 

(TCD). Approximately 50 mg sample was used for each run. Argon (UHP, Praxair Canada Inc.) 

was used to purge the U-shaped sample holder until the baseline of TCD was stable. Then, H2-TPR 

analysis was conducted by heating samples from room temperature to 650 °C at a ramp of 

10 °C/min. The flow rate of 10% H2/Argon was maintained at 50 mL per minute.  
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3.2.4 Transmission Electron Microscope (TEM) and Energy-Dispersive X-ray 

Spectroscopy (EDX) 

The metallic particle size and its distribution on Ni monometallic and NiM2 bimetallic 

catalysts and ZnO over-coated Cu/SiO2 catalysts were investigated using TEM by scanning the 

reduced catalysts. 4 spots were randomly selected for each sample. The size of each particle on 

these spots was measured, based on which the average and distribution of particle size were 

determined. The distribution of the elements on the ZnO over-coated Cu/SiO2 catalysts was 

determined by EDX. The analyses were both done using HITACHI HT-7700 with Bruker X-ray 

detector at Western College of Veterinary Medicine imaging center, University of Saskatchewan, 

SK, Canada. 

3.2.5 CO Chemisorption  

The number of active metallic sites and the dispersion of active metal of the Ni monometallic 

and NiM2 bimetallic catalysts and ZnO over-coated Cu/SiO2 catalysts were obtained by CO 

chemisorption. The study of monometallic Ni and bimetallic NiM2 catalysts was performed using 

Micrometrics AutoChem II 2920 instrument. The sample (100 mg) was weighed and loaded in the 

quartz tube before it was reduced in-situ with 10 v/v% H2/He at 750 °C for 4 h. Then the 

chemisorption analysis was conducted by passing the pulses of CO gas. The measurement of ZnO 

over-coated Cu/SiO2 catalysts was carried out on the Micrometrics ASAP 2020 instrument at 

Taiyuan University of Technology, China. After the catalyst (100 mg) was loaded in the quartz 

tube and degassed, it was reduced at 500 °C for 2 h and cooled down under vacuum to 35 °C. Then 

the chemisorption analysis was conducted by passing the pulses of CO gas.  
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3.2.6 CO2 temperature-programmed desorption (CO2-TPD) 

The basicity of the Ni monometallic, NiM2 bimetallic catalysts, and ZnO over-coated Cu/SiO2 

catalysts were studied using CO2-TPD. The study was performed using the Micrometrics 2950 HP 

Chemisorption Analyzer, fitted with a thermal conductivity detector (TCD). The sample (50 mg) 

was placed in the U-shaped sample holder and pretreated at 250 °C for 20 min in a He atmosphere 

to remove physically adsorbed CO2. Then the CO2 adsorption was carried out at 50 °C. Afterward, 

the CO2 desorption was performed with a linear temperature increase up to 800 °C at a rate of 

10 °C/min.  

3.2.7 X-ray Diffraction (XRD) 

The X-ray diffraction (XRD) analysis of the reduced ZnO over-coated Cu/SiO2 catalysts was 

conducted on the Bruker Advance D8 series II, equipped with Cu Kα radiation (λ=0.1541 nm). The 

crystallite sizes of the reduced catalysts were estimated using Scherer’s equation: 

 size =  kλ β(2θ) cosθ⁄                                                                                                     3-4 

where k is the crystallite shape constant (0.94), λ is the X-ray wavelength and β(2θ) is the full 

width at half maximum in radians. The lattice constants for the reduced catalysts were determined 

by Bragg’s law. 

nλ = 2d sin                                                                                                                          3-5 

where n is the order of diffraction and d is the spacing between the different planes of atoms 

in the crystal lattice.  
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3.2.8 X-ray Absorption Spectroscopy (XAS) 

The reduction extent of Ni, M2 was determined by X-ray absorption near edge structure 

(XANES) spectroscopy measurement for the Ni monometallic and NiM2 bimetallic catalysts. The 

measurements were conducted for Ni K-edge (8333 eV), Co K-edge (7709 eV), Mn K-edge (6539 

eV), Cu K-edge (8979 eV) and Fe K-edge (7112 eV) at soft X-ray micro-characterization beamline 

(SXRMB) in Canadian Light Source. A few milligrams of powder calcined and reduced samples 

were loaded on carbon tape. The metal and metal oxide contents in reduced catalysts were 

calculated by linear combination fitting (LCF) of XANES in the range of -20 to +30 eV of edge 

jump.  

The Cu K-edge and Zn K-edge XAS measurements of ZnO over-coated Cu/SiO2 catalysts 

were conducted at the SXRMB and Industry, Development, Education, and Students (IDEAS) 

beamline, respectively. Both Cu K-edge and Zn K-edge were collected in fluorescence and 

transmission modes. The energy range for Cu was from 8879 eV to 9527 eV, and from 9507 eV to 

10407 eV for Zn 

3.3 Catalysts Evaluation 

3.3.1 CO2 reforming of CH4 over Ni monometallic and NiM2 bimetallic catalysts  

The reaction of CO2 reforming of CH4 over the Ni monometallic and NiM2 bimetallic 

catalysts was carried out in a fix-bed quart tube reactor of 1/8 inch of inner diameter and 15 inches 

of length. For a run, 50 mg catalyst was diluted with 450 mg of silica carbide and loaded into the 

temperature-constant zone of the reactor, which was then put into the furnace and connected with 

the gas-feeding and analysis system. The catalyst was first reduced at 750 °C or 850 °C in the 40 
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v/v% H2 (99.9% purity, Praxair Canada Inc.) mixed with N2 (99.9% purity, Praxair Canada Inc.) 

at a flow rate of 100 mL∙min-1 for 4 hours. Then the CRM reaction was carried out at 750 °C with 

an equimolar CH4 (99.2% purity, Praxair Canada Inc.), CO2 (99.9% purity, Praxair Canada Inc.), 

and N2 at a flow rate of 90 mL∙min-1. The previous study indicated that when the feed flow rate 

was higher than 70 mL∙min-1, the external mass transfer effect can be neglected (Zhang, 2008). 

Thus 90 mL∙min-1 is used in this study. The product gas was analyzed using on-line gas 

chromatography (GC) (Agilent 6890N), equipped with a thermal conductivity detector (TCD) and 

a ShinCarbon ST100/12 packed column (RESTEK) with 1-mm ID and 2-m length. Helium (Ultra-

high purity 5.0, Praxair Canada Inc.) was used as the carrier gas for GC. 

To measure the relative reaction rate of CH4 dissociation and CO2 decomposition occurring 

during the CRM reaction, further evaluate the stability of the catalysts, pulse adsorption 

experiments were designed. The experiments were carried out by introducing only one of the 

reactants first to the reactor packed with freshly reduced catalyst, or the catalyst pre-adsorbed to 

saturated with the other reactant. Before the pulse adsorption experiment, the catalysts were 

reduced with a 40 % H2/N2 mixture at 750 °C for 4 h. After purging the reactor with pure N2 for 

10 min, only CH4 or CO2 (N2: 30 mL∙min-1, CH4 or CO2: 30 mL∙min-1) was injected to the reactor. 

After 1 min, the product gas was analyzed by the on-line GC. Different waiting time before the 

analysis by GC was tested, determining 1 min was the most suitable time. Most products were 

detected at this time. The pulse adsorption experiment was also done with the pre-adsorbed catalyst. 

The well-reduced catalyst was first exposed to CO2 or CH4 until no gas was adsorbed by the catalyst. 

Then the other reactant, CH4 or CO2 was introduced into the system with the pre-adsorbed catalyst 

for 1 min before the product gas was analyzed. 
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Turnover frequency (TOF) of CH4 was calculated based on the number of metallic sites on 

reduced catalysts, and the TOF of CO2 was calculated based on the number of basic sites and the 

number of metallic sites, separately. 

TOFCH4
 = 

reaction rate of CH4
number of metallic sites

⁄                                                   3-6 

TOFCO2
 = 

reaction rate of CO2
number of basic sites

⁄                                                        3-7 

TOF'CO2
 = 

reaction rate of CO2
number of metallic sites

⁄                                                  3-8 

3.3.2 CO2 hydrogenation reaction over ZnO over-coated Cu/SiO2 catalysts  

The evaluation of the ZnO over-coated Cu/SiO2 catalysts with CO2 hydrogenation reactions 

was conducted in an Inconel fixed bed reactor (ID: 22 mm and length: 450 mm) with a single-pass 

downward flow. 1 g of catalyst was diluted with 90 mesh size silicon carbide particles and loaded 

in the constant temperature zone of the reactor. Other parts of the reactor were filled with different 

sizes of silicon carbide by layers. The catalyst was then reduced under H2 (99.9% purity, Praxair 

Canada Inc.) flow (120 mL∙min-1) at atmospheric pressure (ramp from room temperature to 500 °C, 

rate 3 °C∙min-1, isothermal for 3 h). The reduced catalyst was cooled down to 250 °C under H2 

flow. The desired reaction gas flow rates were adjusted to a total volumetric flow rate of 160 

mL∙min-1 (H2:CO2=3:1) (CO2: 99.9% purity, Praxair Canada Inc.). Then the reactor was 

pressurized to the reaction pressure of 4.0 MPa. The gas product was cooled to 0 °C in a cold trap 

to separate the condensable gas in the product stream into the liquid phase at the reaction pressure. 

The flow rate and compositions of non-condensable gases in the stream were measured by a 

bubble flow column installed at the exit of the reactor and an Agilent Technologies 7890A gas 

chromatograph instrument equipped with two thermal conductivity detectors (TCD) and a flame 
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ionization detector (FID). The liquid products were collected during a 24-h reaction period and 

analyzed with an off-line Agilent Technologies 7890A gas chromatograph equipped with a DB-

Wax capillary column and FID detector. The weight of liquid products was measured after the 

collection to ensure the mass balance. 

Conversion of CO2 was calculated as average values for the total test duration.  

XCO2
= 100% × 

nCO2,in-nCO2,out
nCO2,in

⁄                                                                                 3-9 

Methanol selectivity was calculated with respect to carbon-containing products (no other 

product obtained except CH3OH and CO).  

SCH3OH = 100% × 
nCH3OH

nCH3OH+nCO
⁄                                                                              3-10 

Turnover frequency of CO2 was calculated based on the number of basic sites on reduced 

catalysts. 

TOFCO2
=

reaction rate of CO2
number of basic sites

⁄                                                           3-11 

Turnover frequency of H2 was calculated based on the number of metallic sites on reduced 

catalysts. 

TOFH2
=

reaction rate of H2
number of metallic sites

⁄                                                           3-12 
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CHAPTER 4 CO2 Catalytic Activation for CO2 Reforming of CH4 over Ni 

Monometallic and NiM2 Bimetallic Catalysts 

 

 

Based on the literature study, during the reaction of CO2 reforming of CH4 (CRM), CO2 is 

activated on the metal oxide phase, which is basic sites in nature, and the other reactant, CH4 is 

adsorbed and activated into CHx or carbon (C*) species on the surface of active metal, as well as 

metallic sites. When the basic and metallic sites are close enough to each other, surface hydroxyls 

or oxygen species from the basic sites oxidizes the CHx or C* from the metallic sites to form CO 

and H2. The previous research in Professor Wang’s research group had developed a highly active 

and stable Ni-based catalyst, and studied the effects of dispersion and distribution of active metal, 

modification of second metal, and various support on the performance of Ni-based catalysts. 

However, for this catalytic reaction involving two reactants to be activated on different types of 

activation sites, not only the number and activity of the sites but also the site distribution and 

orientation, namely site contiguity, impacted the reaction mechanism and kinetics. Thus, a study 

becomes necessary to determine the effects of the neighborhood, the accessibility, and the 

orientation of these two types of sites on their catalytic performances.  

In this work, the contiguity of CO2 activation sites, which are the basic sites, and the CH4 

activation sites, which are the metallic sites, are studied by using different second metals in addition 

to Ni on Ni-second metal bimetallic catalysts for CRM reaction. Then the contiguity effects were 
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confirmed by developing larger metallic particles on the catalysts, and analyzing the earlier results 

with varying the strength of basic sites. 

4.1 Bulk Properties of Oxide Catalysts for CO2 Reforming of CH4  

In this study, the catalysts for CO2 reforming of CH4 were made using co-precipitation method. 

The precipitates were calcined at 850 °C in air to form the desired oxides. The solid structure and 

basic sites were formed during calcination. The bulk properties, which include the composition, 

the crystal structures, and the specific surface area and porous structures were measured by ICP-

MS, XRD, and N2 adsorption, respectively. The detailed procedures are given in Chapter 3.  

4.1.1 Metal composition by ICP analysis 

The metal compositions, and Mg/Al ratio of the catalysts obtained from ICP-MS, are shown 

in Table 4-1. The target loading of metals was 6 % (Ni:M2 = 1:1). The reproducibility of the ICP 

results are shown in Appendix A. There was 5.1 wt% of Ni loaded on the catalyst Ni, with Mg/Al 

ratio of 1.8. The Ni and Co loadings on catalyst NiCo were 2.6 and 4.6 wt %, respectively, with 

Mg/Al ratio of 2.5. In the catalyst NiMn, the loadings of Ni and Mn were 1.8 and 1.2 wt %, 

respectively, with the Mg/Al ratio of 2.1. There were Ni and Cu loadings of 1.7 and 1.6 wt % 

respectively in NiCu catalyst, with Mg/Al ratio of 2.5. The catalyst NiFe had Ni and Fe loadings 

of 1.7 and 1.1 wt %, respectively, with Mg/Al ratio of 2.5.  

The procedure for co-precipitation cannot control the elemental compositions precisely. Shifts 

in pH during the procedure led to different ratios of desired metals than the targeted values in 

precipitation method, especially for those whose solubility product (Ksp) values were large. Since 

the M2 had different Ksp and some of M2 precursors formed a complex in basic solution, it resulted 
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in different loadings of metals and Mg/Al ratio. Different Mg/Al ratios may lead to different 

activities of each basic site and the number of basic sites on the catalysts. But the monometallic Ni 

and bimetallic NiM2 catalysts prepared were very useful to study the contiguity effects of metallic 

and basic sites. 

Table 4-1 Compositions of metals and Mg/Al ratio in monometallic Ni and bimetallic NiM2 

catalysts 

Catalysts 

Ni M2  Mg Al 
Mg/Al mole 

ratio 
(wt %) 

Ni 5.1 - 21.0 12.7 1.8 

NiCo 2.6 4.6 26.0 11.6 2.5 

NiMn 1.8 1.2 16.8 8.9 2.1 

NiCu 1.7 1.6 20.6 9.0 2.5 

NiFe 1.7 1.1 20.9 9.4 2.5 

 

4.1.2 Bulk structure by XRD analysis 

The XRD analysis was used to identify the bulk morphological phase of monometallic Ni and 

bimetallic NiM2 catalysts. The results are shown in Figure 4-1. The patterns of monometallic Ni 

and bimetallic NiM2 catalysts didn’t show much difference from each other. The phase was 

assigned to the MgO-solid phase with characteristic diffraction peaks 2θ at 43.1 ̊, 62.4 ̊, 74.7 ̊, and 

78.6 ̊. The diffraction peaks relative to spinel structure at 2θ can be seen at 2θ = 19.1 ̊, 31.4 ̊, 34.7 ̊, 

36.9 ̊, 39.0 ̊, 45.9 ̊, 60.6 ̊, and 65.2 ̊ (Al-Daous et al., 2012; Foo et al., 2012; Klym, 2017). The MgO 

phase had the structure of the face cubic centre. The spinel phase was a cubic structure, which can 
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be expressed by general chemical formula AB2O4. In the normal spinel structure, A was the 

divalent cations in tetrahedral sites, B represented trivalent cations in octahedral sites. In the inverse 

spinel structure, cations A occupied some of the octahedral sites, the cations B occupied the 

tetrahedral sites. These two spinels existed in the support MgO-spinel (Dugué et al., 2012). In 

addition, Al2O3 was also shown spinel structure. From the phase structure of different catalysts Ni 

or NiM2, it was determined that the addition of M2 barely had an effect on the bulk structure of 

catalysts.  

According to the study of bulk properties of these five catalysts with the same support, MgO-

spinel, the addition of various M2 had not much influence on the bulk structure of the catalysts. 

 

Figure 4-1 XRD patterns corresponding to the monometallic Ni and bimetallic NiM2 catalysts 
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4.1.3 Surface area and porous structures by N2 adsorption-desorption 

The isotherm results of N2 adsorption-desorption of monometallic Ni and bimetallic NiM2 

catalysts are shown in Figure 4-2. According to the IUPAC classification (Sing et al., 1985), all the 

catalysts had the hysteresis loop which is the characteristic feature of the Type IV isotherm. The 

loop was associated with capillary condensation, which takes place in mesoporous material. 

However, the catalysts had different types of hysteresis loops as shown in Figure 4-2. The catalysts 

NiCo, NiCu, and NiFe displayed Type H1 hysteresis loop, which was often related to solid 

materials with a narrow distribution of pore size. The catalyst Ni and NiMn exhibited the loop of 

Type H3. The results of ICP-MS showed that the Mg/Al ratio in catalysts NiCo, NiCu, and NiFe 

was 2.5, but this value in catalyst Ni and NiMn was approximately 2.0. Thus, the uniformity of 

pores on the catalyst was associated with the Mg/Al ratio, as well as the amount of MgO in the 

support. The correlation also had been confirmed by the earlier work in Professor Wang’s research 

group. It was found that significant amount of MgO can enhance the uniformity of the pores shown 

on the support (Alabi, 2018).  
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Figure 4-2 N2 adsorption-desorption isotherms of monometallic Ni and bimetallic NiM2 catalysts 

The BET surface area, pore volume, and average pore diameter of the monometallic Ni and 

bimetallic NiM2 catalysts from the N2 adsorption are shown in Table 4-2. The BET surface areas 

of catalysts NiCo and Ni were similar and higher at 111-113 m2∙g-1. Meanwhile, NiMn, NiFe, and 

NiCu catalysts had a lower surface area at 58-81 m2∙g-1. Among these catalysts, the NiCu catalyst 

had the biggest pore volume of 0.31 cm3∙g-1 and the smallest average pore diameter of 13.8 nm. On 

the contrary, the Ni catalyst had the smallest pore volume of 0.18 cm3∙g-1 and the biggest average 

pore diameter of 19.8 nm. The pore volumes of NiCo, NiMn, and NiFe catalysts were 0.29, 0.26, 

and 0.24 cm3∙g-1, respectively. The average pore diameters of NiCo, NiMn and NiFe catalysts were 

15.2, 15.3, and 16.7 nm, respectively.  
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Table 4-2 BET surface area, pore volume and pore diameter of the monometallic Ni and bimetallic 

NiM2 catalysts 

Catalysts BET surface area, m2∙g-1 Pore volume, cm3∙g-1 Average pore diameter, nm 

Ni 113  0.18 19.8 

NiCo 111  0.24 16.7 

NiMn 81 0.26 15.3 

NiCu 58  0.31 13.8 

NiFe 75  0.29 15.2 

 

Relative to monometallic Ni catalyst, the addition of the second metal generally made the pore 

volume larger and the average pore diameter smaller. Theoretically, larger pore volume and smaller 

pore diameter led to larger specific surface area. However, the use of a second metal in addition to 

Ni in catalyst preparation resulted in larger pore volume, smaller pore diameter, but similar or 

smaller specific surface area, which remained unclear. Based on XRD, MgO-spinel seemed to be 

the backbone of the material morphology structure, which did not change by varying the second 

metal.  

4.2 Catalysts Characterization after Reduction 

The catalysts, produced after reduction, were used for the reactions as their properties after 

reduction had more direct impacts on reaction performances. Therefore, its characterization 

appeared to be more important. The reduction was the key step where the metallic sites were formed. 

