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Chapter 1 Introduction 

1.1 Research background 

The development of science and technology has enriched our lives. On the other hand, 

environmental problems caused by air pollutants emitted from both fixed and mobile sources, 

such as factories and automobiles, respectively, have become a global issue. Since the discovery 

of the iron catalyst to synthesize ammonia by Fritz Haber and Carl Bosch in the early 20th 

century, catalysts have been used to produce chemicals. In the 1960s, however, pollution was 

caused by byproducts of chemical production and environmental pollutants (for example, SOx, 

NOx) from energy production [1, 2]. In the 1980s, environmental issues became the subject of 

global debate. The United Nations World Commission on Environment and Development 

(WCED) issued a report titled "Our Common Future" that proposed the concept of sustainable 

development [3]. Furthermore, the United Nations adopted Sustainable Development Goals 

(SDGs) in 2015 [4]. In these goals, economic growth and industrial development are listed as 

“Goal 8: Promote sustained, inclusive and sustainable economic growth, full and productive 

employment and decent work for all” and “Goal 9: Build resilient infrastructure, promote 

inclusive and sustainable industrialization and foster innovation”. In addition, as in “Goal 3: 

Ensure healthy lives and promote well-being for all at all ages; 3.9 By 2030, substantially 

reduce the number of deaths and illnesses from hazardous chemicals and air, water and soil 

pollution and contamination” and “Goal 12. Ensure sustainable consumption and production 

patterns; 12.4 By 2020, achieve the environmentally sound management of chemicals and all 

wastes throughout their life cycle, in accordance with agreed international frameworks, and 

significantly reduce their release to air, water and soil in order to minimize their adverse impacts 

on human health and the environment”, some goals are related to the reduction of health hazards 



 

2 

caused by air pollutants. Economic development and environmental conservation must be 

compatible in order to establish a sustainable society. 
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1.2 Air pollution and catalysts 

The air pollution issue must be resolved to establish a sustainable society. The health 

hazards caused by air pollution remain significant. The Lancet Commission on pollution and 

health reported that air pollution killed approximately 6-7 million people in 2019 [5].  

The Air Pollution Control Law was established in Japan in 1968 to control air pollution. 

The Air Pollution Control Law includes emission controls for individual facilities such as 

factories and workplaces, total volume controls in designated areas, and limits on vehicle 

exhaust emissions [6]. Examples of air pollutants specified in this law include smoke (sulfur 

oxides and nitrogen oxides) and volatile organic compounds (VOCs) [7]. To comply with these 

regulations, various methods are used to remove air pollutants. For the case of VOCs, the 

methods can be broadly classified into adsorption and combustion methods. The adsorption 

method uses porous materials such as activated carbon and silica gel. The adsorption method 

has the advantage of being applicable to a wide range of gas concentrations and treatment 

volumes but has the disadvantage of requiring periodic replacement or regeneration of 

adsorbent materials, which is costly. Among combustion methods, the oxidative decomposition 

of gas containing VOCs at a high temperature of 600-900 °C is called the direct decomposition 

method. While the direct decomposition method can remove various types of hazardous 

substances, it has the disadvantages of requiring high energy for combustion and generating 

NOx. The catalytic combustion is one of combustion method. This method can decompose and 

remove even low-concentration substances and burn at lower temperatures than the direct 

combustion method. On the other hand, the catalytic combustion method has the disadvantage 

that it is expensive to replace the catalyst when it deteriorates. 

Catalysts are used not only in the manufacture of chemical products but also for 

environmental cleanup. Various catalysts have been developed to purify environmental 
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pollutants emitted from factories and automobiles. Typical examples include desulfurization 

and denitrification catalysts in petroleum refining and three-way catalysts for purifying 

automobile exhaust gas (Table 1-1). Catalysts that contribute to environmental purification are 

called environmental catalysts. 

 

Table 1-1. Examples of Air Pollutants [2]. 

 

 

 

 

 Environmental load Source Catalyst 

NOx 
photochemical smog, 

acid rain 

gasoline car Three-way catalyst 

diesel car 

Storage reduction catalyst 

Urea-SCR 

Hydrocarbon-SCR 

thermal power station, 

garbage incinerator 

Flue gas denitrification 

systems 

CO toxic 
combustion equipment, 

automotive 

Combustion catalysts,  

Automotive catalysts  

SOx acid rain crude oil 
Hydrodesulfurization 

catalyst 
 

VOC health damage building materials Photocatalyst  

particulate 

matter 

respiratory 

impairment 
diesel car Catalytic Combustion  
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1.3 Supported Pd catalyst 

1.3.1 Characteristics of supported Pd catalysts and recent trends surrounding Pd 

Noble metal-supported catalysts are key materials for purifying various toxic substances. 