The reduction conditions for the catalysts developed in Professor Wang’s research group had been 
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studied earlier. The present work used the conditions developed earlier in Professor Wang’s 

laboratories, at which Mg and Al in the oxide phases did not reduce (Zhang, 2008).  

The information on the valence of active metal, including Ni, Co, Mn, Fe, and Cu, on the 

reduced monometallic Ni and bimetallic NiM2 catalysts, were studied by XANES, and the extents 

of reduction of active metals were fitted by the linear combination fitting (LCF) based on the 

XANES spectra. The size of metallic particles was measured from the TEM images and the metal 

dispersion and the number of metallic sites were determined by the CO chemisorption analysis. 

4.2.1 Reduction extent of metals 

The Ni K-edge XANES of monometallic Ni and bimetallic NiM2 catalysts after being reduced 

at 750 °C for 4 h were scanned. The Ni spectra of the catalysts, as well as those of metallic Ni and 

its oxide standards, are shown in Figure 4-3. The reproducibility of the XANES results has been 

studied and shown in Appendix A. It displays that the XANES spectra of Ni on all the catalysts 

fall between XANES for the standards of respective metal foil and metal oxide. It demonstrates 

that after reduction at 750 °C for 4 h, Ni in all the catalysts was just partially reduced.  
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Figure 4-3 The Ni K-edge XANES spectra of monometallic Ni and bimetallic NiM2 catalysts after 

reduction at 750 °C for 4 h as well as those of Ni and its oxide standards 

The K-edge XANES spectrum of each second metal in reduced catalyst was also scanned. 

The spectra of Co, Mn, Cu, or Fe K-edge XANES of the monometallic Ni and bimetallic NiM2 

catalysts, as well as those of M2 foil and their oxide standards, are also shown in Figure 4-4,5,6 

and 7. Obviously, the Co species on catalyst NiCo was not sufficiently reduced, and there were 

Co0, Co2+, and no Co3+ species based on the comparison of Co XANES spectrum and those of Co 

foil, CoO, and Co3O4 standards. There are two components in Co3O4. The reason for no Co3+ 

species in the reduced catalyst was due to the reduction of Co2O3 into CoO, which occurred at a 

lower temperature (Wang et al., 2013). According to Mn XANES spectrum and those of Mn foil, 

MnSO4, and MnO2 in Figure 4-5, these were only Mn2+ and Mn4+ and no Mn0 species present in 

the reduced NiMn catalyst. For NiCu catalyst (Figure 4-6), the Cu species was not sufficiently 

reduced, either. But from the XANES spectra of Cu on NiCu catalyst, Cu foil, Cu2O, and CuO, the 

existence of Cu1+ species could not be determined. According to Fe XANES spectra of NiFe, Fe 
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foil, Fe(OH)2, and Fe2O3 in Figure 4-7, mixture of Fe0 and Fe3+ species was present in the NiFe 

catalyst.  

 

Figure 4-4 The Co K-edge XANES spectra of NiCo catalyst after reduction at 750 °C for 4 h as 

well as those of Co foil, and its oxide standards 
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Figure 4-5 The Mn K-edge XANES spectra of NiMn catalyst after reduction at 750 °C for 4 h as 

well as those of Mn foil, and its oxide standards 

 

Figure 4-6 The Cu K-edge XANES spectra of NiCu catalyst after reduction at 750 °C for 4 h as 

well as those of Cu foil, and its oxide standards 
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Figure 4-7 The Fe K-edge XANES spectra of NiFe catalyst after reduction at 750 °C for 4 h as 

well as those of Fe foil, and its oxide standards 

To identify the extent of reduction of the metals in the catalyst samples, XANES linear 

combination fitting in the range of -20 to +30 eV of edge energy (Shakouri, 2018) was used to 

provide quantitative results shown in Table 4-3. The reduction extents of Ni in the catalysts Ni, 

NiFe, and NiCu were higher, 58 %, 54 %, and 47 % respectively, as compared to those in the 

catalysts NiCo and NiMn, which were only ~ 32 %. The results indicated that the Ni reduction in 

different catalysts was mitigated by M2. However, the degree of impact was different based on the 

attribute of M2.  

The effects of M2 on the reduction of Ni were first noticed by Wang and co-workers (Wang 

et al., 2013) during the study on metal nanoparticle growth and bimetallic interaction of Ni-based 

catalysts for CRM. Then Alabi (Alabi, 2018) determined that the ratios of spinel and MgO phases 

in catalysts could also affect the extent of metal reduction. The Ni distributed in MgO phase was 
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reduced more easily than that in the spinel phase. Thus, the presence of the second metals changed 

the distribution of Ni in spinel and MgO phases, which impacted the extent of reduction of Ni. 

The extent of reduction of second metal was also different. There were 28 % of Co0 and 72 % 

of Co2+ species in the reduced NiCo catalyst. There were only Mn2+ and Mn4+ on the NiMn catalyst 

with the percentage of 46 and 49, respectively. The reduction of Cu and Fe on NiCu and NiFe 

catalysts were larger as compared to other NiM2 catalysts. 46 % of Cu0 was formed in the NiCu 

catalyst after reduction at 750 °C for 4 h, and 64 % of Fe0 was in the NiFe catalyst. The extent of 

reduction of M2 metals depended on their nature and interaction of Ni. 

The amounts of reduced metals were calculated based on the composition of each metal and 

its extent of reduction. The results are shown in Table 4-4. Among these five catalysts, Ni had the 

most amount of metallic Ni formed after the reduction and the value was much larger than that of 

other catalysts. The extent of Ni reduction in the bimetallic catalysts NiM2 was similar, followed 

the order: NiFe > NiCu > NiCo ≈ NiMn. Since Mg and Al in their oxide phase were not reduced 

at this reduction conditions, the reduction procedure does not change the total mass of the catalyst 

significantly. 
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Table 4-3 The contents of metals and metal oxides in reduced catalysts measured by the linear 

combination fitting of XANES. 

Catalysts  Ni0/Ni2+ Co0/Co2+/Co3+ Mn0/Mn2+/Mn4+ Cu0/Cu+/Cu2+ Fe0/Fe2+/Fe3+ 

Ni 0.58/0.42     

NiCo 0.32/0.68 0.28/0.72/0    

NiMn 0.32/0.68  0.05/0.46/0.49   

NiCu 0.47/0.53   0.48/0/0.52  

NiFe 0.54/0.46    0.64/0/0.36 

 

Table 4-4 Metal compositions on the monometallic Ni and bimetallic NiM2 catalysts after 

reduction at 750 °C for 4 h 

Catalysts 

Reduced Ni Reduced M2 Reduced metals 

(wt%) 

Ni 3.0 - 3.0 

NiCo 0.8 1.3 2.1 

NiMn 0.6 0.1 0.7 

NiCu 0.9 0.6 1.4 

NiFe 0.9 1.0 2.0 

 

4.2.2 Particle size and distribution 

If a reaction occurs on the single site of a catalyst, there is no issue of the contiguity. The 

contiguity is a description of how dual or multiple catalytic sites were next to each other in the 
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desired orientation to allow collision among different active species on them for reaction to take 

place. For CRM reaction, only metallic sites and basic sites that exist next to each other can allow 

carbon species on metallic sites, resulting in CH4 dissociation, for the oxidation by the activated 

CO2 on the basic sites. Most of the time, there was no direct measurement of the contiguity. 

However, many measurements from the catalyst characterizations can indicate the quality of 

contiguity of the catalytic sites. Metal particle size from TEM measurement is one of the indications 

of the catalytic sites’ contiguity. Assuming the distribution of smaller metal particles in the same 

basic sites, they would allow more metallic sites to be exposed to basic sites as compared to larger 

particles. 9 nm was reported as a critical size for metallic particles for CRM below which the carbon 

deposition can be mitigated effectively (Rostrup-Nielsen et al., 2002; Alabi, 2018), meaning that 

the carbon species on such sites can be reached by activated CO2 and consumed.  

The TEM images and the particle size distribution of the catalysts reduced at 750 °C are shown 

in Figure 4-8. The micrographic analysis was done and the average metallic particle size was 

obtained and are shown in Table 4-5. Also, the percentage of those particles whose size was less 

than 9 nm is given in the table. This percentage can help to discuss the contiguity of metallic and 

basic sites.  

Compared to the Ni catalyst with an average particle size of 8.1 nm, in the range of 4-12 nm 

and 77 % of particles smaller than 9 nm, there were smaller metallic particles formed on NiMn, 

NiCu, and NiCo catalysts, and more than 90 % of these particles were smaller than 9 nm, and most 

of the particles were in the range of 3-10 nm.  The NiFe catalyst had bigger particles formed with 

an average size of 9.0 nm, in the range of 5-14 nm and only 55 % of the particles were smaller than 

9 nm.  
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Figure 4-8 TEM images and the particle size distribution of the catalysts reduced at 750 °C 

Table 4-5 Average particle size and particle size distribution from the TEM micrographs of 

catalysts reduced at 750 °C  

Catalysts Average particle size (nm) Relative percentage < 9 nm (%) 

Ni 8.1 76.6 

NiCo 7.0 100 

NiMn 5.8 94.4 

NiCu 6.5 93.3 

NiFe 9.0 55.0 

 

According to the size of particle formed and their distributions from the TEM images, addition 

of Mn, Co, or Cu as the second metal to Ni-based bimetallic catalysts was helpful in reducing the 

metal size, further in the formation of good contiguity of metallic and basic sites. There were some 

explanations of the capability of M2 in controlling the size of metallic particles. Fan et al., 2010 

and Lee et al., 2004 proposed that there was a synergistic effect displayed by NiCu and NiCo 

catalysts due to the formation of alloy. The integrity of Ni ensembles on the surface of the catalysts 
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was broken by Co or Cu, decreasing the size of the metallic particles during reduction. Yao et al., 

2013 reported that the addition of Mn encouraged the dispersion of Ni species on the catalyst.  

In this work, it was found that the particle size was basically proportional to the extent of 

reduced metal. It meant that with more active metal reduced at 750 °C in the catalysts, the bigger 

particles were formed. So, the effect of M2 on the size of metallic particles was based on how M2 

affected the extent of reduction of active metal. The addition of Mn, Co, and Cu mitigated the 

reduction of Ni, then reduced the size of Ni particles in the catalysts formation. This may be due 

to the interaction between Ni and Mn, Co, or Cu. 

4.2.3 Number of metallic sites and metal dispersion 

During the CRM reaction, CH4 was adsorbed and dissociated on the metallic sites. Thus, the 

number of metallic sites and metal dispersion was a critical property to evaluate the catalyst 

performance. The properties of metallic sites were detected by CO chemisorption, shown in Table 

4-6. The number of metallic sites was obtained by the amount of CO uptake during the analysis, 

and all the CO molecules were linearly chemisorbed on the metal molecules on the surface of the 

catalyst. The metal dispersion is defined as surface metal over total metal atoms in the catalyst. 

Compared to the Ni catalyst, Fe favored increase in the surface metallic sites from 19 to 55 μmol∙g-

1 and metal dispersion from 2.2 to 11.3 %. However, Co, Mn, and Cu lowered the number of 

metallic sites to 9-11 μmol∙g-1 and metal dispersion to about 2 %. Among these, the NiCo catalyst 

showed the lowest metal dispersion of 0.9 %. 

 

 



 

64 

 

Table 4-6 The number of metallic sites and metal dispersion of catalysts based on CO 

chemisorption analysis 

Catalysts CO adsorption (μmol∙g-1) Metal dispersion (%) 

Ni 19 2.2 

NiCo 11 0.9 

NiMn 10 1.9 

NiCu 9 1.7 

NiFe 55 11.3 

 

It seemed that the number of metallic sites and the metal dispersion of the catalysts were both 

associated with the extent of reduction of metals. The presence of Co, Mn, or Cu in the Ni-based 

catalysts lowered the extent of reduction of metals, thus the number of metallic sites and the metal 

dispersion.  

4.3 Basicity of the monometallic Ni and bimetallic NiM2 catalysts 

The basicity of the monometallic Ni and bimetallic NiM2 catalysts was detected by CO2-TPD. 

Based on the studies in the literature (Di-Cosimo et al., 1998; Debecker et al., 2009; Alabi, 2018) 

on the basicity of the catalysts supported by MgO-spinel, the CO2-TPD curves of some catalysts 

showed three desorption peaks at around 100, 400 and 650 °C. These peaks were assigned to weak, 

moderate, and strong basic sites, respectively. During the CO2-TPD analysis, the amounts of CO2 

desorption at these three temperatures were the number of weak, moderate, and strong basic sites, 

respectively. The CO2-TPD profiles for different catalysts and the support (MgO-spinel) are shown 
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in Figure 4-9, and the information related to each basic site is summarized and displayed in Table 

4-7.  

 

Figure 4-9 CO2-TPD curves of the Ni and NiM2 catalysts, support, Ni/Al2O3, and NiCo/spinel 
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Table 4-7 Basic properties of Ni and NiM2 catalysts, support, Ni/Al2O3, and NiCo/spinel 

Catalysts 

Weak basic sites Moderate basic sites 
Total number 

of basic sites 

(μmol∙g-1) 
Number of basic 

sites (μmol∙g-1) 

Number of basic 

sites (μmol∙g-1) 

Percentage of 

moderate sites (%) 

Ni 20 6810 99.7 6830 

NiCo 101 5878 98.3 5979 

NiMn 53 6203 99.2 6256 

NiCu 175 4498 96.2 4674 

NiFe 194 5874 96.8 6068 

Support 24 7643 99.7 7667 

Ni/Al2O3 218 786 78.3 1004 

NiCo/spinel 184 580 75.9 764 

 

Two desorption peaks were shown in the profiles of CO2-TPD at the desorbed temperatures 

of 130 °C and 350 °C. In this study, the CO2-TPD curves of the monometallic Ni and bimetallic 

NiM2 catalysts only showed two desorption peaks, which were assigned to the weak and moderate 

basic sites, separately. On the basis of the literature, the weak basic sites were related to the OH- 

groups. The moderate basic sites were ascribed to the M-oxygen pairs (M=Mg, Al, Ni, and M2) 

(Debecker et al., 2009). 

The main peak was the moderate one in the CO2-TPD curves of the catalysts Ni, NiM2, and 

support, which accounted for 96 % of the total amount. The moderate basic site is known as the 

main basic sites responsible for the reaction, and the discussion on the basic sites focuses on the 

moderate one in this study. Using support as the benchmark, with only Ni loaded catalyst, the 
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desorption temperature of moderate peak shifted from 382 °C to higher temperature 423 °C, but 

for Ni and M2 loaded catalysts, that shifted to a lower temperature. The desorption temperatures 

of the moderate peak on the NiCo, NiCu, and NiFe catalysts are at the same level, 314-339 °C. It 

shows that the addition of M2 had little influence on the strength of the basic sites.  

According to the XRD profiles of monometallic Ni and bimetallic NiM2 catalysts, there two 

structures shown in the catalysts, MgO and spinel. There were two main crystals belonging to 

spinel structure, MgAl2O4 and Al2O3 (Alabi, 2018). Thus, the Ni/Al2O3 (Ni monometallic catalyst 

supported by Al2O3) and NiCo/spinel (NiCo supported by the MgAl2O4 spinel) catalysts were 

prepared by co-precipitation method at the same conditions with catalysts Ni and NiM2. The 

profiles and the information of the desorption peaks of these catalysts are also shown in Figure 4-

9 and Table 4-7. The number of moderate basic sites on the catalysts supported by MgO-spinel (Ni, 

NiM2) was in the range of 4500-6800 μmol∙g-1, which was much higher than that supported by 

Al2O3 or spinel (Ni/Al2O3 or NiCo/spinel). The number of moderate basic sites on the catalysts 

Ni/Al2O3 and NiCo/spinel was 786 and 580 μmol∙g-1, respectively. 

Since the moderate basic site is associated with M-oxygen pairs, this basic site was related to 

the Mg-O and Al-O pairs on these catalysts and support. To determine the property of moderate 

basic sites, the catalysts Ni/Al2O3 and NiCo/spinel were used to compare with monometallic Ni 

and bimetallic NiM2 catalysts. When there was only Al2O3 working as the support (catalyst Ni-

Al2O3), the moderate basic site was only associated with the Al-O pair in structure of Al2O3. The 

number of basic sites was 786 μmol∙g-1, which was obviously less than that in the catalysts with 

MgO-spinel as the support. It indicated that most of the moderately basic sites on the catalysts 

supported by MgO-spinel were related to the Mg-O pair in MgO or spinel, or Al-O pair in spinel 

instead of Al-O in Al2O3. When the MgAl2O4 spinel was used as support (catalyst NiCo/spinel), 
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the number of the basic sites was only 580 μmol∙g-1. This value was also much less than that on the 

catalysts supported by MgO-spinel (Ni and NiM2). Since on the catalyst NiCo/spinel, the moderate 

basic sites were only related to Mg-O pair and Al-O pair in the structure of spinel, in the catalysts 

of Ni and NiM2, the most moderate basic sites were ascribed to the Mg-O pair in the MgO solution.   

Based on this discussion, the amount of Mg loading is the main factor in the basicity or number 

of basic sites of the catalysts. The addition of M2 to Ni on the Ni-based bimetallic catalysts didn’t 

have much effect on the number of basic sites. But it seemed that adding M2 changed the desorption 

temperature on the moderate peak. Since the chemical composition, metal interaction, and the bulk 

structure all can affect the basicity of the catalysts (Muñoz et al., 2012), in this study, the addition 

of second metal also had chance to alter the strength of the M-O bond, resulting in different CO2-

desorption temperatures. Based on the CO2-TPD curve of the support, the presence of Ni added to 

stronger the strength of the Mg-O bond. The CO2-TPD curve of the catalyst NiMn showed a similar 

trend with that of the support. The catalysts NiCo, NiFe, and NiCu all had weaker moderate basic 

sites belonging to Mg-O pairs in the solution.  

The loading of Mg was the main factor to increase the number of basic sites on the catalysts. 

The addition of second metal also had an impact on the basic sites, mainly the strength of the 

moderate basic sites. But the impact was not as critical as the influence of the second metal on the 

metallic sites. 

4.4 Pulse Adsorption Experiments and Pulling-Pushing Theory 

It had been recognized that CO2 was activated by basic sites on the catalyst surface and that 

CH4 was activated by the metallic sites on the surface (Papadopoulou et al., 2012). Catalyst basicity 

measurement by CO2-TPD showed that when CO2 was adsorbed on the basic sites of the catalyst 
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before reduction, no dissociation of CO2 was observed because there was no CO to be detected in 

TPD exiting gas stream. Obviously in the reaction another factor or driving force, or called pulling 

force, must play roles to “help” the activated CO2 decompose. On the other hand, when CH4 was 

adsorbed on the metallic sites, the breakage of carbon-hydrogen bonds was expected to form 

product hydrogen. The carbon must somehow “pull” an O atom from the activated CO2 to form a 

CO. It can be imagined that either O of the CO2 molecule was “pushed” away from C when CO2 

was adsorbed on the basic sites. Help in “pulling” was needed to pull an O away from the metallic 

site nearby. The remaining CO was released from the basic sites. During the reaction, it was too 

fast to study how the two activated species (reactants) were interacted/reacted. In this section, it 

was hoped that the procedure could be “slowed” down by feeding the two reactants alternatively. 

“Pulse adsorption-reaction” was used to describe this experiment which hopefully, can reveal the 

mechanism of CO2 and CH4 on the relevant catalytic sites and the interaction of the two activated 

species. 

4.4.1 Pulse adsorption experiments  

The adsorption-reaction of CO2 or CH4 occurred at the moment that the reactant reached the 

corresponding sites, thus, the time to trigger the GC to sampling the products was crucial. To ensure 

the GC can sample the most amounts of products, different waiting times before the analysis by 

GC were tested, determining 1 min was the most suitable time. 

CO2 pulse adsorption experiments were conducted with catalysts before and after reduction. 

Catalysts including the material without Ni or other metallic sites before reduction did not give rise 

to any CO based on the TCD minimum detection capacity (no CO can be detected if CO < 0.5 v/v % 

by GC). This indicated no CO2 dissociative adsorption for all the catalyst materials before reduction. 



 

70 

 

However, when the catalysts were reduced for CO2 pulse adsorption, CO production was observed. 

When CO2 molecule had been activated on the basic sites, the C-O bonds were activated but not 

broken. A pulling force was needed to help pull one O atom from it. The reduced metals, when 

close enough to the activated CO2, can play a role in pulling the O away from it through oxidation. 

In other words, activated CO2 can be decomposed only on parts of basic sites. Only those on the 

basic sites that were accessible to metallic sites can. The metal (M2 or NiM2 alloy) properties on 

metallic sites and the contiguity of the metallic sites with basic sites could affect this pulling force 

or effect. Thus, CO formation and how many CO formed per metallic sites can be taken as a 

measure of the CO2 decomposition capacity of a combination of a basic site and a metallic site of 

the catalyst, as well as the rate of CO2 decomposition reaction. 

When CH4 was dissociated on the metallic sites of fresh-reduced catalyst, carbon species (C*) 

and H2 were formed. The latter released immediately, but carbon species stayed on the sites until 

all the metallic sites were covered by it. H2 can be detected in the exhausting gas. The exhaust gas 

was sampled, one minute after feeding CH4 to the reactor, and the H2 production rate was 

determined by a metallic site. This value in the unit of s-1 can be defined as the capacity of CH4 

dissociation on metallic sites, as well as the rate of CH4 dissociation reaction. 

Then the pulse adsorption experiments with pre-adsorbed catalysts were performed. The 

freshly reduced catalyst was first saturated by CH4 through the injection of CH4 into the reactor 

until no CH4 could be chemisorbed by the catalyst. During this process, the carbon species were 

formed via CH4 dissociation on the metallic sites. After the reactor was well purged with N2 to 

remove the unreacted CH4 and produced H2, CO2 was introduced into the reactor. CO2 was 

activated by the basic sites and reduced by active metal and carbon species on the metallic sites. 

Thus, during the CO2 decomposition, the pulling force comes not only from active metal but mainly 
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from the carbon species on the metallic sites. Whether there is a difference in CO formation 

compared to that with reduced catalyst, this difference represents the enhancement or inhibition of 

the CO2 activation by CH4 adsorption on metallic sites. 

A similar experiment was also done with the catalyst, which had been saturated by CO2 and 

purged by N2 to remove unreacted CO2 and produced CO. CH4 was then fed into the reactor, then 

carbon species and H2 were formed on the metallic sites, the latter released immediately. Since 

there were already activated CO2 or oxygen species on the basic sites, the carbon species can be 

oxidized (burned) by them which were sitting on the basic sites nearby this metallic site. The 

difference in hydrogen formation per metallic sites compared to that with reduced catalyst showed 

to have enhancing or inhibiting effect on CH4 dissociation by CO2 adsorption. 

The pulse adsorption experiment results are shown in Table 4.8. The formation rate in the 

Table was the first data collected after one min of the reactant purged into the reactor.  

Table 4-8 The formation rate of H2 and CO over the reduced and pre-chemisorbed catalysts in 

pulse adsorption experiments 

Catalysts 

Formation rate by the fresh-

reduced catalyst (s-1) 

Formation rate by the pre-adsorbed 

catalyst (s-1) 

[CO]1  [H2]1/2  [CO]2/2 [H2]2/2 

Ni 211 105 158 579 

NiCo 909 455 865 1091 

NiMn 300 1000 500 1400 

NiCu 0 222 333 667 

NiFe 109 182 109 327 
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The formation rate (s-1) of CO was calculated based on the number of metallic sites. Since the 

number of basic sites on one gram of catalyst was much higher than that of metallic sites, there 

were some basic sites far away from the metallic sites. Even if these basic sites absorb CO2, they 

may not participate in reaction. Only the basic sites and metallic sites that were close to each other 

participated in the CRM reaction. The number of basic sites involved in the reaction was unknown 

in fact but much closer to the number of metallic sites than that of basic sites. Thus, the CO 

formation rate was calculated based on the number of metallic sites. NiCo catalyst had the highest 

formation rate of CO compared to the NiMn, Ni, and NiFe catalysts. No CO was detected when 

CO2 was injected into the reactor with reduced NiCu catalyst. Among these five catalysts, NiMn 

catalyst had the highest formation rate of H2 activated by a fresh-reduced catalyst on a metallic site, 

which was 1000 s-1. The value for NiCo was also higher, 455 s-1, as compared to those of NiCu, 

NiFe, and Ni catalysts.   

The formation rate of CO with pre-adsorbed NiCo, NiMn, NiCu, Ni, and NiFe catalysts based 

on metallic sites improved as compared to those with fresh-reduced catalyst. These values were 

865, 500, 333, 158, and 109 s-1, respectively. When the CH4 was introduced into the system with a 

pre-adsorbed catalyst with CO2, NiMn and NiCo catalysts had a higher level of formation rate of 

H2 among these catalysts.  

Compared to the Ni catalyst, addition of M2 improved the formation rate of H2 on the metallic 

site, as well as the reaction rate of CH4 dissociation. It was summarized by Bian et al., 2017 as a 

result of the alloy formation. Addition of M2 also changed the reaction rate of CO2 decomposition. 

The addition of Co to the catalyst improved this reaction greatly, which was attributed to the strong 

affinity of Co to oxygen species (Ruckenstein and Wang, 2002). But with NiCu catalyst, there was 

no CO formation. As it was discussed before, this didn’t mean the there was no basic sites present 
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on this catalyst. It meant even with the help of active Ni, Cu, or NiCu alloy on the metallic sites, 

the basic site on catalyst NiCu still cannot push one of oxygen out of the CO2 molecule. It may be 

due to the contiguity of Ni and support not good enough or the activity of metallic sites not strong 

enough. There was only activated CO2 formation, not CO.  

As reported, the relative reaction rate of CH4 dissociation and CO2 decomposition was crucial 

in the evaluation of the stability of the catalyst. On the NiMn, NiCu, or NiFe catalysts, the carbon 

species formation rate was higher than those of the oxygen species formation rate or carbon species 

oxidation rate. The carbon deposition may happen on these catalysts, which was the reason for 

deactivation of these catalysts. However, pulse adsorption experiments showed that only a trace 

amount of H2 or CO was detected in a short period of time when CH4 or CO2 alone was feed to the 

catalytic reactor. Feeding CH4 and CO2 together facilitated continuous operation, producing H2 and 

CO. 

4.4.2 The pulling-pushing theory  

For a reaction such as CO2 reforming of CH4, where two kinds of reactants were activated on 

two types of catalytic sites, respectively, the reactants must be activated on each type of catalytic 

site first. For example, CO2 was activated on the basic site and CH4 was activated on metallic sites. 

Then, the resultant activated species must have interacted with each other such that the reaction 

could proceed and be completed. This step was even more important because how it proceeded 

determined the direction of the reaction and the selectivity of the desired product(s). Since the two 

activated species must interact with each other, the contiguity of the two sites determined this 

interaction qualitatively and quantitatively.  
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Based on the results of pulse adsorption experiments, a theory of pulling-pushing by the 

catalytic sites was proposed to help understand the process of CO2 activation and the CH4 

dissociation. If the activation ability of the sites was defined by “pushing force” or “pulling force” 

for short, “pulling force” or “pulling force” from the other kind of sites was required for the “self” 

sites to be refreshed and the reaction to be continued.  In particular, CO2 could be activated by all 

the basic sites which were assumed evenly distributed. But the basic sites that were involved in the 

reaction were those which were accessible to the metallic ones. During the reaction, CO2 was 

activated on the basic sites. The force from the basic sites was trying to “push” one oxygen atom 

out of the molecular CO2. But one of the oxygen atoms didn’t go until the “pulling force”, the 

carbon species (C*) or active metal on metallic sites, pulled one oxygen atom away. On the other 

hand, CH4 was dissociated to carbon species and H2 on the metallic sites by “pushing”. The carbon 

stayed on the metallic sites. It didn’t go and the CH4 dissociation stopped until there was a pulling 

force to “draw away (burn)” the carbon species. This “pulling force” can be supplied by the 

activated CO2 formed from CO2 activation on the basic sites. The pushing force was determined 

by the properties of the site themselves. The pulling force is determined by the properties of the 

other site, and the contiguity of one kind of sites to the other kind.  

Then the results of pulse adsorption experiments have a new way to explain using pushing 

and pulling forces from each catalytic site, which are shown in Table 4-9. The force here is 

represented by the formation rate of CO or H2 in a unit of s-1.  
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Table 4-9 The pulling or pushing forces from metallic or basic sites based on the pulse adsorption 

experiments. 

Catalysts  Ni NiCo NiMn NiCu NiFe 

Pushing force to O* from basic sites 

or Pulling force to O* from metallic 

sites  

211 909 300 0 109 

Pushing force to C* from metallic 

sites or Pulling force to C* from 

basic sites 

105 455 1000 222 182 

Pushing force to O* from basic sites 

and Pulling force to O* from C* 
158 865 500 333 109 

Pushing force to C* from metallic 

sites or Pulling force from CO2* or 

O* 

579 1091 1400 667 327 

Numbers of basic sites around one 

metallic site 
5.5 2.4 1.4 3.0 1.8 

 

The pulse adsorption experiments provided quantitative or semiquantitative measurement of 

the pushing force and pulling force. When CO2 was fed to fresh reduced catalysts, the pulling force 

may be given by reduced metals. When CO2 was fed to the catalysts to which CH4 had been 

adsorbed previously, the pulling force was given by C* on metallic sites, leading to the formation 

of another CO. The pulling force by different species on metallic sites can be quantified by the 

formation rate of CO when CO2 was fed to catalysts reduced or adsorbed by CH4. On the other 

hand, the pushing force of metallic sites to CH4 can be quantified by the formation rate of H2 with 

reduced catalysts. The pulling force by activated CO2 can be quantified by the H2 formation rate 

with pre-adsorption of CO2.  

The comparison of the oxidizing ability of CO2 species on the basic sites surrounding the 

metallic particles, which was the pushing force from basic sites, and the pushing force of the 

metallic sites to C* can give the stability information of the catalyst. Meanwhile, the comparison 
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of the H2 production rates with freshly reduced catalyst and pre-chemisorbed catalysts by CO2, the 

contiguity of two catalytic sites on different catalysts can be determined. During the pulse 

adsorption reaction with the pre-chemisorbed catalyst, CH4 was introduced into the reactor. CH4 

was activated by the metallic sites to form carbon species and H2, the latter released immediately. 

Since there were already activated CO2 or oxygen species on the basic sites, the carbon species can 

be oxidized (burned) by activated CO2 or oxygen species which sat on the basic sites nearby this 

metallic site. Then the metallic sites were regenerated. Then CH4 dissociation and carbon species 

oxidation happened repeatedly until there was no activated CO2 or oxygen species left on the basic 

site which can access the metallic sites. The value of the H2 formation rate on a metallic site with 

freshly reduced catalyst represented how much H2 could be formed on one metallic site with 

occurrence of one time of CH4 dissociation. Then, the value of the H2 formation rate on a metallic 

site with the pre-chemisorbed catalyst with CO2 represented how much H2 could be formed on one 

metallic site with the occurrence of several times of CH4 dissociation. Thus, the ratio of these two 

values (the latter value to the former) was how many times the CH4 dissociation and carbon species 

oxidation happened. Assuming that there was only one oxygen species or activated CO2 adsorbed 

on each nearby basic site, then the ratio was also the number of basic sites around one metallic site. 

As the results shown in Table 4-9, the value of the pulling force from carbon species is also 

related to the contiguity of two catalytic sites. Since the NiMn, NiCu, and NiCo catalysts had 

smaller Ni particle formation, and most of the particles were smaller than 9 nm, these catalysts 

showed stronger pulling force from carbon species to reduce CO2 activated on the basic sites. The 

Ni and NiFe catalysts on the contrary, had less Ni particles which were smaller, most of the metallic 

sites were too far from the basic sites. Thus, the average pulling force of carbon species was weaker. 

As discussed, the contiguity was expressed by the ratio of [H2]2/2 and [H2]1/2, as well as how many 
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times the CH4 dissociation and carbon species oxidation happened and the number of basic sites 

were around one metallic site. Compared to the monometallic Ni catalyst, this value decreased with 

the addition of Cu and Co, from 5.5 to around 2.7, then decreased further by adding Fe and Mn to 

around 1.6. It seemed that the addition of M2 decreased the number of basic sites around a metallic 

site. 

4.5 Catalyst Performances 

The activity and stability of the catalysts were investigated under the condition of 750 °C, 1 

atm, and GHSV of 110 L∙gcat
-1∙h-1, and the results were reproducible. According to the 

thermodynamic calculation, the equilibrium conversion of CH4 was 91.5 % at this reaction 

condition (Zhang et al., 2007). The CH4 conversions of monometallic Ni and bimetallic NiM2 

catalysts are shown in Figure 4-10. The addition of Co, Mn, and Cu to Ni on the Ni-based catalysts 

improved the initial conversion of CH4, with the highest value of 89 % on NiCo. However, Fe 

decreased the initial conversion of CH4 as compared to the catalyst Ni. The conversion of CO2 with 

NiCo was close to those from our earlier work (Zhang et al., 2007) and much better than those 

reported in recent years (Bian et al., 2017). 
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Figure 4-10 CH4 conversion as a function of time-on-stream over monometallic Ni and bimetallic 

NiM2 catalysts 

According to the amount of CO uptake from the CO chemisorption, turnover frequency (TOF) 

of CH4 based on the metallic sites on the surface of the catalysts was calculated, which is shown in 

Figure 4-11 (a). Among these five catalysts, the NiMn, NiCu, and NiCo catalysts showed higher 

initial TOFCH4 at the level of 35-40 s-1. However, the value of Ni was only 17 s-1, and that of NiFe 

was the lowest, 5 s-1. Only NiCo and Ni catalysts were stable during the reaction. NiMn, NiCu, and 

NiFe catalysts were deactivated after 14 h, 9 h, and 3 h since the reaction began. TOF represents 

the reaction rate on every active site. The activity of every active sites is supposed to be the same 

during the reaction. Thus, the change on the TOF is due to the change of number of active sites 

which are working. In other words, the decrease of TOF is because that some of the active sites are 

deactivated. 

TOFCO2 based on basic sites and metallic sites were all calculated, which are shown in Figure 

4-13 (b and c). The former was very low and the latter displayed the same trend with TOFCH4. A 
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comparison between the amounts of CO and CO2 chemisorption indicates that the number of basic 

sites is much greater than that of the metallic sites. As mentioned in pulse adsorption experiments, 

those basic sites were far away from the metallic sites, even though they may have adsorbed CO2, 

could not participate in the reaction. Thus, only a small portion of the basic sites participated in the 

reaction. In other words, metallic sites had to be involved to pull the O from activated CO2 to 

compete its conversion. The basic sites and metallic sites that were close to each other (close 

enough to enable the pulling force to play a role) made the CO2 reforming of CH4 reaction 

completed. The number of basic sites involved in the reaction was unknown in fact but much closer 

to the number of metallic sites than that of basic sites. Therefore, it did make sense to use TOFCO2 

based on the metallic site number to express the reaction rate of CO2 on the active site. The CO2 

reaction rate based on metallic sites (Figure 4-13 (c)) showed the same trend with the CH4 reaction 

rate based on metallic sites. The agreement between CH4 and CO2 reaction rate based on metallic 

sites indicated that pushing and pulling forces worked together.  
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Figure 4-11 Activity and stability of monometallic Ni and bimetallic NiM2 catalysts at reaction 

condition: T = 750 °C, P = 1 atm, GHSV = 110 L∙gcat
-1h-1, CH4/CO2/N2 = 1/1/1, 0.05 g catalyst. (a) 

TOF of CH4 reacted based on the metallic sites on the surface of the catalysts; (b) TOF of CO2 

reacted based on the basic sites on the surface of the catalysts; (c) TOF of CO2 reacted based on 

the metallic sites on the surface of the catalysts. 

To determine the relationship between the activity of metallic sites and the contiguity of the 

metallic sites to the basic ones, the correlations of initial TOFCH4 and TOFCO2, and the average size 

of metallic particles are shown in Figure 4-13. The catalysts with smaller metallic sites had a higher 

initial reaction rate based on the metallic sites. During the reaction, CH4 dissociation happened on 

the metallic sites to form carbon species. On the catalyst with larger metallic particles, more 

metallic sites isolated in the center of particles surface cannot access to the basic sites around. There 

were not enough activated CO2 supplied to the metallic sites. In other words, the contiguity of basic 

and metallic sites was not good enough. Then the extra carbon species gathered and formed coke. 

The metallic sites far from the basic sites were encapsulated by coke and deactivate, resulting in 

low TOFCH4 and TOFCO2. 
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Figure 4-12 Correlations of initial TOFCH4 and TOFCO2 and the average size of metallic particles 

The deactivation of the NiMn, NiCu, and NiFe catalysts are due to the formation of the coke 

(Arora and Prasad, 2016). The deactivation of NiFe catalyst can be due to the poor contiguity of 

basic and metallic sites, which was by much bigger particles formed. Most of metallic sites were 

far away from the basic site, as well as oxygen species or activated CO2, resulting to cover by the 

carbon species. The deactivation of NiMn, NiCu, and NiFe catalysts can be also explained based 

on the results of pulse adsorption experiments. As it was discussed before, the relative reaction rate 

of CH4 dissociation and CO2 decomposition was crucial for the carbon formation, resulting in the 

deactivation of the catalysts. The summary of the rate of each reaction from the pulse adsorption 

experiments and the catalysts’ deactivation in the experiments is shown in Table 4-10. The reaction 

rate of CO2 decomposition was higher than that of CH4 dissociation over the NiCo and Ni catalysts. 

Thus, these two catalysts were stable during the reaction. On the contrary, the reaction rate of CO2 

decomposition was lower than that of CH4 dissociation over the NiMn, NiCu, and NiFe catalysts, 

which resulted in the deactivation of these three catalysts in a short time after the reaction began. 
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This also can be explained with the pushing-pulling theory. When the oxidizing ability of CO2 

species on the basic sites surrounding the metallic particles, which was the pushing force from 

basic sites, was stronger than the pushing force of the metallic sites to C*, the catalysts were carbon-

resistant. 

Table 4-10 The relative reaction rate of CH4 dissociation and CO2 decomposition and deactivation 

of catalysts  

Catalysts  
CH4 

dissociation 

CO2 

decomposition 
Relative reaction rate t1/2 

Ni 105 211 CH4 dissociation < CO2 decomposition - 

NiCo 455 909 CH4 dissociation < CO2 decomposition - 

NiMn 1000 300 CH4 dissociation > CO2 decomposition 5.8 h 

NiCu 222 0 CH4 dissociation > CO2 decomposition 2.3 h 

NiFe 182 109 CH4 dissociation > CO2 decomposition 1.7 h 

It was believed that reverse water-gas shift reaction was the main side reaction that led to the 

H2/CO ratio below one in CO2 reforming of CH4. However, the study on the H2/CO ratio with those 

three deactivating catalysts gave a different result. The results of the H2/CO molar ratio as a 

function of time-on-stream over monometallic Ni and bimetallic NiM2 catalysts are shown in 

Figure 4-12. Among these five catalysts, the NiCo catalyst had the highest selectivity to the CRM 

reaction with the ratio of H2/CO of 1 (initial) and 0.95 (20 h). The ratio of H2/CO over the catalyst 

Ni was around 0.85 during the reaction. The value with NiMn, NiCu, or NiFe catalysts decreased 

with the decrease of CH4 reaction rate and the deactivation of the catalysts. 
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Figure 4-13 H2/CO molar ratio as a function of time-on-stream over monometallic Ni and 

bimetallic NiM2 catalysts 

For those three fast deactivating catalysts, NiMn, NiCu, and NiFe, it was noticed that when 

the H2/CO ratio was 0.5, the TOF of CO2 was 1.5 times than that of CH4. If the reverse water gas 

shift reaction occurred as the side reaction, when the H2/CO ratio was 0.5, the TOF of CO2 to that 

of CH4 should be 5/3. Another explanation was that there was not only C* formed from CH4 

dissociation, but also methyl-like species (CHx*) formed. The later may also react with CO2 on 

basic sites. During the CO2 reforming of CH4 over the fast deactivating catalysts, the following 

reactions that might occur.  