Noble metal catalysts using platinum group elements (ruthenium (Ru), rhodium (Rh), palladium 

(Pd), osmium (Os), iridium (Ir), and platinum (Pt)) have high performance as oxidation and 

reduction catalysts. They also have a high melting point and excellent oxidation resistance [8]. 

These catalysts are widely used for catalytic reactions in various fields such as the chemical 

industry, energy industry, organic synthesis, purification of automobile exhaust gas, fuel cell 

electrodes, and others.  

Pd has a characteristic electron configuration of 4d105s0 and shows excellent catalytic 

activity in various reactions[9], including chemical catalysts, dental materials, and jewelry. Pd 

is reported to have higher thermal stability than Pt [10]. Pd also has a high hydrogen storage 

capacity, absorbing about 935 times its volume of hydrogen [11]. It is also necessary for 

automobile exhaust gas catalysts (Three-way catalysts). Figure 1-1 shows the price trends of 

Pd and Pt over the last 15-year period. Before 2017, Pd was less expensive than Pt. Therefore, 

Pt was replaced by Pd to reduce costs; Pd demand for automotive emission catalysts reached 

nearly three times the demand for Pt, and the price reversed. Furthermore, Russia, South Africa, 

and North America account for 44%, 31%, and 15% of Pd production, respectively. The current 

situation in Russia has caused Pd prices to skyrocket due to concerns about declining supply 

and demand surge; demand for Pd as a catalyst reaches approximately 90% of global Pd demand. 

Thus, there is a need to enhance the activity of Pd catalysts to decrease the amount of noble 

metal needed [11]. 
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Figure 1-1. Price trends of Pd and Pt over a last 15-year period [12]. 

 



 

7 

1.3.2 Considerations for improving the activity of catalysts 

Many studies have been carried out to increase the activity of Pd catalysts. There are various 

factors that influence the activity of supported catalysts, such as metal dispersion, surface area, 

metal electronic state, metal surface structure, and metal-support interactions. The following 

are examples of what should be considered for higher activity of Pd catalysts. 

 

Pd precursor and preparation conditions 

Preparation conditions, such as precursor and calcination temperature, and preparation 

methods change catalytic properties such as dispersibility, particle size, and crystal orientation. 

Common Pd precursors include chloride (PdCl2), acetylacetonate (Pd(acac)2), nitrate 

(Pd(NO3)2). Monteiro et al. found that using different Pd precursors changed the ratio of 

Pd(100) to Pd(111) on the support, which also affected the catalytic activity [13]. 

Preparation methods include impregnation, precipitation, and ion exchange. Catalytic 

activity varies depending on the preparation method, even when the same Pd precursor and 

support are used [14]. The catalytic properties vary depending on the preparation conditions, 

even when the same preparation method is used; for example, the activity varies depending on 

the calcination temperature after loading the metal [15-17]. Therefore, it is essential to establish 

appropriate Pd precursors and preparation conditions to design more active Pd catalysts. 

 

Selection of appropriate supports 

The catalyst support is an essential factor in its activity. Figure 1-2 shows the example of 

the effect of catalyst support and the role of the catalyst support includes the following.  

・The support improves the dispersion of the supported metal and increases its surface area. 
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・In the case of exothermic reactions, the support prevents the heat of the reaction from being 

concentrated locally. 

・In the case of endothermic reactions, the support provides a source of heat. 

・The support provides a place for the adsorption and diffusion of reactants 

Interactions between Pd and supports can change the properties of the active site. For example, 

the oxidation state of Pd can change depending on the support used [18, 24-26]. Numerous 

papers also reported that the surface area, dispersion, and particle size of the catalyst can change 

depending on the catalyst support [18-23].  

The catalyst support that exhibits high activity differs depending on the catalytic reaction; 

therefore, selecting appropriate support is essential. For example, Okumura et al. reported that 

Pd/ZrO2 is highly active in the toluene combustion reaction [24]. On the other hand, Satsuma 

et al. reported that Pd/CeO2 showed high activity in CO oxidation reaction at low temperatures 

[25]. In the combustion of methane, Pd/θ, α-Al2O3 showed higher catalytic activity than Pd/γ-

Al2O3 [26]. Even for the same Pd catalyst, its catalytic properties vary greatly depending on the 

support. Consequently, selecting appropriate support is essential to improve the catalytic 

activity. 

 

 

 

 

Figure 1-2. Example of the effect of catalyst support. 
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Addition of other elements, alloying 

One way to improve the activity of Pd catalysts is the addition of other elements or alloying 

with other elements. Examples of Pd-bimetallic catalysts are shown in Table 1-2. 

The enhancement of activity by adding other elements is mainly caused by the ensemble 

effect and the ligand effect. The ensemble effect is a specific structure formed by two different 

metal atoms that affect the catalytic properties. The ligand effect is an effect in which electron 

transfer occurs between metal atoms with different electronic states, changing the catalytic 

properties. Several types of bimetallic structures are formed by adding other elements. Typical 

structures of bimetallic catalysts of metal A and B include a core-shell structure and alloy 

structure. The core-shell structure is the core surface of metal A covered by a shell of metal B. 

Alloy structure is formed by a solid solution of metal atoms A and B. On the other hand, even 

when other elements are added, each element may not form new bonds and remain in a separate 

state. 

Table 1-2. Example of Pd-M bimetallic catalyst. 

 

 

 

 

 

Pd-M support reaction References 

Pd-Au Al2O3, 

TiO2 

CO oxidation 27 

Pd-Au SiO2 CO oxidation 28 

Pd-Zn alloy Adsorption and reaction of ethanol and 

acetaldehyde 

29 

Pd-Zn alloy CO oxidation 30 

Pd-Mo Al2O3 benzene combustion 31 

Pd-Mo Al2O3 CH4 combustion 32 

Pd-Mo Al2O3 NO reduction 33 

Pd-Cu CeO2 Hydrogenation of CO2 34 

Pd-Cu Al2O3 CO oxidation 35 

Pd-Cu CeO2 water-gas-sift reaction 36 
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1.4 Catalyst deactivation 

The life of a catalyst is one of the most important performances, along with activity and 

selectivity. Various factors contribute to catalyst inactivity and catalyst degradation. We have to 

suppress catalyst deactivation in order to design highly active catalysts. Typical examples of 

causes of catalyst deactivation are listed below. 

 

Sintering 

Sintering is the decrease in catalytic activity due to the decrease in the specific surface area 

of the metal caused by the aggregation of metal components due to heating. When exposed to 

high temperatures for a long time, particle growth and specific surface area reduction occur due 

to sintering. The higher the specific surface area, the higher the surface energy of the metal. 

Therefore, sintering is more likely to occur the larger the particular surface area. Sintering is 

thermodynamically unavoidable and is a typical cause of catalyst degradation. The resistance 

of a catalyst to sintering is significantly affected by the reaction temperature and the reaction 

atmosphere. The stability of metals against sintering in a hydrogen atmosphere corresponds 

well to the ordinal melting point of metals [2]. 

Re (3180 °C) > Os (3045 °C) >Ir (2443 °C) > Ru (2250 °C) > Rh (1960 °C) 

> Pt (1769 °C) > Co (1495 °C) > Ni (1455 °C) > Fe (1536 °C) > Pd (1552 °C) 

>Au (1063 °C) > Cu (1084 °C) > Ag (962 °C) 

On the other hand, in an oxygen atmosphere, the tendency for occurring sintering depends on 

the vapor pressure. In an oxygen atmosphere, sintering is often induced simultaneously with 

oxide formation. Oxides tend to form in an oxygen atmosphere when the vapor pressure is high. 

Then, sintering is easily caused under high vapor pressure. The stability against sintering is in 

the following pecking order.[2] 
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Rh > Pd > Pt > Ir > Ru > Os 

In addition to the melting point and vapor pressure of the metal, the metal-support bond also 

affects the stability of the sintering. The finer the metal particles, the greater the interaction with 

the support, which affects sintering behavior. Thus, selecting appropriate support and loading 

metal particles with appropriate particle sizes are important. 