CH4 + metallic sites (S) → S*C + 2H2                                                                                  4-1 

and,  

CH4 + S → S*CHx (using S*CH4 extremely)                                                                       4-2 

Then the activated CO2 (CO2*) reacted with S*C to form CO and released the metallic sites, 
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CO2* + S*C → 2CO + S                                                                                                      4-3 

or the activated CO2 reacted with S*CH4 to form CO and H2O, and left carbon on the metallic 

sites. 

2CO2* + S*CH4 → 2CO + 2H2O + S*C                                                                               4-4 

This mechanism could perfectly explain the results of CH4 and CO2 TOF and H2/CO ratio. 

According to the steps of CRM reaction, the degree of methane decomposition depended on the 

active metal and the nature of the support (Papadopoulou et al., 2012). Thus, the reason for methyl-

like species (S*CHx) formation instead of S*C on these catalysts, NiMn, NiCu, and NiFe, may due 

to the weaker pushing force of metallic sites as compared to that of Ni and NiCo catalysts.  

4.6 Catalyst Study with Larger Metallic Particles 

Section 4.5 showed that there was an obvious correlation between initial TOF of CO2 and CH4 

and the average metallic particle size. The average metallic particle size somehow reflected the 

contiguity between basic sites and metallic sites. The smaller metallic particles resulted in more 

metallic sites close to or next to basic sites. To confirm this correlation, a higher reduction 

temperature, 850 °C, was used to purposely make the metallic particles larger. XANES was used 

to confirm the extent of reduction of Ni and second metal elements for monometallic Ni catalyst 

and bimetallic NiM2 catalyst. TEM was used to quantify the metallic particle size for all five 

catalysts. 

4.6.1 Reduction properties of active metals by XANES at higher reduction temperature  

The spectra of Ni, Co, Mn, Cu, and Fe K-edge XANES of catalysts reduced at 850 °C are 

shown in Appendix G. The Ni, Co, Mn, Cu, and Fe K-edge XANES LCF in the range of -20 to 
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+30 eV of edge energy of the catalyst Ni and bimetallic catalysts NiM2 after their reduction at 

850 °C for 4 h are shown in Table 4-11. 

Table 4-11 The metal and metal oxide content in catalysts reduced at 850 °C for 4 h measured by 

the linear combination fitting of XANES. 

Catalysts  Ni0/Ni2+ Co0/Co2+/Co3+ Mn0/Mn2+/Mn4+ Cu0/Cu+/Cu2+ Fe0/Fe2+/Fe3+ 

Ni 0.77/0.23     

NiCo 0.70/0.30 0.55/0.45/0    

NiMn 0.69/0.31  0.10/0.46/0.44   

NiCu 0.65/0.34   0.41/0/0.59  

NiFe 0.76/0.24    0.82/0/0.18 

 

Compared to the metal content of Ni and M2 in the catalysts reduced at 750 °C, more Ni and 

M2 were reduced at higher reduction temperature (850 °C). The extents of reduction of Ni in the 

monometallic Ni and bimetallic NiM2 catalysts were similar, from 0.65 to 0.77, indicating that at 

high reduction temperature, 850 °C, the extent of Ni reduction was not affected by M2. There were 

two times of Co2+ reduced at 850 °C as compared that at 750 °C. But the reduction extents of Mn4+, 

Cu2+ in different reduction temperatures were similar, indicating that a part of Mn4+, Cu2+ was easy 

to be reduced at a lower temperature, and the other part cannot be reduced even at high reduction 

temperature. The extent of reduction of Fe3+ increased from 0.64 at a reduction temperature of 

750 °C to 0.82 at the reduction temperature of 850 °C. 
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4.6.2 Particles formed at a higher reduction temperature 

The information on metallic particle size, especially the percentage of particles whose size 

was smaller than 9 nm, was used to study the contiguity of metallic and basic sites. The TEM 

images of the monometallic Ni and bimetallic NiM2 catalysts reduced at 850 °C and their metallic 

particle size distributions are shown in Appendix G. The metal particle size and distribution of the 

reduced catalysts investigated from the TEM images are given in Table 4-12. 

Table 4-12 Average particle size and particle size distribution from the TEM micrographs of 

catalysts reduced at 850 °C 

Catalysts Average particle size, nm Relative percentage < 9 nm, % 

Ni 8.5 70.3 

NiCo 7.6 70.2 

NiMn 9.3 55.0 

NiCu 7.4 85.7 

NiFe 10.7 35.7 

 

With the increase in reduction temperature, the metallic particles formed on Ni or NiM2 

catalysts became larger. The changes of particle size on the Ni and NiCu were not substantial with 

different reduction temperatures, from 8.1 and 7.1 nm (reduced at 750 °C) to 8.5 and 7.4 nm 

(reduced at 850 °C). The percentage of particles smaller than 9 nm on these two catalysts didn’t 

decrease much, either. Compared to the NiCo bimetallic catalyst reduced at 750 °C, the catalyst 

reduced at 100 °C higher formed larger particles with the average size of 7.6 nm, and the percentage 

of particles smaller than 9 nm decreased from 100 % to 70 %. However, the particles formed on 

the NiMn and NiFe catalyst reduced at 850 °C were much larger than those reduced at 750 °C, with 
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the increase in average size from 5.8 and 9.0 nm to 9.3 and 10.7 nm, respectively. Thus, the 

contiguity of basic and metallic sites on monometallic Ni and bimetallic NiM2 catalysts was 

changed or got worse with higher reduction temperature. 

4.6.3 Performance of catalysts reduced at a higher temperature 

The activity and stability of the catalysts were investigated under the condition of 850 °C, 1 

atm, and GHSV of 110 L∙gcat
-1∙h-1, which are shown in Figure 4-14.  
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Figure 4-14 Activity and stability of Ni monometallic and NiM2 bimetallic catalysts at reaction 

condition: reduction T=850 °C, reaction T = 750 °C, P = 1 atm, F = 90 mL/min, CH4/CO2/N2 = 

1/1/1, 0.05 g catalyst. (a) TOF of CH4 reacted based on the metallic sites on the surface of the 

catalysts; (b) TOF of CO2 reacted based on the metallic sites on the surface of the catalysts. 
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The Ni catalyst was stable during the reaction period, with the TOF based on the number of 

metallic sites on CH4 of 21 s-1. However, the Ni-based catalysts with the addition of Mn, Cu, and 

Fe, deactivated during the reaction, and the NiCo catalyst also appeared the trend of deactivation. 

The TOF of CO2 based on the number of metallic sites are also shown in Figure 4-13. The trend of 

this curve was similar to the TOF of CH4. 

Since the increase of reduction temperature led to higher metallic Ni and M2 contents in the 

reduced NiM2 catalysts, the larger metallic particles were formed on the catalysts. With larger 

particle formation, more metallic sites were far away from the basic sites. These metallic sites were 

hard to access to the basic sites. There were not enough oxygen species or activated CO2 supplied 

to oxidize the carbon species formed on the metallic sites, resulting in the coke formation and 

deactivation of the catalysts (El Hassan et al., 2016; Ahmad et al., 2017). 

This study determined that the bigger metallic particle, as well as the poor contiguity of 

metallic sites and basic ones, was an important factor that aggravates carbon formation and 

deactivation of the catalysts. 

4.7 Catalyst Study with Different Support 

The contents in Chapter 4 so far focused on the metallic particle size and the potential 

quantification of their contiguity with basic sites, and how they work together to impact the 

catalytic performance. There was still a lack of geographic information on where the basic sites 

were, where the metallic sites were and where they were potentially together. 

From earlier work (Alabi, 2018), four catalyst samples were chosen to study these questions. 

The bulk structures of the four samples were chosen such that two samples had spinel structures 

only (gamma-Al2O3 showed spinel structure), and two had the combination of MgO solid solution 
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structure and spinel structure (MgO-spinel). Over each structure, Ni metallic sites, and the other 

had bimetallic NiCo sites were present. The catalysts were Ni catalysts supported by Al2O3 and 

MgO-spinel, and NiCo catalysts supported by spinel and MgO-spinel. 

4.7.1 Extent of reduction of metals 

The bulk properties of catalysts Ni/Al2O3, Ni/MgO-spinel, NiCo/spinel, and NiCo/MgO-

spinel are shown in Appendix H. The Ni and Co K-edge XANES of reduced catalysts were scanned. 

XANES linear combination fitting (LCF) in the range of -20 to +30 eV of edge energy was used 

to provide quantitative results, shown in Table 4-13. The results indicated that the reduction rate 

of both Ni and Co increased with an increase in the Mg/Al ratio in the catalysts. The presence of 

MgO increased the reduction of both Ni and Co, significantly. Spinel structure led to no Co 

reduction and a few percentages of Ni reduction.  

Table 4-13 Extent of Ni and Co reduction in catalysts 

Catalysts Ni (%) NiO (%) Co (%) CoO (%) 

Ni/Al2O3 33 67 - - 

Ni/MgO-spinel 88 12 - - 

NiCo/spinel 12 88 2 98 

NiCo/ MgO-spinel 90 10 32 68 

 

4.7.2 Number of metallic and basic sites 

The properties of metallic sites and basic sites studied by CO chemisorption and CO2-TPD 

are shown in Table 4-14. With the addition of MgO as the support of Ni catalyst, the number of 
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metallic sites increased from 5 to 15 μmol∙g-1, and that of moderate basic sites increased from 786 

to 6810 μmol∙g-1. Similar trend displayed on the NiCo/spinel and NiCo/MgO-spinel catalysts. The 

number of metallic sites on NiCo/spinel was 9 μmol∙g-1, and the value of NiCo/MgO-spinel catalyst 

was 24 μmol∙g-1. The number of the moderate basic sites on the NiCo/spinel catalyst was 580 

μmol/g, the value of the NiCo/MgO-spinel catalyst was 5878 μmol/g. From the study of these two 

sets of catalysts, it was determined that the support had some influence on the properties of metallic 

sites, but much more on the basic sites. 

Table 4-14 Properties of metallic sites of catalysts from the analysis of CO chemisorption, and 

basic properties of catalysts based on CO2-TPD analysis. 

Catalysts 

Metallic sites Basic sites 

Number 

(μmol∙g-1) 

Metal 

dispersion 

(%) 

Weak basic sites 
Moderate basic 

sites Total 

number 

(μmol∙g-1) 
T (°C) 

Number 

(μmol∙g-1) 
T (°C) 

Number 

(μmol∙g-1) 

Ni/Al2O3 5 0.9 136 218 318 786 1004 

Ni/MgO-

spinel 
15 1.5 147 20 423 6810 6830 

NiCo/spinel 9 1.4 130 184 333 580 764 

NiCo/ 

MgO-spinel 
24 1.7 129 101 339 5878 5979 

 

4.7.3 Distribution of the active metal on the support 

The quantitative analysis of the STEM-EDX images was used to study the contiguity of the 

basic and metallic sites (Alabi, 2018). Figure 4-15 shows the elements Al and Mg distributed on 
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the catalyst Ni/Al2O3. The Ni displayed a non-homogeneous distribution on the support of Al2O3. 

There was phase segregation of Ni with a bigger particle size formation.  

   

Figure 4-15 STEM-EDX of Ni/Al2O3 catalyst. Ni and Al interaction  

The distribution of elements Al, Mg, and Ni on the catalyst are displayed in Figure 4-16. After 

the support was modified by MgO, the distribution of Ni on the surface of support was much better. 

Based on the result of the line scan, the intensity peaks of Ni seem not to be “linked” to Al, yet Ni 

showed a potential maximum where the Mg maximum was found. Thus, compared to the Ni phase 

distributed on the Al, it showed better distribution on the Mg phase. 
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Figure 4-16 STEM-EDX of Ni/MgO-spinel catalyst. Ni and Al interaction, Ni and Mg interaction, 

Mg and Al interaction 

The images determined that on the support Al2O3, the Ni and Al interaction was not strong 

enough to have a homogeneous distribution of Ni phase. Then on the support MgO-spinel, the 

interaction of Ni and Al was much improved by the modification of MgO. The Ni phase also had 

stronger interaction with Mg. There was a correlation between Ni and Mg. As a conclusion, the 
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interaction of active metal and support on the catalysts Ni-Al2O3 and Ni/MgO-spinel was different, 

further, the contiguity of basic and metallic sites was different. As discussed before, the MgO phase 

was the main basic sites on the catalysts. Thus, the metallic sites of catalyst Ni/MgO-spinel can 

more easily access the main basic sites due to the stronger interaction, as well as the better 

correlation between Ni and Mg. 

This conclusion had also been confirmed by the comparison of NiCo catalyst supported by 

spinel and MgO-spinel. The distributions of each element on the catalysts NiCo/spinel were studied 

by STEM-EDX and shown in Figure 4-17. The Al atoms were concentrated in a few spots, so were 

the most of Mg, Ni, and Co atoms. Mg, Ni, and Co can form spinel with Al. However, Mg, Ni, and 

Co were seen everywhere other than where Al was. This part was too small to be detected by XRD. 

The spinel phase (MgAl2O4) was as the support for this catalyst, and barely MgO solid existed 

according to the XRD analysis, which was the reason for the Al and Mg phases staying together. 

The active metals, Ni and Co dispersed well on the support.  
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Figure 4-17 STEM-EDX of NiCo-spinel catalyst.  
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The distributions of each element on the catalysts NiCo/MgO-spinel were also studied by 

STEM-EDX. The results are shown in Figure 4-18. It was obvious that the distribution of Al was 

very different from that of elements Mg, Ni, and Co. The latter three elements stayed in the same 

location. According to the XRD analysis of this catalyst, there were two phases, spinel and MgO. 

The difference between Al and Mg distribution was due to the fact that these two elements were 

not in the same structure. The Al only stayed in the structure of spinel, but Mg also stayed in the 

MgO phase. 

The catalyst particle shown in Figure 4-19 was divided into six parts. In parts A, more Al 

gathered in these areas than the other three elements. Oppositely, Mg along with Ni and Co 

displayed more in parts B. It indicated that the active metals Ni and Co had a stronger interaction 

with Mg, instead of with Al. The element Mg was mostly in the structure of the MgO solid solution, 

which was the main basic site working during the reaction. Thus, in part B, Ni and Co can have 

better interaction with the MgO, as well as better correlation with MgO, implying good contiguity 

of metallic and main basic sites.  

To quantity the elements’ content in each part, the mean grey value was determined using 

software ImageJ. Then the contents of the element were calculated and shown in Table 4-15. There 

was more Al in part A, with the molar percentage of 16.8, but the value in part B was 13.6. On the 

contrary, the contents of Mg, Ni, and Co were more in part B than in part A. There were 38.2 mol% 

of Mg, 2.7 mol% of Ni and 3.0 mol% of Co in part B, but the values in part A were 22.6, 1.2 and 

1.9 mol%, respectively. The Mg/Al ratio was 0.8 in part A and 1.6 in part B. 

As it was proposed, the measurement of elements’ content in different parts also confirmed 

that most of Mg was not in the same structure with Al. The Mg/Al ratio even determined that the 

main structure of support in part A was spinel, but MgO solid in part B. Since the MgO was the 
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stronger basic sites on the catalysts and mainly in part B, the CRM reaction will mainly happen on 

part B instead in part A. 

  

  

Figure 4-18 STEM-EDX of NiCo- MgO-spinel catalyst.  
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Figure 4-19 STEM-EDX of NiCo/MgO-spinel catalyst to calculate the element content in each 

part.  
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Table 4-15 The element content in different parts of the catalyst. 

Parts 

Mole (%) 

Mg/Al ratio 

Al Mg Ni Co 

A 16.8 22.6 1.2 1.9 0.8 

B 13.6 38.2 2.7 3.0 1.6 

 

4.7.4 Performance of the catalyst 

The activity and stability of Ni/Al2O3 and Ni/MgO-spinel catalysts were investigated under 

the condition of 755 °C, 1 atm, and GHSV of 1200 L∙gcat
-1∙h-1. The reaction rate of CH4 as a function 

of time-on-stream based on the number of metallic sites is shown in Figure 4-20.  The catalyst 

Ni/Al2O3 had a lower reaction rate of 1.8 mmol∙ gcat
-1∙s-1 as compared to 3.8 mmol∙ gcat

-1∙s-1 with 

catalyst Ni/MgO-spinel. The same trend was seen in the performance of NiCo supported by spinel 

and MgO-spinel. The activity and stability of these two catalysts are shown in Figure 4-21. the 

reaction rate of CH4 over the catalyst NiCo/spinel was around 1.0 mmol∙ gcat
-1∙s-1, however that 

over catalyst NiCo/MgO-spinel was much higher, around 4.2 mmol∙ gcat
-1∙s-1. Among these four 

catalysts, only NiCo/spinel had a trend of deactivation.  It determined that the emergence of 

moderate basic sites, more metallic sites, and good contiguity of these two catalytic sites in catalyst 

Ni/MgO-spinel and NiCo/MgO-spinel led them to have higher catalytic activity in terms of per 

gram of catalyst as compared to catalysts Ni/Al2O3 and NiCo-spinel. 
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◆Ni/MgO-spinel   ▲Ni/Al2O3 

Figure 4-20 Activity and stability of Ni/Al2O3 and Ni/MgO-spinel catalysts at reaction condition: 

T = 755 °C, P = 1 atm, GHSV = 1200 L∙gcat
-1∙h-1, CH4/CO2/N2 = 1/1/1. The reaction rate of CH4 as 

a function of time-on-stream (Alabi, 2018). 

 

●NiCo/MgO-spinel   ■NiCo/spinel 

Figure 4-21 Activity and stability of NiCo/spinel and NiCo/MgO-spinel catalysts at reaction 

condition: T = 755 °C, P = 1 atm, GHSV = 1200 L∙gcat
-1∙h-1, CH4/CO2/N2 = 1/1/1. The reaction rate 

of CH4 as a function of time-on-stream (Alabi, 2018). 
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4.8 Conclusion 

In this chapter, the effects of the different second metallic components in addition to Ni in the 

NiM2 (M2=Co, Mn, Cu, and Fe) bimetallic MgO-spinel structure catalysts on their catalytic 

performances in CO2 reforming of CH4 were studied. The study led to the understanding not only 

on the CO2 catalytic activation mechanism but also on the interaction between species on basic 

sites and metallic sites. The study also led to one’s thinking of contiguity, the geographic 

distribution and orientation of the basic sites and metallic sites, of the catalysts when dual sites or 

multiple sites participate in reactions. Here were some conclusions that were drawn from this study: 

1. By using the coprecipitation method, a highly stable CO2 reforming of CH4 catalyst was 

created. MgO determined the number and strength of the basic sites of the catalysts. It 

also determined the reduction behavior of Ni and other metallic elements that form 

metallic sites after reduction. The use of the second metal or other metal elements chosen 

from Co, Cu, Fe, and Mn affected the metallic particle sizes and it also affected the 

basicity of the catalysts slightly. A look at a group of catalysts with varying contents of 

Mg revealed that stronger basic sites, or moderate basic sites according to CO2-TPD, were 

on the MgO solid solution phase in the catalysts. The metallic sites were there, too. This 

granted that the catalyst with good contiguity of the two types of sites works for CO2 

reforming of CH4. 

2. The order of initial TOF of CO2 and CH4 based on the number of metallic sites with 

respect to the second metal was NiMn > NiCu > NiCo > Ni-monometallic > NiFe. This 

also had a good correlation with the average metallic particle size. The smaller particles 

had more chances for metallic sites in them to contact basic sites around them, as well as 

good contiguity of metallic and basic sites, thus leading to higher activities. 
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3. The deactivation behavior of the catalysts was explained by a pushing-pulling theory 

proposed in this study. The pushing force and pulling force of the catalytic sites were 

quantified from the pulse adsorption-reaction experiments. A stable, or good carbon-

resistant catalyst had to be such that the pulling force, i.e., the oxidizing ability of CO2 

species on the basic sites surrounding the metallic particles, was stronger than the pushing 

force of the metallic sites to CH4. 

4. The analysis resulted in a new understanding of the reaction and side reaction of the CO2 

reforming of CH4 system. It was believed that reverse water-gas shift reaction was the 

main side reaction that led to the H2/CO ratio in CO2 reforming of CH4 below one. This 

study revealed that the incomplete dissociation of CH4 on the metallic sites should be 

blamed. Two activated C-H bonds on metallic sites react with one activated CO2 to form 

one CO, two H2O, and one carbon on the metallic sites, which resulted in carbon 

deposition and catalyst deactivation. 
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CHAPTER 5 CO2 Catalytic Activation for CO2 Hydrogenation to 

Synthesize Methanol over ZnO Over-coated Cu/SiO2 Catalysts 

 

 

Based on the literature study, it had been recognized that during the reaction of CO2 

hydrogenation for methanol synthesis over the Cu-ZnO catalyst, CO2 was activated by one type of 

sites, say ZnO or ZnO related, which was the basic sites, and H2 by another type, say metallic Cu 

or Cu related, which was the metallic sites. The metallic sites and basic sites must be next to each 

other to form the right structures to facilitate the formation of methanol. If not, the two catalytic 

sites may form the wrong structures to help the formation of CO. Different catalysts for this 

reaction were developed, but no one had proposed a catalyst can show both high CO2 conversion 

and selectivity to methanol until now. More works are needed to be done to study CO2 catalytic 

activation in this reaction, especially on the aspect of the contiguity of the catalytic sites. 

For the reaction of CO2 hydrogenation to produce methanol, which involved two reactants to 

be activated on different types of activation sites, not only the number and activity of the sites but 

also the site distribution and orientation, namely site contiguity, determined the reaction 

mechanism and kinetics. Thus, the study to determine the effect of the contiguity of basic and 

metallic sites on the catalytic performance was necessary. To study the effects of the neighborhood, 

the accessibility, and the orientation of these two types of sites, two extreme catalyst models were 

proposed. The first model of catalyst contained isolated Cu particles distributed in a layer of ZnO 

atoms, and the second showed isolated ZnO phases distributed in a layer of Cu or surrounded by 
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sufficient Cu nanoparticles. In this part of the work, only the first model was studied due to the 

limitation of equipment. 

In this part, the Cu-ZnO catalysts containing isolated Cu-related particles distributed in ZnO 

atoms with different distribution were studied to investigate the influence of distribution and 

uniformity of metallic Cu particles and ZnO, and their contiguity on the catalyst activity and 

selectivity to methanol. 

Part of the contents in this chapter has been published in Catalysis cited blow. 

Citation: Gao, J.; Boahene, P. E.; Hu, Y.; Dalai, A.; Wang, H. Atomic Layer Deposition Over-

coated Cu-ZnO Catalysts for Methanol Synthesis from CO2 Hydrogenation. Catalysts 2019, 9(11), 

922 

Contribution of authors: Conceptualization, J.G. and H.W.; Data curation, J.G.; Formal 

analysis, J.G.; Funding acquisition, H.W. and A.D.; Investigation, J.G. and P.B.; Methodology, 

J.G.; Resources, Y.H., A.D. and H.W.; Supervision, H.W. and A.D.; Writing—original draft, J.G.; 

Writing—review and editing, P.B., Y.H., A.D. and H.W. 

5.1 Formation of Cu Particles with Uniformed Distribution 

To develop the Cu-ZnO catalysts with isolated Cu particles and ZnO atoms with a different 

distribution, the Cu particles were prepared first. In this section, the Cu particles had been prepared 

with the different methods, dry impregnation or strong electronic adsorption, at different 

calcination temperatures, 250 °C or 500 °C, and with different reduction temperatures, 250 °C or 

500 °C. Then, the sample with uniformed Cu particles was chosen as the precursor to over-coated 

ZnO and further studied in the next section. 
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5.1.1 Reduction properties of samples from H2-TPR 

The H2-TPR results of samples Imp-5Cu-CT250, Imp-5Cu-CT500, SEA-5Cu-CT250, SEA-

5Cu-CT500, SEA-10Cu-CT250 and SEA-10Cu-CT500 are shown in Figure 5-1. For samples 

calcined at 250 °C, two hydrogen consumption peaks were observed at the range of 186-194 °C 

(referred to as α-peak) and 206-240 °C (β-peak) in the H2-TPR profile. For samples calcined at 

500 °C, there was only one hydrogen consumption peak displayed at 180 °C (Imp-5Cu-CT500 and 

SEA-10Cu-CT500) or 240 °C (SEA-5Cu-CT500). The consumption peak area of samples calcined 

at 500 °C was much smaller than that of samples calcined at 250 °C.  

 

Figure 5-1 H2-TPR profiles of samples prepared by Imp or SEA method with different Cu content 

and different calcined temperature. 

On the basis of literature, the α-peak was ascribed to the reduction of the highly dispersed 

CuO phases (Ren et al., 2015; Din et al., 2017), while the β-peak was attributed to the reduction of 

the CuO species having relatively stronger interactions with the support (Ren et al., 2015). Imp-

5Cu-CT250 sample was prepared by impregnation results in more formation of the dispersed CuO 
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species, shown by the higher α-peak intensity. SEA-5Cu-CT250 and SEA-10Cu-CT250, prepared 

by the SEA method with 5 wt% and 10 wt% of Cu loading, exhibited larger β-peak. The difference 

between these two types of catalysts on the H2-TPR profiles was due to their preparation method. 

During the preparation of SEA samples, the silica gel was first pretreated with ammonia solution 

at a certain pH to adjust the surface charge before mixing with the Cu complex of the opposite 

charge to form the CuO species.  Thus, the catalysts prepared by the SEA method showed more 

CuO species which had stronger interactions with the support. For the samples calcined at 500°C, 

the small consumption peak meant that not all the Cu species were reduced in the temperature range 

of the TPR procedure we used.  

According to the reduction properties of each sample, the reduction temperature of 250 °C 

was used to reduce the samples Imp-5Cu-CT250, SEA-5Cu-CT250 and SEA-10Cu-CT250, and 

that of 500 °C to reduce the sample Imp-5Cu-CT250, Imp-5Cu-CT500, SEA-5Cu-CT250, SEA-

5Cu-CT500, SEA-10Cu-CT250 and SEA-10Cu-CT500, to prepare uniform Cu particles. 

5.1.2 Samples screened by TEM images 

TEM images of reduced samples were used to screen them. Figure 5-2 shows the TEM images 

of the samples Imp-5Cu-CT250-RT250 (the sample prepared by dry impregnation, calcined at 

250 °C and reduced at 250°C), Imp-5Cu-CT500-RT500, SEA-5Cu-CT250-RT250, SEA-5Cu-

CT500-RT500, SEA-10Cu-CT250-RT250, and SEA-10Cu-CT500-RT500. And there were no 

many metallic Cu nanoparticles formed on the surface of these samples. 

Figure 5-3 shows the TEM images and the histograms of the samples calcined at 250 °C and 

reduced at 500 °C. The sample Imp-250 reduced at 500 °C had Cu particles with different sizes in 

a wide range of 2-21 nm. Since the CuO species prepared by the SEA method showed relatively 



 

108 

 

stronger interactions with the support, the pretreatment in SEA to adjust the surface charge resulted 

in better distribution of the metal particles. The average particle sizes of sample SEA-5Cu was 8.4 

nm. The particles formed in a narrow range, which was bigger than 5nm and smaller than 13 nm. 

The average particle sizes of sample SEA-10Cu was 8.6 nm. The sizes of metallic particles on the 

sample SEA-10Cu were in the range of 3-23 nm. In the further comparison of the particle-size 

distribution between SEA-5Cu and SEA-10Cu, showed that SEA-5Cu should be used for further 

study. 
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Figure 5-2 TEM images of samples Imp-5Cu, SEA-5Cu and SEA-10Cu calcined at 250 °C and 

reduced at 250 °C, and samples calcined at 500 °C and reduced at 500 °C 
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Figure 5-3 TEM images and particle-size distribution of samples Imp-5Cu, SEA-5Cu, and SEA-

10Cu calcined at 250 °C and reduced at 500 °C. 

The final catalysts were prepared by using ALD to deposit ZnO with different exposure time 

and cycles on SEA-5Cu calcined at 250 °C. The catalysts were denoted as 5Cu-1CyZn-5s, 5Cu-

1CyZn-30s, and 5Cu-5CyZn-5s (called ZnO over-coated Cu/SiO2 catalysts). 1Cy and 5Cy 
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represented the number of cycles of ALD performed. 5s and 30s represented the exposure time of 

the SEA-5Cu to the Zn precursor in each cycle. 

5.2 Bulk Properties of the CO2 Hydrogenation Catalysts of Oxide State 

The ZnO over-coated Cu/SiO2 catalysts with isolated Cu phase and ZnO phase in different 

uniformity were prepared by SEA and ALD method. The solid structure and basic sites had been 

formed. The bulk properties meant the composition, the specific surface area, and porous structures. 

They were measured by ICP-MS, N2 adsorption, respectively. The detailed procedures have been 

given in Chapter 3. 

5.2.1 Metal composition by ICP analysis 

Table 5-1 shows the ICP results of the substrate silica gel (SiO2), SEA-5Cu, and the ZnO over-

coated Cu/SiO2 catalysts. The reproducibility of the ICP results has been studied and shown in 

Appendix A. The Cu contents in these samples were approximately 4.4 wt% as expected; however, 

the Zn content varied depending on the exposure time and ALD cycles. With a single-cycle 

deposition, the content of Zn increased from 0.3 wt% (exposure time of 5 seconds) to 1.5 wt% 

(exposure time of 30 seconds). With the same exposure time (5 seconds), the Zn content increased 

from 0.3 wt% (1 cycle of ALD) to 1.3 wt % (5 cycles of ALD). 
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Table 5-1 ICP results of SiO2, SEA-5Cu, and ZnO over-coated Cu/SiO2 catalyst 

Samples Cu (wt%) Zn (wt%) 

Silica gel - - 

SEA-5Cu 4.4 - 

5Cu-1CyZn-5s 4.4 0.3 

5Cu-1CyZn-30s 4.5 1.5 

5Cu-5CyZn-5s 4.3 1.3 

 

5.2.2 Surface area and porous structures by N2 adsorption-desorption 

The isotherm results of N2 adsorption-desorption of SiO2, SEA-5Cu, and ZnO over-coated 

Cu/SiO2 catalyst are shown in Figure 5-5. According to the IUPAC classification of Sing et al. 

(Sing et al., 1985), all the catalysts had the hysteresis loop which was the characteristic feature of 

the Type IV isotherm. The loop was associated with capillary condensation which took place in 

mesoporous material. However, the support, silica gel showed Type H4 loop, which was associated 

with narrow slit-like pores, and SEA-5Cu and ZnO over-coated Cu/SiO2 catalysts displayed Type 

H1 hysteresis loop, which was related to solid materials with a narrow distribution of pore size. It 

determined along with Cu loaded, the narrow slit-like pores were blocked, and the ZnO over-coated 

didn’t affect the pore size and distribution much. 
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Figure 5-4 N2 adsorption-desorption isotherms of SiO2, SEA-5Cu, and ZnO over-coated Cu/SiO2 

catalysts 

As the BET results shown in Table 5-2, the loading of Cu by the SEA method dramatically 

decreased the specific surface area and pore volume of SiO2. The average pore size increased from 

3.0 nm to 4.5 nm, indicating blockage of smaller mesopores. The surface area and pore volume 

were decreased further by ZnO ALD, but to a smaller extent on the basis of the Cu loading. 
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Table 5-2 BET and XRD results of SiO2, SEA-5Cu, and ZnO over-coated Cu/SiO2 catalysts 

Samples 
BET surface 

area (m2g-1) 

Pore volume 

(cm3g-1) 

Average pore 

size (nm) 

Cu0 lattice 

constant (Å) 

Silica gel 718 0.41 3.0 
 

SEA-5Cu 264 0.30 4.5 3.62 

5Cu-1CyZn-5s 200 0.21 4.2 3.62 

5Cu-1CyZn-30s 210 0.24 4.3 3.65 

5Cu-5CyZn-5s 238 0.28 4.6 3.66 

 

5.3 Catalysts Characterization after Reduction 

The material formed during the reduction was the catalyst used for the reaction. Properties 

after reduction had more direct impacts on reaction performances. The reduction was the key step 

where the metallic sites formed.  

In this section, the reduction condition of the catalysts ZnO over-coated Cu/SiO2 was studied 

by H2-TPR first. Then the reduction temperature which can reduce Cu species, but not Zn species 

was chosen. The crystal structure of the reduced catalysts was studied by XRD patterns. Through 

the TEM-EDX analysis, the distribution of Cu and ZnO phase, and the metal particle size and 

distribution were obtained. Then metal dispersion and the number of metallic sites were determined 

by the CO chemisorption analysis. 
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5.3.1 Reduction condition study by H2-TPR 

The H2-TPR results of ZnO over-coated Cu/SiO2 catalysts with the different ZnO over-coated 

procedure are shown in Figure 5-5. Two hydrogen consumption peaks were seen at the range of 

148-194 °C (referred to as α-peak) and 206-254 °C (β-peak) in the TPR spectra. According to the 

study on the Imp-5Cu, SEA-5Cu and SEA-10Cu, the two peaks were ascribed to the reduction of 

the highly dispersed CuO phases and the CuO species, which had a strong interaction with the 

support ( Ren et al., 2015; Din et al., 2017). Along with the increase in the amount of ZnO, the β-

peak clearly shifted to high temperatures. Since adding ZnO can improve the dispersion of Cu 

particles, which was confirmed by TEM results, the interaction between smaller Cu particles and 

support was stronger. This right shift could also be due to the coverage of ZnO on CuO species, 

and causing them harder to be reduced. The H2-TPR profiles also verified that using 500 °C as the 

reduction temperature was sufficient to activate the catalysts. 

 

Figure 5-5 H2-TPR profiles of SEA-5Cu and catalysts ZnO over-coated Cu/SiO2 
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5.3.2 Crystal structure by XRD 

XRD patterns of SiO2 and reduced SEA-Cu, ZnO over-coated Cu/SiO2 catalysts are shown in 

Figure 5-6. The diffraction peak relative to amorphous SiO2 at 2θ can be seen at 2θ = 22 ̊. After 

reduction, most of CuO was reduced to metallic Cu. For the reduced SEA-5Cu, the Cu phase was 

assigned to face-centered cubic copper structure with characteristic diffraction peak 2θ at 43 ̊, 50 ̊, 

and 74 ̊. (Tisseraud et al., 2018) The ALD over-coating of ZnO did not change much of the Cu 

signals. No new peaks were formed for ZnO species, which indicated that the structure of ZnO 

prepared by ALD was not large enough to be detected by XRD. The value of Cu0 lattice constant 

calculated (Table 5-2) increased with the increase in ZnO deposition, from 3.62 to 3.66 Å. Kanai 

et al. (Kanai et al., 1994) believed that the increase of lattice constant from 3.62 to 3.67 Å in their 

study on the Cu-ZnO catalysts was attributable to the formation of a Cu-Zn alloy. In our case, the 

increase in the lattice constant upon the deposition of ZnO may be also associated with the 

formation of the Cu-Zn surface alloy, which implying chemical interaction of Cu and ZnO, further 

good contiguity of metallic and basic sites.  
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Figure 5-6 XRD patterns corresponding to support and reduced ZnO over-coated Cu/SiO2 catalysts 

5.3.3 ZnO and Cu phase distribution 

With the help of TEM-EDX, the distributions of the elements of the reduced catalysts were 

obtained and shown in Table 5-3, which revealed the structure of ZnO formed by the ALD 

procedure. The spots were chosen randomly and the diameter of the chosen area was 1 μm. 

According to EDX results of catalyst 5Cu-1CyZn-5s, at the different spots, there are varying ZnO 

over-coated. Three spots showed a similar content of ZnO over-coated, whose value was around 

0.25 wt%. At another spot, Zn content was 1.9 wt%. However, on the catalyst of 5Cu-1CyZn-30s, 

the Zn contents showed a similar value of 1.1 wt% (minimum) and 1.9 wt% (maximum) at various 

spots. There was much more difference in the Zn content on the catalyst 5Cu-5CyZn-5s. There was 
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barely over-coating of ZnO on spot 1 with the Zn content of 0.1 wt%. On the spot 2, this value was 

4.1 wt%. Compared to the Cu content on the various spot of the catalysts 5Cu-1CyZn-5s and 5Cu-

5CyZn-5s, which showed a huge difference, quite similar Cu content was shown on the various 

spot of the catalyst 5Cu-1CyZn-30s. 

Table 5-3 The content of elements on the reduced catalysts detected by TEM-EDX. 

Catalysts  Spots Zn Cu Si O 

5Cu-1CyZn-

5s  

Elements 

(wt%) 

1 1.9 (± 0.8) 87.0 (± 9.2) 1.8 (± 0.5) 9.3 (± 1.8) 

2 0.2 (± 0.1) 22.6 (± 2.3) 42.0 (± 1.0) 35.2 (± 3.4) 

3 0.3 (± 0.1) 17.7 (± 1.7) 46.8 (± 0.8) 35.1 (± 3.3) 

4 0.2 (± 0.1) 7.8 (± 0.7) 45.2 (± 0.5) 46.8 (± 4.3) 

5Cu-1CyZn-

30s  

Elements 

(wt%) 

1 1.1 (± 0.2) 10.9 (± 1.1) 43.7 (± 0.5) 44.3 (± 4.1) 

2 1.9 (± 0.2) 12.3 (± 1.2) 48.6 (± 0.6) 37.2 (± 3.4) 

3 1.1 (± 0.1) 8.5 (± 0.8) 52.8 (± 0.3) 37.6 (± 3.4) 

4 1.8 ± 0.2 8.3 ± 0.8 50.1 ± 0.2 39.8 ± 3.6 

5Cu-5CyZn-

5s  

Elements 

(wt%) 

1 0.1 (± 0.0) 5.0 (± 0.5) 60.7 (± 0.5) 34.2 (± 3.1) 

2 4.1 (± 0.4) 8.0 (± 0.8) 43.1 (± 0.4) 44.8 (± 4.1) 

3 2.4 (± 0.3) 9.0 (± 0.9) 43.2 (± 0.4) 45.4 (± 4.1) 

4 1.0 (± 0.2) 26.5 (± 2.6) 34.6 (± 0.8) 37.9 (± 3.6) 

 

Previous investigation of in situ XAS of ZnO growth on SiO2 demonstrated that ZnO film 

initially grew through an embryonic step in which three-dimensional nanoislands form, then 

coalesce to trigger a layer-by-layer growth mode. In our case, on the catalyst 5Cu-1CyZn-5s, there 

may be nanoislands of ZnO because of short exposure time. The ZnO was located on 5Cu-1CyZn-
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5s as molecules and not enough to totally connect to each other and form an atomic layer. Similar 

Zn contents were shown at the different spots on the catalyst 5Cu-1CyZn-30s, which indicated 

there was a uniform atomic ZnO layer over-coated on the surface of the catalyst. The content of Zn 

on the catalyst 5Cu-5CyZn-5s was larger than that on catalyst 5Cu-1CyZn-5s. With multiple cycles 

and short exposure time, there may be different sizes of ZnO nanoparticles formation on the catalyst 

5Cu-5CyZn-5s. At some of the spots, multiple ZnO layers were formed, and at some spots, there 

was barely any ZnO deposited. 