 

Poisoning 

In practical catalytic reactions, there are usually impurities as well as reactants. These 

impurities can be strongly adsorbed on the catalyst, preventing the reactants from adsorbing to 

the active site and reducing the catalytic activity. This phenomenon is called catalyst poisoning. 

Substances that deactivate the catalyst are called catalyst poison. In general, atoms and 

molecules with non-covalent electron pairs that can participate in binding to the active site tend 

to be catalyst poison [1]. In metal catalysts, the compounds such as sulfur, selenium, and 

phosphorus are catalyst poisons. Catalyst poison adsorbs on the active site of the catalyst. The 

magnitude of the adsorption equilibrium constant determines the degree of poisoning. If the 

equilibrium constant is large and the poison is irreversibly and strongly adsorbed, permanent 

poisoning occurs. Heavy metals such as mercury, arsenic, and lead cause permanent poisoning 

[37]. In addition to heavy metals, sulfur compounds can cause permanent poisoning. Petroleum 

materials often contain sulfur components as impurities. Sulfur poisoning will be discussed in 

the next section. 

 

Carbon deposition 

The reactant or product hydrocarbons decompose and polymerize, and the carbonaceous 

material deposited on the catalyst coats the active sites, thereby reducing catalytic activity. 

Carbon deposition is often observed in hydrocarbon reforming reactions and the Fischer-

Tropsch reaction. Generally, the carbon formed on metal catalysts is graphitized; on the other 
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hand, in the case of acid catalysts, they contain hydrogen and carbon and are often polycyclic 

aromatics. Methods to prevent deactivation due to carbon deposition include oxidizing the by-

product carbon to CO and CO2, hydrogenating it to CH4, and reacting it with water vapor to CO 

+ H2. 
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1.5 Effect of sulfur compounds on the catalytic properties  

Sulfur poisoning is one of the major causes of catalyst activity degradation. The adsorption 

of sulfur species on the catalyst or the reaction of sulfur species with the catalyst affects its 

catalytic properties and decreases its activity. There are several mechanisms by which sulfur 

poisoning can reduce catalytic activity [38]. Examples are listed below and in Figures 1-3.  

・Adsorbed sulfur species inhibit adsorption and reaction at multiple sites on the metal surface. 

・Strong chemisorption of sulfur species electronically modifies surrounding atoms  

→ The ability to adsorb or dissociate reacting molecules is affected. 

・Surface restructuring by adsorption of sulfur species  

→ The activity is changed for surface-sensitive reaction 

・Adsorbed sulfur species inhibit the reaction between adsorbed reactants. 

・The adsorbed sulfur species prevent (or retard) the surface diffusion of adsorbed reactants. 

・Sulfur species react with the supported metal or support to form inactive sites such as sulfide. 

Table 1-3 shows examples of studies on sulfur poisoning of Pd catalysts. 

As mentioned above, sulfur compounds generally cause significant deactivation in 

catalytic reactions. On the other hand, sulfur species can improve catalytic properties. For 

example, Liu et al. reported that CeO2 sulfide produced by SO2 treatment shows higher oxygen 

storage properties and has a high reduction of nitrogen oxides by ammonia [39]. Hilaire et al. 

reported that in the Pd/CeO2 case, the alternating CO and O2 pulse reactions showed that SO2 

poisoning increased the number of oxygen that could be transferred between the catalyst [40]. 

In addition, Ortloff et al. revealed that PdSO3, which contributes to the improvement of activity 

in methane oxidation, was formed as a reaction intermediate by H2S treatment of Pd/Al2O3 [41]. 

Therefore, understanding detailed knowledge of how sulfur species affect the catalytic structure 

and catalytic reactions is significant. 
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The structural change of the Pd catalyst by SO2 remains fully unexplained. SO2 is a typical 

sulfur compound contained in fuels such as gasoline. Pd catalysts are highly reactive with SO2, 

forming stable PdSO4. Therefore, SO2 poisoning of Pd-only catalysts has not been adequately 

studied compared to Pt and bimetallic catalysts [51]. Furthermore, studies on sulfur poisoning 

of Pd catalysts have examined catalyst properties under SO2-containing reaction gas conditions 

for catalyst performance evaluation; however, the effect of SO2 itself on the catalyst structure 

has not been well studied. In order to design catalysts with high sulfur poisoning resistance, a 

detailed understanding of the effects of SO2 on the catalyst structure is needed. For example, 

the adsorption behavior of sulfur species, local structural changes under SO2 flow, and change 

at the Pd-support interface. 

 

Table 1-3. Examples of studies on sulfur poisoning of Pd catalysts. 

 

 

 

 

 

 

 

 

 

Catalyst Sulfur 

species 

Reason of deactivation References 

Pd/CeO2 SO2 formation of sulfate species 42 

Pd/CZ SO2 formation of sulfate species 43 

Pd/(SiO2 + TiO2) SO2 formation of PdSO4 and sulfate/sulfite species on the 

support 

44 

Pd/Al2O3 SO2 formation Brönsted acid sites on Al2O3 and hence in 

inactive Pdδ+ species 

45 

Pd/Al2O3 SO2 formation of sulfate species 46 

Pd/Al2O3 SO2 adsorption of sulfur dioxide: low temperature 

formation of Pd sulfites or sulphates: high temperature 

47 

Pd/SiO2 H2S sulfate groups adsorbed onto palladium particles 48 

Pd/Al2O3 H2S strongly adsorbed on the Pd 49 

Pd/Al2O3 H2S formation of sulfide, sulfite and sulfate 50 
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Figure 1-3. Conceptual diagram of sulfur poisoning. 
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1.6 Research objectives 

Pd-supported catalysts are key materials for solving environmental problems such as air 

pollution. In recent years, emission regulations have been stricter worldwide. Furthermore, the 

price of Pd has been rising continuously due to the current global situation and increasing 

demand. Although alternative materials (ex. perovskite oxides) for Pd catalysts have also been 

investigated, Pd catalysts are still necessary for catalytic reactions at low temperatures. 

Therefore, it is urgent to reduce the amount of Pd used, that is, to improve the catalytic activity. 

In addition, the influence of sulfur species present as impurities in the exhaust gas purification 

reaction is inevitable. The deactivation caused by sulfur poisoning is a severe problem for 

enhancing catalyst activity and catalyst life. Consequently, a comprehensive understanding of 

the effects of sulfur species on catalytic properties is needed. 

In this study, the effects of catalyst support and transition metal additions are investigated 

to improve catalytic activity. Furthermore, the effects of sulfur species on catalyst structure and 

activity are investigated in detail using various spectroscopic techniques to design catalysts with 

high resistance to sulfur poisoning. 

This paper consists of the following 7 chapters. Chapter 1 (this chapter) describes the 

research background of this study and the fundamentals of catalyst chemistry. Chapter 2 

discusses the effect of support on CO oxidation reaction under dilute O2 conditions. In Chapter 

3, the effect of SO2 on the catalytic structure of Pd/CeO2 was investigated by in situ XAFS 

measurements to observe the changes under SO2 flow. In Chapter 4, morphology-controlled c-

CeO2 was prepared, and the effect of SO2 on the CeO2 structure of Pd/CeO2 was analyzed at 

the atomic level using Scanning Transmission Electron Microscopy(STEM-EELS) 

measurements. In Chapter 5, the effect of Cu addition on the CO oxidation activity of Pd/CeO2 
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catalysts under dilute conditions was investigated. In Chapter 6, the effect of SO2 on VOC 

oxidation over Pd/Al2O3 is discussed. Finally, chapter 7 summarizes this paper. 
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Chapter 2  

Effects of catalyst support on CO oxidation reaction under dilute 

O2 conditions by Pd catalysts 

 

2.1 Introduction  

CO oxidation by O2 is one of the most fundamental reactions in catalytic chemistry. It has 

been applied in various industrial and environmental processes, including exhaust gas 

purification reactions in automobiles and facilities and unburned gas treatment in indoor 

environments [1]. The emission source of CO changes the reaction conditions. CO 

concentrations are from below pm to several percent levels, and temperatures are from room 

temperature to several hundred degrees Celsius. The optimal catalyst composition and 

preparation process should be selected depending on the CO oxidation reaction conditions. For 

example, precious metals such as Pt and Pd are commonly used at reaction temperatures above 

100 °C, while support Au catalysts and mixed metal oxides such as hopcalite are used at 

relatively low temperatures [2-8]. In the current energy conversion process, technologies are 

needed to efficiently react CO with low concentrations of O2 using waste heat of about100 °C. 