During the reduction, CuO species migrated to the surface and formed metallic Cu particles. 

(Gawande et al., 2016) Since the ZnO deposited on the catalysts were shown to have the different 

structure on various catalysts, different sizes of Cu particles were formed during reduction. On the 

catalyst 5Cu-1CyZn-30s, with a uniform ZnO layer over-coated, all the CuO species had similar 

resistance while migrating to the surface, so there were similar Cu contents on different spots on 

the reduced catalyst. On the contrary, there was non-uniform ZnO deposited on the catalysts 5Cu-

1CyZn-5s and 5Cu-5CyZn-5s, which resulted in different Cu content showing on various spots. 

The distribution of the metallic particle size was also obtained by the TEM images of reduced 

catalysts, which verified the conclusion from the results of TEM-EDX. (Figure 5-7) 

5.3.4 Metallic particle size and distribution 

For CO2 hydrogenation for methanol synthesis reaction, only metallic sites and basic sites that 

are next to each other can allow activated CO2 on the basic sites, to be reduced by hydrogen species 

formed on metallic sites resulted from H2 activation. The basic and metallic sites should sit in the 

right orientation to allow hydrogen species to pull one oxygen out, and insert H at the same time 

to form O-H and C-H bond. Thus, the accessibility of metallic and basic sites, or their contiguity 
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is important for the occurrence reaction in the right direction. At least, two catalytic sites should be 

close to each other enough. Most of the time, there is no direct measure of contiguity. However, 

many measures of the characterization methods can become the indicator of contiguity of the 

catalytic sites. TEM metal particle size is one of the indications of the sites’ contiguity. Assumed 

to be distributed in the same basic sites, smaller metal particles allow more metallic sites to be 

exposed to basic sites, but larger particles isolate more metallic sites in the middle of particles.  

Compared to the TEM image of SEA-Cu, the ZnO coating leads to a reduction of the particle size, 

which is from 8.4 nm to 8.1, 6.7, or 6.9 nm on the catalysts 5Cu-1CyZn-5s, 5Cu-1CyZn-30s, or 

5Cu-5CyZn-5s, respectively (Table 5-4). The crystallite sizes of Cu calculated using the Scherrer’s 

equation are reported in Table 5-4. These values are a little smaller than those from TEM images, 

however, a similar trend can be observed. The catalyst 5Cu-1CyZn-30s has the smallest Cu 

particles formed on the catalysts, and only Cu particles on catalyst 5Cu-1CyZn-30s showed 

uniform particle size, in a range of 4-10 nm. There are both much bigger and smaller particles 

formed on the catalysts 5Cu-1CyZn-5s (particle sizes in the range of 3-15 nm) and 5Cu-5CyZn-5s 

(particle sizes in the range of 2-11 nm). The difference of the particle size on these three catalysts 

is due to the distinct ZnO structure formed on the surface of the catalysts by ALD as discussed 

earlier. The catalyst 5Cu-1CyZn-30s with smaller metal particles, allows more metallic sites to be 

exposed to basic sites, which means better contiguity of metallic and basic sites. 
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Figure 5-7 TEM images, particle size, and distribution of Cu-ZnO catalysts. 
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Table 5-4 Metallic particle size measured by TEM and XRD 

Samples 

Metal particle size (nm) 

TEM XRD 

SEA-5Cu 8.4 7.1 

5Cu-1CyZn-5s 8.1 6.5 

5Cu-1CyZn-30s 6.7 5.3 

5Cu-5CyZn-5s 6.9 6.4 

 

5.3.5 Number of metallic sites and metal dispersion 

The properties of metallic sites were detected by CO chemisorption, shown in Table 5-4. The 

number of metallic sites was obtained by the amount of CO uptake during the analysis, and all the 

CO molecules were linearly chemisorbed on the metal molecules on the surface of the catalyst. 

The Cu dispersion decreased with the longer exposure time of ZnO over-coating. The Cu dispersion 

decreased from 1.9 (5Cu-1CyZn-5s) to 1.7 % (5Cu-1CyZn-30s). This value decreased much more 

with multiple cycles of ZnO over-coated, which was from 1.9 to 1.3 % (5Cu-5CyZn-5s). The Cu 

surface area on the catalysts 5Cu-1CyZn-5s and 5Cu-1CyZn-30s showed a similar value of 0.65 

and 0.69 m2∙gcat
-1. This value became less for the catalyst 5Cu-5CyZn-5s, which was 0.53 m2∙gcat

-

1. The number of metallic sites on these catalysts showed the same trend. The lower Cu dispersion 

of 5Cu-5CyZn-5s may be due to the multiple layers or nanoparticles of ZnO formation on the 

surface, which provided different resistance for Cu species migrating to the surface during the 

reduction of the catalyst. And Cu surface area was also lower on the 5Cu-5CyZn-5s because CuO 

species may be covered by multiple layers of ZnO and harder to be reduced, which was also 
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confirmed by the results of H2-TPR. The number of metallic sites was related to the ability of H2 

dissociation and how much H atoms can be provided to the basic sites.  

Table 5-5 Cu dispersion, metallic surface area of reduced catalysts, and number of metallic sites. 

Samples Cu dispersion (%) 
Cu surface area 

(m2∙gcat
-1) 

The number of metallic 

sites (μmol∙g-1) 

SEA-5Cu - - - 

5Cu-1CyZn-5s 1.9 0.69 304 

5Cu-1CyZn-30s 1.7 0.65 286 

5Cu-5CyZn-5s 1.3 0.53 228 

 

5.4 Basicity of the catalysts from CO2-TPD 

The basicity of the SEA-5Cu and Cu-ZnO catalysts was detected using CO2-TPD, which 

revealed the species and number of basic sites. The CO2-TPD curves of the SEA-5Cu and Cu-ZnO 

catalysts are shown in Figure 5-8. There were three peaks shown in the profiles. The adsorption 

temperatures of each peak were centered around 140 °C, 340 °C, and 570 °C, which can be assigned 

to the weak, moderate, and strong basic sites. According to the literature, the weak basic sites were 

ascribed to the OH- groups. The moderate basic sites were related to the M-oxygen pairs (M=metal). 

The strong basic sites were associated with the coordinatively unsaturated O2- ions, which was a 

low coordination oxygen atom. (Liu et al., 2010; Gao et al., 2014; Huang et al., 2015; Ayodele et 

al., 2017)  

From the peak fitting results based on the Gaussian distribution using software Origin, there 

were small weak and strong CO2 desorption peak and a big moderate peak showing. The amounts 
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of CO2 desorption for the catalysts are shown in Table 5-5. There was the most amount of moderate 

basic site on the 5Cu-1CyZn-30s and 5Cu-5CyZn-5s catalysts, 1260 μmol∙g-1. The catalyst 5Cu-

1CyZn-30s also had the greatest number of total basic site, the value was 1428 μmol∙g-1. 

 

Figure 5-8 CO2-TPD curves of the SEA-5Cu and Cu-ZnO catalysts  

Table 5-6 Basic properties of the SEA-5Cu and Cu-ZnO catalysts. 

Catalysts 

Weak basic sites 
Moderate basic 

sites 
Strong basic sites Total 

number of 

basic sites 

(μmol∙g-1) 
T 

(°C) 

Number 

(μmol∙g-1) 

T 

(°C) 

Number 

(μmol∙g-1) 

T 

(°C) 

Number 

(μmol∙g-1) 

SEA-5Cu 136 67 328 682 543 35 784 

5Cu-1CyZn-5s 133 77 330 1036 558 45 1158 

5Cu-1CyZn-30s 144 75 351 1260 587 93 1428 

5Cu-5CyZn-5s 138 34 340 1260 556 17 1311 
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According to the CO2-TPD curves of the Cu-ZnO catalysts, the three desorption peaks of 

catalyst 5Cu-1CyZn-30s appeared at a higher temperature compared to those of the other two, 

which demonstrated that the basic sites on the catalyst 5Cu-1CyZn-30s were stronger. Since the 

moderate basic sites were related to the M-O pairs, the moderate basic sites on SEA-5Cu were only 

associated with Cu-O pair, which would be removed after reduction. So during the reaction, the 

actual basic sites on the Cu-ZnO catalysts should be calculated by deduction of the basic sites 

provided by Cu-O pair. Comparing the number of basic sites of the Cu-ZnO catalysts, there were 

more basic sites on the catalyst 5Cu-1CyZn-30s. The basic sites were where the CO2 adsorption 

and activation happen. 

5.5 Chemical Structure from XAS spectra 

For the reaction of CO2 hydrogenation to produce methanol, it had been considered that CO2 

was adsorbed on the basic sites, H2 was dissociated on the metallic ones, and the contiguity of the 

metallic and basic is crucial for the catalyst performance. The number of basic and metallic sites 

had been studied by CO2-TPD and CO chemisorption, the physical location of these two sites was 

determined by the TEM images. The catalyst 5Cu-1CyZn-30s with smaller metal particles, allowed 

more metallic sites to be exposed to basic sites, which meant better contiguity of metallic and basic 

sites. In this section, the contiguity of metallic and basic was identified by the chemical interaction 

through the XAS study. Then the right orientation of basic and metallic sites for methanol 

formation can be further determined. The reproducibility of the XANES results has been studied 

and shown in Appendix A. 
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5.5.1 XANES for Cu K edge of SEA-5Cu and ZnO over-coated Cu/SiO2 catalysts 

The local structure and electronic state of Cu and Zn in the catalysts were investigated by 

XAS. The Cu K edge XANES spectra of SEA-5Cu and ZnO over-coated Cu/SiO2 catalysts are 

shown in Figure 5-9. Compared with Cu, Cu2O and CuO standard, the Cu K edge spectra of 

calcined SEA-5Cu and Cu-ZnO catalysts exhibited similar profiles as that of CuO, which showed 

adsorption edge at 8984 eV. The absence of the pre-edge at approximately 8981 eV, which was the 

characteristic Cu1+ 1s–4d transition feature (Bhuiyan et al., 2014), indicated that the copper in all 

the calcined catalysts consists mainly of Cu2+.  

The XANES derivative spectra of the Cu K edge are shown in Figure 5-10. The weak peak at 

around 8977 eV in the reference derivative spectrum of CuO was frequently observed in Cu2+ 

compounds, which was because of a 1s–3d quadrupole-allowed pre-edge transition. The stronger 

peak at 8984 eV in CuO was assigned to the 1s–4p transition shakedown contributions. Another 

peak at approximately 8991 eV in CuO represents the main 1s–4p transition. (Bhuiyan et al., 2014) 

The Cu K edge spectra of catalysts with the ZnO layer over-coated were similar to that of SEA-

5Cu. Compared to the spectra of CuO, the peaks representing 1s-3d and 1s-4p transitions in the 

SEA-5Cu and Cu-ZnO catalysts were all shifted by 1–3 eV to higher energy, which suggested a 

noncentrosymmetric CuO attributable to the ligand donor effect (Bhuiyan et al., 2014).  
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Figure 5-9 Experimental XANES spectra registered Cu K edge of catalysts SEA-5Cu and Cu-ZnO 

 

Figure 5-10 Experimental derivative XANES spectra registered Cu K edge of catalysts SEA-5Cu 

and Cu-ZnO  
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The Cu K edge XANES spectra of reduced SEA-5Cu and ZnO over-coated Cu/SiO2 catalysts 

are shown in Figure 5-11. Cu foil showed the absorption edge at 8979 eV assigned to 1s–4p 

transitions, and two resonance features at E0+15 eV and E0+24 eV (Velu et al., 2002). The spectra 

of SEA-5Cu and Cu-ZnO catalysts showed the same shape with Cu foil and similar absorption 

edge, which meant the chemical environment of Cu species in SEA-5Cu and Cu-ZnO catalysts was 

close to that of the Cu foil reference. The catalyst 5Cu-1CyZn-30s showed better-shaped peaks 

corresponding to resonance features, which indicated the Cu species on the catalyst has better 

dispersion. This conclusion had been certified by the TEM images.  

To further confirm the oxidation state of Cu, linear combination fitting (LCF) of XANES was 

then used for reduced SEA-5Cu and ZnO over-coated Cu/SiO2 catalysts (Table 5-7). There were 

approximately 75 % of metallic Cu formation in SEA-5Cu and the catalysts.  

The Cu K edge XANES derivative spectra of reduced SEA-5Cu and ZnO over-coated Cu/SiO2 

catalysts are shown in Figure 5-12. There was the main peak at approximately 8979 eV in the 

derivative spectrum of Cu foil, which is assigned to 1s–4p transitions. According to the derivative 

spectra of reduced 5Cu-1CyZn-5s and 5Cu-1CyZn-30s catalysts, the peak drifted towards higher 

energy compared to that of SEA-5Cu. This demonstrated that the chemical environments of Cu 

species on these two catalysts were affected by the ZnO over-coated, and metallic Cu may be 

oxidized by the ZnO. Higher energy was needed to make the electron transition from 1s to 4p 

orbital. Thus, there was an interaction between Cu and ZnO, which might be a dissolution of a part 

of the Cu in the ZnO lattice. However, the spectrum of the reduced catalyst 5Cu-5CyZn-5s showed 

no shift compared to that of SEA-5Cu, which meant that with multiple layers of ZnO, the 

interaction of Cu and ZnO became weaker. As we discussed about the mechanism of CO2 

hydrogenation to methanol reaction, the chemical interaction between Cu and ZnO from the 
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XANES derivative spectra was also an indicator of contiguity of metallic and basic sites. The 

stronger interaction between metallic and basic sites indicated better contiguity of these two 

catalytic sties. Thus, the catalysts 5Cu-1CyZn-5s and 5Cu-1CyZn-30s showed better contiguity of 

basic and metallic sites compared to the catalyst 5Cu-5CyZn-5s.  

 

Figure 5-11 Experimental XANES spectra registered Cu K edge of reduced SEA-5Cu and ZnO 

over-coated Cu/SiO2 catalysts  
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Figure 5-12 Experimental derivative XANES spectra registered Cu K edge of reduced SEA-5Cu 

and ZnO over-coated Cu/SiO2 catalysts  

Table 5-7 Cu species in the reduced SEA-5Cu and ZnO over-coated Cu/SiO2 catalysts based on 

linear combination fitting 

Samples Cu0 Cu1+ Cu2+ 

SEA-5Cu 0.75 0.01 0.24 

5Cu-1CyZn-5s 0.75 0 0.25 

5Cu-1CyZn-30s 0.75 0 0.25 

5Cu-5CyZn-5s 0.79 0 0.21 
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5.5.2 EXAFS for Cu K edge of SEA-5Cu and ZnO over-coated Cu/SiO2 catalysts 

The EXAFS spectra of Cu foil, Cu2O, and CuO are shown in Figure 5-13, and the information 

about bond length is shown in Table 5-7. The EXAFS spectra of SEA-5Cu and ZnO over-coated 

Cu/SiO2 catalysts displayed two peaks at around 1.47 and 2.58 Å, which were assigned to the 

lengths of Cu-O bond and Cu-(O)-Cu bond. The lengths of these two bonds were both in the middle 

of those of Cu2O and CuO. Compared to the spectra of SEA-5Cu, the peaks represented to the 

length of these two bonds in calcined Cu-ZnO catalysts were both right-shifted, which indicated 

with ZnO over-coated, the bonds of Cu-O and Cu-(O)-Cu became longer.  

The EXAFS spectra of reduced SEA-5Cu and ZnO over-coated Cu/SiO2 catalysts are shown 

in Figure 5-14. There were two peaks in the spectra of catalysts on behalf of two bonds, respectively 

Cu-O bond whose length was in the range from 1.41 Å to 1.47 Å, and Cu-Cu bond whose length 

was in the range from 2.22 Å to 2.24 Å. The spectra of catalysts showed an obviously similar trend 

to Cu foil. Using SEA-5Cu as benchmark, which had two absorption peaks at around 1.42 Å and 

2.24 Å, the first peak went righter to 1.47 Å with more ZnO deposition, which meant with ZnO 

over-coated, the length of Cu-O bond became longer. The intensity of this peak became less with 

the increase of exposure time and cycles of ZnO deposition, which disclosed that ZnO over-coated 

helped the reduction of the Cu. The Cu-Cu bond length of ZnO over-coated Cu/SiO2 catalysts was 

similar to that of SEA-5Cu.  
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Table 5-8 Basic information of Cu reference in EXAFS spectra 

Compound Bond R (Angstrom) 

Cu foil Cu-Cu 2.27 

Cu2O 

Cu-O 1.41 

Cu-(O)-Cu 2.76 

CuO 

Cu-O 1.53 

Cu-(O)-Cu 2.55 

 

 

Figure 5-13 Experimental EXAFS spectra registered Cu K edge of calcined ZnO over-coated 

Cu/SiO2 catalysts 
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Figure 5-14 Experimental EXAFS spectra registered Cu K edge of reduced ZnO over-coated 

Cu/SiO2 catalysts 

5.5.3 XANES for Zn K edge of ZnO over-coated Cu/SiO2 catalysts 

The Zn XANES spectra of calcined ZnO over-coated Cu/SiO2 catalysts are shown in Figure 

5-15. The absorption edge was at 9662 eV coincided with ZnO, which indicated the existence of 

bivalent Zn. However, the spectra of Cu-ZnO catalysts were considerably different from ZnO. 

Compared to the spectrum of ZnO, the peaks at 9663.8 eV and 9668.4 eV assigned to 1s-4sp and 

1s-4p transitions, were merged to one peak at 9667.5 eV. The peaks at 9679.3 eV and 9683.4 eV 

were smoothed and became a shoulder (9681.1 eV) which was only shown in the spectrum of 5Cu-

5CyZn-5s, assigned to multiple scattering (midrange order and short-range order) (Dadlani et al., 

2017).  In the range 9700-9760 eV, there was a single broad peak instead of two. The peak assigned 

to multiple scattering didn’t show in the spectra of ZnO over-coated Cu/SiO2 catalysts with one 

cycle of ZnO deposition. With the deposition of 1 or 5 layer(s) of Zn2+ species, no ZnO structure 
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formation in these catalysts. The difference between the spectra of Cu-ZnO and the spectrum of 

ZnO was also due to the Zn2+ on the catalysts which existed as molecules or very smaller particles, 

may be mostly influenced by the substrate, SiO2. The spectra of calcined and reduced ZnO over-

coated Cu/SiO2 catalysts didn’t show the difference.  