Developing a catalyst that shows high CO oxidation activity under low O2 concentration 

conditions will make it possible to apply in processes that remove harmful CO and low oxygen 

concentrations. 

The properties of the catalyst support have a significant influence on CO oxidation activity 

in supported Pt and Pd catalysts. In the case of using nonreducing supports such as TiO2 or 

Al2O3, the active site of CO oxidation is on the precious metal and the metal-support interface 

[9-11]. The catalytic properties were affected by the size and structure of the metal 
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nanoparticles and the electronic state of the metal particles due to the interaction between the 

metal particles and the support [9, 12-13]. On the other hand, in the case of the support itself 

being highly redox-active, the catalytic properties were also affected by the reactivity of the 

support. For example, CeO2, a common support for automotive exhaust gas purification 

catalysts, has high productivity and oxygen storage capacity, and the lattice oxygen of CeO2 is 

involved in the redox reaction. Furthermore, when metals such as Pt and Pd are supported on 

the CeO2 surface, the reactivity of the lattice oxygen is significantly enhanced [14-16]. 

Therefore, in addition to the above factors, it is essential to consider the extent to which Pd 

activates the lattice oxygen on CeO2 for CeO2-supported Pd catalysts. 

In this study, I focused on the support effect in CO oxidation under dilute O2 conditions using 

Pd catalysts. CO oxidation under excess O2 conditions using Pd catalysts was reported by 

Satsuma et al. [19]. Comparing temperatures at 50% CO conversion, light-off temperatures 

were Pd/CeO2 < Pd/TiO2 < Pd/Al2O3 < Pd/ZrO2 ≤ Pd/SiO2. TiO2 and CeO2 have high oxygen 

storage properties, which causes their high CO oxidation activity at low temperatures. On the 

other hand, the factors that cause the difference in activity between Pd/TiO2 and Pd/CeO2, the 

effect of Pd particle size on catalytic activity, and the mechanism of CO oxidation are still under 

discussion. In addition, catalytic activity varies greatly depending on the reaction gas conditions. 

Therefore, the catalytic activity is expected to change significantly in the CO oxidation reaction 

under dilute O2 conditions. In this study, TiO2, Al2O3, and CeO2 were used as catalyst supports, 

and their CO oxidation activities were compared under dilute O2 conditions. The effects of Pd 

particle size and Pd oxidation state on the catalytic activity and the CO oxidation reaction 

mechanism were also investigated. 
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2.2 Experimental 

2.2.1 Catalyst preparation  

Supported Pd catalysts (Pd/TiO2, Pd/Al2O3, Pd/CeO2) were prepared by impregnation 

methods. Catalyst supports (TiO2: JRC-TIO-4(2), Al2O3: JRC-ALO-8, CeO2: JRC-CEO-5) 

were from the Catalysis Society of Japan. Pd(NH3)4(NO3)2 (Sigma-Aldrich Co., Ltd.) was used 

as Pd precursors for the catalysts. The aqueous precursor solution was dropped into the support 

powder and dried in a hot water bath. The catalyst samples were dried at 100 °C, calcined at 

400 °C for 2 h in the air, and then reduced at 200 °C for 1 h under H2 flow. The Pd loading was 

set to 1 wt %.  

 

2.2.2 Catalyst characterization 

X-ray diffraction (XRD) patterns were obtained using a RIGAKU RINT 2200 instrument 

with Cu-Kα radiation at 40 kV and 20 mA. Scanning transmission electron microscopy (STEM) 

observations and energy dispersive spectroscopy (EDS) elemental mapping were performed 

using Titan G2 cubed (Gatan). X-ray absorption near edge structure (XANES) and extended X-

ray absorption fine structure (EXAFS) spectra were measured at Kyushu Synchrotron Light 

Research Center (SAGA-LS). EXAFS spectra of the Pd K-edge were obtained in transmission 

mode. XANES spectra of the Pd L3-edge were obtained in fluorescence mode. The k3-weighted 

EXAFS data were Fourier transformed to r-space over 3.0–13.0 Å. Fourier transform infrared 

(FTIR) studies were performed with an FTIR-4100 (Jasco) equipped with a diffuse reflectance 

accessory with KBr windows. Before the measurements, the sample was heated at 300 °C in a 

He flow. The spectra were collected at 80 °C with a resolution of 4 cm-1. 
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2.2.3 Catalytic CO oxidation 