 

Figure 5-15 Experimental XANES spectra registered Zn K edge of calcined ZnO over-coated 

Cu/SiO2 catalysts 



 

135 

 

 

Figure 5-16 Experimental XANES spectra registered Zn K edge of reduced ZnO over-coated 

Cu/SiO2 catalysts 

5.5.4 EXAFS for Zn K edge of ZnO over-coated Cu/SiO2 catalysts 

The Zn EXAFS spectra of calcined and reduced ZnO over-coated Cu/SiO2 catalysts are shown 

in Figure 5-17 and Figure 5-18. In the EXAFS spectra of the ZnO standard, the bond length between 

the central zinc atom and the first shell atom, which was an oxygen atom, was 1.60 Å. The second 

peak was at 2.85 Å, which was attributed to Zn-(O)-Zn interaction. According to the EXAFS 

spectra of Zn foil, the bond length of Zn-Zn was 2.28 Å. There was a Zn-O bond in the spectra of 

calcined ZnO over-coated Cu/SiO2 catalysts, and no much difference showed in the spectra of 

reduced Cu-ZnO. It was worth noting there was no peak shown represent to the bond of Zn-(O)-

Zn which meant no bigger ZnO particles or many layers of ZnO formed. 
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Figure 5-17 Experimental EXAFS spectra registered Zn K edge of ZnO over-coated Cu/SiO2 

catalysts 

 

Figure 5-18 Experimental EXAFS spectra registered Zn K edge of reduced ZnO over-coated 

Cu/SiO2 catalysts 
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5.6 CO2 Conversion and Methanol Synthesis 

Catalytic evaluations of the ZnO over-coated Cu/SiO2 catalysts are shown in Table 5-8. The 

blank experiments using Cu or ZnO supported by SiO2 catalysts were done, and the catalysts 

showed no activity. The CO2 reaction rate and CO formation rate barely changed during a run 

(acted for 24 h), and the average values are shown in Table 5-8. The reproducibility of the results 

has been studied and shown in Appendix A. The liquid products were analyzed at the end of the 

run. No other product besides methanol and CO was formed. The CO2 reaction rate of catalyst 

5Cu-1CyZn-5s was 4.90 mmol∙g-1h-1, which decreased to 4.77 mmol∙g-1h-1 with an exposure time 

of 30 s, and becomes even smaller (4.06 mmol∙g-1h-1) with 5 cycles of ZnO over-coated. The CO2 

conversion showed the same trend. The formation rate of CO had the same trend as the CO2 

reaction rate. The methanol formation rate of catalyst 5Cu-1CyZn-30s was 0.48 mmol∙g-1h-1, which 

was higher than that of catalyst 5Cu-1CyZn-5s (0.33 mmol∙g-1h-1) and 5Cu-5CyZn-5s (0.21 

mmol∙g-1h-1). The methanol selectivity of catalyst 5Cu-1CyZn-30s was 10.1 %, which was higher 

than 6.7 % for 5Cu-1CyZn-5s, and 5.2 % for 5Cu-5CyZn-5s.  

Table 5-9 Catalytic performances of the ZnO over-coated Cu/SiO2 catalysts: reaction rate and 

selectivity. 

Catalysts 

CO2 

conversion 

(%) 

CO2 

reaction  

Methanol 

formation  
CO formation  methanol 

selectivity 

(%) 
Rate (mmol∙g-1h-1) 

5Cu-1CyZn-5s 4.58 4.90 0.33 4.57 6.7 

5Cu-1CyZn-30s 4.45 4.77 0.48 4.32 10.1 

5Cu-5CyZn-5s 3.79 4.06 0.21 3.89 5.2 

Reaction conditions: T = 250 °C, P = 4.0 MPa, F = 9.6 L∙h-1, 1.0 g catalyst. 
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The ratios of the number of metallic sites to the number of basic sites also are shown in Table 

5-9, which were 0.26, 0.19, and 0.17 on the catalysts 5Cu-1CyZn-5s, 5Cu-1CyZn-30s, and 5Cu-

5CyZn-5s, respectively. The TOF of CO2 is calculated based on the number of basic sites from the 

results of CO2-TPD. The TOF of H2 is calculated based on the number of metallic sites from the 

results of CO chemisorption. Among these catalysts, 5Cu-1CyZn-5s had higher TOFCO2 of 4.2 h-1, 

and lower TOFH2 of 18.3 h-1. 5Cu-1CyZn-30s and 5Cu-5CyZn-5s showed similar TOFCO2 of 3.3 

h-1 and 3.1 h-1, and the similar TOFH2 of 20.0 h-1 and 19.7 h-1, respectively. 

Table 5-10 Catalytic performances of the ZnO over-coated Cu/SiO2 catalysts: TOF of reactants. 

Catalysts 

The ratio of 

metallic to basic 

sites 

TOFCO2 by ZnO TOFH2 by Cu 

(h-1) 

5Cu-1CyZn-5s 0.26 4.2 18.3 

5Cu-1CyZn-30s 0.19 3.3 20.0 

5Cu-5CyZn-5s 0.17 3.1 19.7 

 

During the reaction, the activated CO2 needed assistance from the active H to pull one O away 

and to insert H in at the same time to form C-H and O-H bonds. When the activated CO2 lacked 

surrounding H atoms, only O can be pulled away from the activated CO2, resulting in the formation 

of CO. To form methanol only, three metallic sites should be next to one basic site to supply three 

moles of activated H2 to react with the activated CO2 in molecular form. In our case, much more 

basic sites were formed than the metallic sites on the ZnO over-coated Cu/SiO2 catalysts. During 

the reaction, the basic sites were enough to adsorb and activate CO2. It was more important if there 

were enough metallic sites to activate H2 and provided atom H to the basic sites. Since more 

metallic sites were formed on the 5Cu-1CyZn-5s, it showed a higher CO2 reaction rate as observed 
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by other researchers (Behrens et al., 2012; Dong et al., 2016; B. Hu et al., 2018). It indicated that 

the CO2 reaction rate and CO2 conversion was related to the number of metallic sites. 

When it came to the selectivity of the catalyst, another factor should be considered, which was 

if the basic and metallic sites are close enough to each other, as well as the good contiguity of 

metallic and basic sites. To study if there is good contiguity of basic and metallic sites on each 

catalyst, the characterization of TEM, XRD patterns, XANES, and EXAFS spectra were used as 

the indicators of the catalytic sites’ contiguity. The TEM image of reduced catalysts gave the 

physical location of the metallic and basic sites. There were uniform and smaller Cu particles 

formed with good distribution on the catalyst 5Cu-1CyZn-30s, allowing more metallic sites to be 

exposed to basic sites, which meant better contiguity of metallic and basic sites. The other 

characterizations, XRD patterns, XANES, and EXAFS spectra gave the information of the 

chemical interaction of metallic and basic sites. The value of Cu0 lattice constant of 5Cu-1CyZn-

30s was 3.65 Å, but this value for sample SEA-5Cu was 3.62 Å. The increase in the lattice constant 

upon the deposition of ZnO may be attributable to the formation of the Cu-Zn surface alloy. (Kanai 

et al., 1994) From the XANES spectra registered Cu K edge of reduced 5Cu-1CyZn-5s and 5Cu-

1CyZn-30s, the peaks assigned to 1s–4p transition drifted towards higher energy compared to that 

of SEA-5Cu, which demonstrated the chemical environment of Cu species were affected by the 

ZnO over-coated and metallic Cu may be oxidized by the ZnO. Thus, there was an interaction 

between Cu and ZnO. More ZnO exposure time helped this dissolution, but multiple layers didn’t. 

Compared to the EXAFS spectrum of calcined SEA-5Cu, the bond lengths of Cu-O and Cu-(O)-

Cu in the spectra of calcined Cu-ZnO catalysts become longer due to the interaction between Cu 

and over-coated ZnO. These characters all can indicate that better contiguity of basic and metallic 
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sites on the catalyst 5Cu-1CyZn-30s compared to other catalysts, which was the reason for better 

selectivity to methanol. 

5.7 Evidence from Others’ Work 

In the last section, the catalyst ZnO over-coated on Cu/SiO2, which contained isolated Cu-

related particles distributed in a layer of ZnO atoms, had been studied. According to the study of 

the relationship between catalyst structure and activity, a theory of CO2 catalytic activation can be 

proposed. The mechanism is shown in Figure 5-19. During the reaction on the 5Cu-1CyZn-30s, 

CO2 is chemisorbed and activated by the basic site, ZnO, which tried to push the atom O out of the 

CO2 molecule. Then the H2 was activated by the metallic site, Cu to form H atom which then 

diffused to the basic site. Since more points where Cu and the ZnO were close to each other exist, 

as well as good contiguity of metallic and basic sites, enough H atoms help to pull out the O atom 

and add into the CO2 to form C-H and O-H bonds which result in methanol formation. Due to the 

synergistic effects of both the basic and metallic sites to provide the forces of pushing and pulling, 

CO2 can be activated and reacted with H2 to form methanol.  

 

Figure 5-19 Mechanism of CO2 hydrogenation process to produce methanol on a common catalyst 
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The reaction mechanism on the other catalyst model we proposed, the catalyst Cu over-coated 

on ZnO/SiO2, which contained isolated ZnO phases distributed in a layer of Cu or surrounded by 

sufficient Cu nanoparticles, is shown in Figure 5-20. The sufficient metallic sites can provide 

enough hydrogen atoms to access the activated CO2 to produce methanol instead of CO.  

To certify this hypothesis, much work had been done to review other’s work on the 

characterization and performance Cu-ZnO catalysts used for CO2 hydrogenation to produce 

methanol. The catalysts with better CO2 conversion had lower selectivity to methanol, however, 

the catalysts with higher selectivity to methanol showed lower CO2 conversion. Bare catalysts had 

both high CO2 conversion and good selectivity to methanol. Two Cu-ZnO catalysts were chosen 

as the representatives of each situation. 

 

Figure 5-20 Mechanism of CO2 hydrogenation process to produce methanol on the second catalyst 

model 

5.7.1 The catalyst CuZn/N-rGO with promising CO2 conversion 

The catalyst CuZn/N-rGO was prepared and studied by Deerattrakul and co-workers. There 

were four papers published according to their studies on this catalyst. The role of nitrogen species 

on grapheme aerogel, the effect of hydrothermal temperature, the effect of Cu-Zn loading, and the 
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influence of reduction time of the catalyst were studied. (Deerattrakul et al., 2016, 2017, 2018, 

2019) But they did not answer the question of why this catalyst had better CO2 conversion than 

others. In this part, this question was discussed based on the properties of the catalytic sites, 

especially the contiguity of metallic and basic sites. 

The catalyst was prepared as the scheme shown in Figure 5-21. Based on the Hummers’ 

method, the graphene oxide was prepared from graphite. Then the reduced graphene oxide aerogel 

was made by the hydrothermal method. At last, the catalyst CuZn/N-rGO was synthesized by the 

incipient wetness impregnation method (Deerattrakul et al., 2018). 

 

Figure 5-21 Schematic illustration for the synthesis of Cu-Zn/N-rGO (Deerattrakul et al., 2018) 

The distribution of each element on the catalyst was determined by FE-SEM images and EDX 

mapping images in Figure 5-22. The FE-SEM images (Figure 5-22 a, b) exhibited that the layers 

of N-rGO provided a smooth surface as the anchoring site for the active metals, and the metals Cu 

and Zn displaying a spherical shape deposit on N-rGO nanosheets. The EDS mapping images 

(Figure 5-22 c-f) confirmed the good dispersion of Cu and Zn atoms. 
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Figure 5-22 FE-SEM images of CuZn/N-rGO (a, b) and EDS mapping of CuZn/N-rGO catalyst 

showing Cu (c), Zn (d), C (e) and N (f) (Deerattrakul et al., 2017) 

To understand the size of metallic particles, further the size of metallic sites, the TEM analysis 

was done, the images are shown in Figure 5-23 with low and high magnification. The Cu-Zn 

particles appeared with a good distribution on the surface of N-rGO nanosheets. This was in good 

agreement with the FE-SEM images. The distribution of particle size was analyzed and shown in 

Figure 5-23 (b). The sizes of particles were in the range of 2 to 16 nm. The average size of the 

metallic nanoparticles was 8-10 nm approximately. 
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Figure 5-23 (a) Low- and (b) high-magnification TEM images of CuZn/N-rGO. (Deerattrakul et 

al., 2017) 

According to the study on the material of nitrogen-doped graphene (Yu et al., 2011; Zhang 

and Xia, 2011; Liao et al., 2013), the edges of nitrogen-doped graphene can reduce the energy 

barrier of H2 adsorption and dissociation due to its high electronegativity. Thus, this structure can 

attribute to enhance the performance of the catalyst for CO2 hydrogenation. 

The catalyst CuZn/N-rGO had greatly even-dispersed Cu and ZnO phases, which indicated 

excellent metallic and basic sites. And the support can help to enhance the H2 dissociation to active 

H atoms, lots of which were needed in the reactions of both producing CO and methanol. Thus, the 

activity of metallic sites was improved by the particular property of nitrogen-doped graphene. Due 

to the contribution of these two catalytic sites, the catalyst had a high CO2 conversion. Since they 

just randomly connected to each other, the selectivity of methanol was not outstanding.  

5.7.2 The catalyst Cu@ZnOx with 100 % selectivity to methanol 

Le Valant, Tisseraud, and co-workers prepared Cu@ZnOx core-shell structure catalyst by 

surface modification precipitation method. The Cu powder was used as the substrate and then 

treated using citric acid. ZnO was deposited on the surface of Cu by precipitation method. This 
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catalyst showed 100 % selectivity to methanol. Then the impact of the composition of the 

Cu@ZnOx core-shell catalyst, and the catalysts prepared using ZnO powder as the substrate with 

Cu species deposited by the wet impregnation method was studied to elucidate the relationship of 

catalytic performance and the structure of the catalyst. (Le Valant et al., 2015; Tisseraud et al., 

2015, 2016, 2018) 

To study the morphology property of the catalyst Cu@ZnOx, the TEM and EDX analysis were 

done. The TEM image and the corresponding EDX result are shown in Figure 5-24 and Table 5-

10, respectively. 

 

 

Figure 5-24 TEM images for the catalyst Cu@ZnOx. Spots in figure correspond to EDX analysis. 

(Tisseraud et al., 2016) 
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Table 5-11 EDX results for Cu, Zn, and O on the catalyst Cu@ZnOx. Spots refer to Figure 5-24. 

Spot  

Mole fraction 

O/(Cu+Zn) 

Cu Zn O 

1 89.65 8.11 2.24 0.02 

2 2.98 73.65 23.37 0.30 

3 7.73 56.94 35.32 0.55 

4 5.26 58.38 36.37 0.57 

 

Obliviously, there was a core-shell structure observed on the TEM image of catalyst 

Cu@ZnOx. The core was composed of Cu, like spot 1 shown in Figure 5-24. The remaining Zn 

was detected on the shell. When the beam moved away from the core, the Cu depletion along with 

Zn enrichment was observed. At the interface between core and shell, the Cu and Zn were both 

rich, which was related to the formation of CuZn alloy, shown as spot 2. The ratio of O/(Cu+Zn) 

less than 1 confirmed there was the presence of oxygen vacancies and Cuδ+ species (+1 and/or +2) 

at the zone of the shell, especially at the interface between core and shell. The Cuδ+ was identified 

to be contributing to the catalytic reaction. The intimate interaction between metallic sites, Cu and 

basic sites, ZnO was the key for controlling the metal electronic properties and the reducibility of 

the ZnO phase, further the activity of catalysts on CO2 hydrogenation to produce methanol. This 

conclusion consistent with ours, the catalytic site for methanol synthesis was the interface of 

metallic sites and basic ones. 

The number of metallic sites and basic sites were determined by H2 and CO2 chemisorption. 

The number of metallic sites was the 2.0 μmol∙g-1, and the number of basic sites is 3.0 μmol∙g-1. 

Even though the ratio of numbers of metallic sites to basic ones is 0.67, less than 3, the relatively 
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higher ratio than other catalysts still has a benefit for the high selectivity of the catalyst. As a 

contrast, this ratio of the catalyst 5Cu-1CyZn-30s we prepared is only 0.2.  

There was a correlation between the amount of hydrogen chemisorption with catalytic activity 

(methanol production). This correlation was said to be associated with hydrogen spillover, which 

meant how much hydrogen species atoms could come to the ZnO, the basic sites, to reduce the 

activated CO2 molecule. This conclusion agreed with ours. Enough active H atoms should supply 

to the basic sites to form methanol, instead of CO. 

The catalyst had a very small amount of ZnO precipitated on the surface of metallic Cu, which 

represented a bit amount of basic sites, a large number of metallic sites, and very good contiguity 

between them. During the reaction, there were enough H atoms formation and spillover to the basic 

sites, to reduce the activated CO2 to methanol. But this catalyst had very low CO2 conversion due 

to the weak basic sites.  

Based on the study of these two catalysts, either having most CO2 conversion, or 100 % 

selectivity to methanol, it was determined that the catalyst which contained isolated ZnO phases 

distributed in a layer of Cu or surrounded by sufficient Cu nanoparticles, met the criterion of these 

two catalysts, and should have both high activity and selectivity. 

5.8 Conclusion 

This chapter studied the influence of Cu-ZnO catalysts with different metallic particle size, 

ZnO distribution, and contiguity of basic and metallic sites on their catalytic performance in CO2 

hydrogenation for methanol synthesis reaction. Through this study, the understanding of CO2 

catalytic activation mechanism on the aspects of not only the activity and number of metallic and 
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basic sites, but also the interaction between them had been improved. Here were conclusions 

obtained from this part of work: 

1. The catalyst ZnO over-coated Cu/SiO2, which contained isolated Cu particles (metallic 

sites) deposited on the layer of ZnO atoms (basic sites), was successfully developed on 

the surface of silica gel by the combination of strong electronic adsorption and atomic 

layer deposition methods. 

2. During the reaction, the activated CO2 needed assistance from the active H to pull one O 

away and to insert H in at the same time to form C-H and O-H bonds. On the catalysts 

ZnO over-coated Cu/SiO2, where the much more basic sites were formed than the metallic 

sites, the CO2 conversion or CO2 reaction rate was related to the number of metallic sites. 

3. In the reaction of CO2 hydrogenation, CO2 and H2 were activated on different sites. thus, 

the interaction or orientation of basic and metallic sites affected the catalyst selectivity to 

methanol. The catalyst 5Cu-1CyZn-30s with better metallic sites (smaller Cu particles 

with good distribution) and basic sites (uniform ZnO layer) formation, as well as the good 

contiguity between them, showed higher selectivity to methanol compared to other 

catalysts. The contiguity of basic and metallic sites was indicated using the 

characterization methods of TEM, XRD, and XAS analysis. 

4. As we proposed, the catalyst, which contained isolated metallic sites distributed in a layer 

of basic sites, prefer to form CO, instead of methanol. And the catalyst, which contained 

isolated ZnO phases distributed in a layer of Cu or surrounded by sufficient Cu 

nanoparticles, was certified to meet the criterion of both high activity and selectivity 

according to the literature study. 
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CHAPTER 6 Conclusions and Recommendations 

The conclusions for this work are summarized and then the recommendations for future work 

are also mentioned in this chapter. 

6.1 Conclusions 

The CO2 catalytic activation mechanism by considering the effect of contiguity of the two 

activation sites in the CO2 reforming of methane system and CO2 hydrogenation for methanol 

systems was studied as the principal objective of this work. The Ni-based catalysts or Cu-ZnO 

catalysts with different properties and structures were studied for these two CO2 utilization 

reactions to understand the effects of the interaction between species on basic sites and metallic 

sites, further the geographic distribution and orientation of the basic sites and metallic sites. 

For the reaction of CRM, different second metallic components in addition to Ni in the NiM2 

(M2=Co, Mn, Cu, and Fe) bimetallic MgO-spinel structure catalysts were prepared. It was 

determined that the second metal affected the metallic particle sizes and it also affected the basicity 

of the catalysts slightly. The catalysts with varying contents of Mg from revealed that stronger 

basic sites were related to MgO solid solution phase, where metallic sites preferred to sit. The MgO 

phase was responsible for the good contiguity of the two types of sites that worked for CO2 

reforming of CH4. During the reaction, the initial TOF of CO2 and CH4 based on the number of 

metallic sites had a good correlation with the average metallic particle size. The smaller particles 

created more chance for the activated reactant on metallic sites to reach the other reactant activated 

on the basic sites around it, as well as good contiguity of metallic and basic sites, thus leading to 

higher activities. The deactivation behavior of the catalysts was explained by a pushing-pulling 

theory proposed in this study. The pushing force and pulling force of the catalytic sites were 
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quantified from the pulse adsorption-reaction experiments. A stable, or good carbon-resistant 

catalyst should have stronger oxidizing ability of CO2 species on the basic sites surrounding the 

metallic particles than the pushing force of the metallic sites to CH4. This study also revealed the 

incomplete dissociation of CH4 on the metallic sites, which may be the reason leading to lower 

H2/CO instead of reverse water-gas shift reaction.  

For the reaction of CO2 hydrogenation to synthesize methanol, the synthesis of the catalysts 

led to the formation of isolated Cu nanoparticles (metallic sites) distributed in ZnO layer(s) (basic 

sites), by the combination of strong electronic adsorption and atomic layer deposition methods. 

With varying the exposure time of the Zn-containing precursor and the number of ZnO deposition 

layers, there was a slight change in the environment of ZnO sites to Cu sites and vice versa, and 

their contiguity. The more uniformed Cu site and ZnO site distribution in 5Cu-1CyZn-30s allowed 

it to have relatively more methanol formation, due to the good contiguity in both physical location 

and chemical interaction. This was confirmed with characterization methods of TEM, XRD and 

XAS analysis. As expected, these catalysts facilitate more CO formation rate than the methanol 

formation rate. This study partially supports the mechanism theory for CO2 hydrogenation to form 

methanol that activated CO2 on the ZnO sites needs activated hydrogen in the right position. The 

other catalyst we proposed, which contained isolated ZnO phases distributed in a layer of Cu or 

surrounded by sufficient Cu nanoparticles, was certified to meet the criterion of both high activity 

and selectivity according to the literature study. 

 Through this work, the concept of site contiguity was proposed, and the understanding of site 

contiguity help to study the mechanism of the CO2 catalytic activation. So far, the site contiguity 

is recognized as the property of the catalyst which cannot be quantified. However, some of the 

characterization methods can be used as an indicator of site contiguity, like TEM image to study 
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the physical location of active sites, XAS spectra to study the chemical interaction of active sites. 

The theory of pushing-pulling was proposed to describe the effect from two active sites for one 

reactant, further to explain the mechanism of CO2 utilization reactions.  

For these catalytic reactions, involving two reactants to be activated on different types of 

activation sites, not only the number and activity of the sites but also the site distribution and 

orientation, namely site contiguity, can affect the performance of the catalysts. In conclusion, the 

mechanism of CO2 catalytic activation was analyzed based on the CRM and CO2 hydrogenation 

reaction, especially on the aspect of contiguity of metallic sites and basic sites. According to this 

study, the common recognition of the CO2 utilization catalyst used in this reaction system was 

obtained. For CO2 utilization, enough and strong basic sites should be created on the catalysts for 

CO2 activation. The properties of metallic sites, like the number or activity of metallic sites, can 

lead to different product formation. In the reaction of CRM, with stronger metallic sites, the ability 

of carbon formation through CH4 dissociation on the metallic sites was stronger than the oxidizing 

ability of CO2 species on the basic sites surrounding the metallic particles, then coke was formed 

instead of the desired product, CO. During the CO2 hydrogenation reaction, with relatively more 

metallic sites, the catalyst has higher selectivity to methanol, instead of CO. The good contiguity 

of basic and metallic sites on the catalysts was necessary for these reaction systems to give enough 

chance to let the reactants activated on these two catalytic sites reach and react with each other, 

further improving the stability and activity of the catalyst. These conclusions can be instrumental 

in developing effective catalysts for CO2 utilization in future. 
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6.2 Recommendations 

To further understand the CO2 catalytic activation during converting to value-added products, 

the following work is recommended. 

6.2.1 CO2 reforming of methane 

To further study the CO2 catalytic activation during CRM reaction, in situ characterization 

methods, like in situ FTIR or in situ XAS, and computational investigation, like density functional 

theory (DFT), can be carried out.  

From the result of in situ FTIR during the reaction of CO2 reforming of methane, the 

intermediates of the reaction can be determined. The change of valence of active metal in the 

catalysts can be detected via the in situ XAS during the reaction. This information can help to 

picture the pathway of reaction and the mechanism of CO2 catalytic activation. The study could 

help to further understand the effect of each catalytic site and the contiguity of metallic and basic 

sites. 

Studies on the computational investigation on this reaction would assist in determining the 

reaction mechanism over the catalysts with different properties and structures, which can reveal 

the effect of structure of the catalysts on the reaction pathway. Through the study of adsorption and 

activation energy of each reactant, the pushing-pulling effect of each active site on the reactant can 

be determined. The combination of experimental and simulated study is possible to give 

comprehensive analysis and understanding on the theory of pushing-pulling between the metallic 

and basic sites of the catalyst and the mechanism of CO2 catalytic activation. 
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6.2.2 CO2 hydrogenation reaction for methanol synthesis 

For the study of CO2 catalytic activation on the CO2 hydrogenation reaction, only one extreme 

catalyst model has been studied. The ZnO over-coated Cu/SiO2 catalyst is indicated to prefer to 

form CO, instead of methanol. To complete this, the study on the Cu-ZnO catalyst with isolated 

basic sites surrounded by sufficient metallic sites should be facilitated.  

This catalyst is certified to meet the criterion of both high activity and selectivity according 

to the literature study, but experimental analysis is still needed. To prepare the catalyst with certain 

structure, especially the desired interaction between metallic and basic sites, the uniformed Cu 

layer phase in the catalysts can be deposited by ALD method with proper precursors, and isolated 

ZnO phase can be prepared by the SEA method. Then, the same characterization and evaluation as 

studying the ZnO over-coated Cu/SiO2 catalyst should be carried out for this catalyst. This study 

can fully support the mechanism theory in CO2 hydrogenation to form methanol, that activated 

CO2 on the ZnO sites needs activated hydrogen in the right position. Based on these results, the 

pushing-pulling theory can be used to describe and understand the CO2 activation mechanism 

during the reaction. 

 Then in situ characterization methods and computational investigation can be used to further 

study the CO2 catalytic activation during the reaction of CO2 hydrogenation to form methanol.  

6.2.3 Other CO2 utilization reactions 

Other reactions for CO2 utilization can be studied to understand the process of CO2 catalytic 

activation and develop effective catalysts for CO2 utilization. 

Thermochemical conversion of CO2 can use high temperature of concentrated solar power to 

split CO2 into CO and O2. The process of electrocatalytic reduction of CO2 can produce CH4, C2H4, 
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or CO with proper catalyst. Photoelectrocatalytic conversion of CO2 is also a promising process 

for CO2 utilization. These technologies are still in their infancy and needed more research. 
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Appendix A: Reproducibility of the Experimental Results 

ICP analysis: one of the catalysts for the reaction CRM and one for the reaction of CO2 

hydrogenation to produce methanol were characterized twice, to determine whether the 

characterization results are reproducible. The percent difference of two values (a1 and a2) is 

calculated using Equation  

Diff. = |
(a1-a2)

(a1+a2) 2⁄
| ×100 %                                                                                                      A-1 

The compositions of elements on the catalyst NiMn and catalyst 5Cu-1CyZn-30s were 

measured twice and the results are shown in Table A-1 and A-2, which reveal that the results in 

ICP analysis were reproducible. 

XAS analysis:  

In the analysis of XAS, two spectra of the same sample were collected. As the example, the 

Ni K-edge spectra for the reduced CRM catalyst NiCo, and Cu K-edge spectra for the reduced 

catalyst 5Cu-1CyZn-30s are shown in Figure A-1,2. The spectra are almost identical, and 

significant difference is displayed. 

Catalyst activity test:  

The activity test of the catalyst NiCo for the CRM reaction was repeated. The CH4 and CO2 

reaction rate of NiCo are shown in Figure A-3. The same test for the Cu-Zno catalyst was done for 

the CO2 hydrogenation reaction, and the results are shown in Table A-3. Both of the differences 

of reaction rates in these two reaction were in the range of ±4.1 %, meaning that the activity test 

of catalysts for these two reactions were reproducible.  
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Table A-1 Repeatability results for ICP analysis for catalyst NiMn 

 a1 a2 Diff. (%) 

Ni (%) 2.90 2.93 0.1 

Mn (%) 1.94 1.99 2.0 

Mg (%) 64.46 64.52 2.0 

Al (%) 30.68 30.56 2.0 

 

Table A-2 Repeatability results for ICP analysis for catalyst 5Cu-1CyZn-30s 

 a1 a2 Diff. (%) 

Cu (wt%) 4.49 4.38 5.6 

Zn (wt%) 1.47 1.39 2.5 
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Figure A-1 Reproducibility of XANES analysis for the reduced catalyst NiCo  

 

Figure A-2 Reproducibility of XANES analysis for the reduced catalyst 5Cu-1CyZn-30s 
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Figure A-3 Repeated catalyst performance evaluation experiments. Activity test of NiCo catalysts 

at reaction condition: T = 750 °C, P = 1 atm, F = 90 mL∙min-1, CH4/CO2/N2 = 1/1/1, 0.05 g catalyst. 

(a) The reaction rate of CH4 as a function of time-on-stream; (b) The reaction rate of CO2 as a 

function of time-on-stream. 
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Table A-3 Repeated catalytic performances of the catalyst 5Cu-1CyZn-30s 

Rate (mmol∙g-1h-1) a1 a2 Diff. (%) 

CO2 reaction 4.82 4.72 2.1 

Methanol formation 0.49 0.47 4.1 

CO formation 4.38 4.26 2.8 

Reaction conditions: T = 250 °C, P = 4.0 MPa, F = 9.6 L∙h-1, 1.0 g catalyst. 
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Appendix B: Calibration of Mass Flow Controller 

There are four channels in the mass flow controller (MFC) for the reaction of CRM, N2, CO2, 

CH4, and H2, respectively. Figure B-1 shows the calibration curves of MFC for these four gases. 

There are two channels of MFC for the reaction of CO2 hydrogenation to methanol, CO2 and H2. 

Figure B-2 displays the calibration curves of MFC. Each point represents the average of 10 

measured flow rates at that set-point. The R2 of each curve was more than 0.999. 

 

 

Figure B-1 MFC calibration curves of each channel for CRM reaction 
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Figure B-2 MFC calibration curves of each channel for the reaction of CO2 hydrogenation 
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Appendix C: Calibration of Gas Chromatography 

The gas chromatography (GC) was calibrated using at least four concentrations. And at least 

three times injections were conducted at each concertation. For the reaction of CRM, the calibration 

of gases N2, CO2, CH4, CO and H2 were carried out with Agilent 6890N GC equipped with a TCD. 

The calibration curves are shown in Figure C-1. For the reaction of CO2 hydrogenation to produce 

methanol, the calibration of gases H2, CO, and CO2 were done with Agilent Technologies 7890A 

GC equipped with two thermal conductivity detectors (TCD) and a flame ionization detector (FID). 

The liquid product methanol was detected with an off-line Agilent Technologies 7890A GC 

equipped with a DB-Wax capillary column and FID detector. The calibration curves are shown in 

Figure C-2,3. 
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Figure C-1 Calibration curves for the Agilent 6890N GC equipped with an TCD for CRM reaction 
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Figure C-2 Calibration curve of Methanol for the Agilent Technologies 7890A GC equipped with 

TCD and FID detectors 

 

Figure C-3 Calibration curve of Methanol for the Agilent Technologies 7890A GC equipped with 

a DB-Wax capillary column and FID detector 
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Appendix D: Temperature Profiles of Reactors 

The temperatures profile inside the reactors were obtained with N2 gas passing through the 

reactor. The temperature inside the reactor were measured with a K-type thermocouple at various 

position while the furnace is setting at different temperatures. Each measurement was repeated 3 

times and the average value was used. Figure D-1 shows (a) the calibration of the actual 

temperature (from the thermocouple) and the setting temperature (of the furnace), and (b) the 

constant-temperature zone of the reactors for the CRM reaction. Figure D-2 displayed (a) the 

calibration of the actual temperature and the setting temperature, and (b) the constant-temperature 

zone of the reactors for the CO2 hydrogenation reaction. 

 

Figure D-1 Temperature profiles of CRM reactor 
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Figure D-2 Temperature profiles of CO2 hydrogenation reactor 
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Appendix E: Carbon and Hydrogen Balance  

The carbon and hydrogen balance in CRM reaction could be calculated in the unit of mole. 

The C and H balance during CRM reaction over catalyst NiCo is shown in Table E-1 as an example 

with the reaction time of 20 h. 

Cin = (CH4 + CO2)in                                                                                                                        

Cout = (CH4 + CO2 + CO)out                                                                                        

ΔC = Cin – Cout                                                                                                                         

Hin = (4 × CH4)in                                                                                                                        

Hout = (4 × CH4 + 2 × H2)out                                                                                                    

ΔH = Hin – Hout                                                                                                                        

The carbon and hydrogen balance in CO2 hydrogenation reaction could also be calculated. 

The balance of these two elements over catalyst 5Cu-1CyZn-30s is shown in Table E-2 with the 

reaction time of 24 h. 

Cin = (CO2)in                                                                                                                        

Cout = (CO2 + CH3OH + CO)                                                                                               

ΔC = Cin – Cout                                                                                                                        

Hin = (2 × H2)in                                                                                                                        

Hout = (2 × H2 + 4 × CH3OH + 2 × H2O)out                                                                         

ΔH = Hin – Hout                                                                                                                        
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Table E-1 Carbon and Hydrogen balance for CRM over NiCo during 20 h. Reaction conditions: 

0.05 g catalyst, temperatures: 750 °C, 1atm, GHSV of 110 L g-1 h-1, CH4/CO2/N2 = 1/1/1 

Carbon  Hydrogen 

In (mole) 
Out 

(mole) 

Balance 

(mole) 
Diff. (%) In (mole) 

Out 

(mole) 

Balance 

(mole) 
Diff. (%) 

3.57 3.43 0.14 4.00 7.14 6.94 0.19 2.69 

 

Table E-2 Carbon and Hydrogen balance for CO2 hydrogenation reaction over catalyst 5Cu-

1CyZn-30s during 24 h. Reaction conditions: 1.0 g catalyst, temperatures: 250 °C, 4 MPa, F = 9.6 

L h-1, H2/CO2 = 3/1 

Carbon  Hydrogen 

In (mole) 
Out 

(mole) 

Balance 

(mole) 
Diff. (%) In (mole) 

Out 

(mole) 

Balance 

(mole) 
Diff. (%) 

2.57 2.46 0.11 4.37 15.43 14.98 0.45 4.41 

 

 

 

  



 

182 

 

Appendix F: Performance of Monometallic Ni and Bimetallic NiM2 Catalysts 

for CRM Reaction at 750 °C 

The CH4 and CO2 reaction rates, and the H2 and CO formation rates of catalysts Ni and NiM2 are 

shown in Figure F-1.  
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Figure F-1 Activity and stability of monometallic Ni and bimetallic NiM2 catalysts at reaction 

condition: T = 750 °C, P = 1 atm, GHSV = 110 L∙gcat
-1h-1, CH4/CO2/N2 = 1/1/1, 0.05 g catalyst. (a) 

The reaction rate of CH4 as a function of time-on-stream; (b) The reaction rate of CO2 as a function 

of time-on-stream; (c) The formation rate of H2 as a function of time-on-stream; (d) The formation 

rate of CO as a function of time-on-stream 
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Appendix G: Characterization of Monometallic Ni and Bimetallic NiM2 

Catalysts Reduced at 850 °C 

The spectra of Ni, Co, Mn, Cu, and Fe K-edge XANES of catalysts reduced at 850 °C are 

shown in Figure G-1,2,3,4, and 5. 

      

Figure G-1 The Ni K-edge XANES spectra of monometallic Ni and bimetallic NiM2 catalysts 

after reduction at 850 °C for 4 h as well as those of Ni and its oxide standards                                                                                                                                                                                               
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Figure G-2 The Co K-edge XANES spectra of NiCo catalyst after being reduction 850 °C for 4 h 

as well as those of Co foil, and its oxide standards 

 

Figure G-3 The Mn K-edge XANES spectra of NiMn catalyst after reduction at 850 °C for 4 h as 

well as those of Mn foil, and its oxide standards 
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Figure G-4 The Cu K-edge XANES spectra of NiCu catalyst after reduction at 850 °C for 4 h as 

well as those of Cu foil, and its oxide standards 

 

Figure G-5 The Fe K-edge XANES spectra of NiFe catalyst after reduction at 850 °C for 4 h as 

well as those of Fe foil, and its oxide standards 
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The TEM images of the monometallic Ni and bimetallic NiM2 catalysts reduced at 850 °C 

and their metallic particle size distributions are shown in Figure G-6.  
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Figure G-6 TEM images and the particle size distribution of the catalysts reduced at 850 °C  
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Appendix H: Characterization of Catalysts with Different Supports 

The bulk structure of catalysts Ni/Al2O3, Ni/MgO-spinel, NiCo/spinel, and NiCo/MgO-spinel 

is shown in Tabel H-1 and Figure H-1,2. The phase percentages of spinel and MgO were calculated 

and shown in Table H-2.  

Table H-1 ICP and BET results 

Catalysts 

Elements 

composition (mol%) 
Mg/Al 

BET surface 

area, m2∙g-1 

Pore 

volume, 

cm3∙g-1 

Average 

pore size, 

nm Ni Co 

Ni/Al2O3 3.0 - 0 182 0.34 75.8 

Ni/MgO-

spinel 
4.8 - 1.6 91 0.19 84.0 

NiCo/spinel 1.6 1.7 0.3 95 0.32 116.3 

NiCo/MgO-

spinel 
3.9 4.9 2.0 74 0.22 130.4 

 

  

Figure H-1 XRD patterns of Ni catalysts supported by Al2O3 and MgO-spinel (Alabi, 2018) 

 



 

190 

 

 

Figure H-2 XRD patterns of NiCo catalysts supported by spinel and MgO-spinel (Alabi, 2018) 

Table H-2 Phase quantification of catalysts based on the XRD patterns 

Catalysts  MgO phase (%) Spinel phase (%) 

Ni/Al2O3 0 100 

Ni/MgO-spinel 55 45 

NiCo/spinel 0 100 

NiCo/MgO-spinel 62 38 
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Appendix I: Permission to Use 

1. Permission to use the published figure in “Development of stable bimetallic catalysts for carbon 

dioxide reforming of methane”. 
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2. Permission to use the published figure in “Cooperativity and Dynamics Increase the 

Performance of NiFe Dry Reforming Catalysts”. 
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3. Permission to use the published figure in “The Cu–ZnO synergy in methanol synthesis from 

CO2, Part 1: Origin of active site explained by experimental studies and a sphere contact 

quantification model on Cu+ZnO mechanical mixtures”. 
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4. Permission to use the published figure in “Characterization of supported Cu-Zn/graphene 

aerogel catalyst for direct CO2 hydrogenation to methanol: Effect of hydrothermal temperature 

on graphene aerogel synthesis”. 
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5. Permission to use the published figure in “Influence of reduction time of catalyst on methanol 

synthesis via CO2 hydrogenation using Cu–Zn/N-rGO investigated by in situ XANES’. 
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6. Permission to use the published figure in “Catalyst Design with Atomic Layer Deposition”. 
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7. Permission to use the published figures in “Effect of spinel inversion and metal-support 

interaction on the site activity of Mg-Al-Ox supported Co catalyst for CO2 reforming of CH4”. 

 