Catalytic CO oxidation was carried out with a fixed bed flow reactor. Catalyst samples were 

loaded in a U-shaped glass flow reactor, which was placed in a furnace for catalyst heating. The 

catalyst amount was 0.030 g. Reaction gases (CO 0.5%, O2 0.25%, He balance) were fed to the 

reactor with a flow rate of 100 mL/min. The concentrations of CO2 and CO were determined 

using GC-TCD (GC-8A, Shimadzu). Prior to the reaction, the catalyst was heated at 300 °C in 

a He flow for 1 h. The reaction temperature was set in the range of 90 to 250 °C. For each 

catalytic reaction, a time course of CO consumption and CO2 production was obtained at each 

temperature. CO conversion was measured at steady-state conditions. The carbon balance 

between CO consumption and CO2 production was also confirmed in all cases. 
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2.3 Results and discussion 

2.3.1 Structures of Pd particles on the supporting materials 

Figure 2-1 shows the XRD patterns of the supported Pd catalysts. For comparison, the 

patterns of the supporting materials (TiO2, Al2O3, and CeO2) are shown. The XRD pattern of 

TiO2 shows peaks attributed to the anatase structure of TiO2, Al2O3 shows peaks attributed to 

γ-Al2O3, and CeO2 shows peaks attributed to the fluorite structure of CeO2. The XRD patterns 

of the Pd catalysts were almost the same as those of the support, indicating that the structure of 

the support remained unchanged after Pd deposition and calcination, and H2 reduction. No 

diffraction peaks attributed to the Pd or PdO phases were observed in the Pd catalysts, indicating 

that the Pd species were highly dispersed on the supports. 

Pd K-edge XANES spectra of the Pd catalysts and reference samples are shown in Figure 2-

2(a). In the XANES spectra of the Pd catalysts, a peak was observed at 24.4 keV, attributed to 

the transition from the 1s orbital to the 5p orbital. The peak intensity of the spectra depends on 

the valence of the measured atom. As the Pd valence increased, the intensity of the peak 

increased. The peak intensity of the Pd catalysts decreased in the order Pd/CeO2 > Pd/Al2O3 > 

Pd/TiO2. This finding indicates that the oxidation state of Pd on the CeO2 was the highest. 

XAFS studies on the supported Pd catalysts were performed to investigate the local structures 

of Pd species. Pd K-edge EXAFS spectra of the supported Pd catalysts are shown in Figure 2-

2(b). The spectra of Pd/CeO2 have peaks at 1.6 Å and 3.0 Å, attributed to the Pd-O and Pd-(O)-

Pd bonds, respectively; the peak intensity of Pd-(O)-Pd bond of Pd/CeO2 is much less than that 

of PdO, indicating the formation of small-sized PdO on the CeO2 support on the CeO2 substrate. 

Peaks corresponding to Pd-O were observed for Pd/Al2O3 and Pd/TiO2 catalysts, indicating the 

formation of oxidized Pd on these supported catalysts the same as Pd/CeO2. On the other hand, 

a peak at 2.5 Å corresponding to the Pd-Pd bond appeared in the spectra of the Pd/Al2O3 and 
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Pd/TiO2 catalysts, indicating that reduced Pd species are also formed on these catalysts. This 

revealed that Pd on TiO2 and Al2O3 was more easily reduced than on CeO2. 

Figure 2-3 shows the Pd L3-edge XANES spectra of the supported Pd catalyst together with 

the reference sample; the Pd catalyst spectrum shows a peak at 3174.4 eV, which is attributed 

to the transition from the 2p to 4d orbitals. Thus, the Pd L3-edge XANES spectra strongly 

depend on the oxidation state of Pd on the support [17, 18]. The peak intensity of Pd/TiO2 is 

smaller than that of Pd/Al2O3 and Pd/CeO2, indicating that Pd on TiO2 is reduced more than on 

Al2O3 and CeO2. These EXAFS studies agreed with the Pd K-edge EXAFS spectra. 

STEM-EDS images of Pd catalysts are shown in Figures 2-4. Pd/TiO2 and Pd/Al2O3 images 

show nanoparticles with strong brightness contrast corresponding to Pd particles. For both 

Pd/TiO2 and Pd/Al2O3 catalysts, the Pd particle size is around 2-5 nm. This result agreed with 

the XRD results, which indicate that Pd is highly dispersed. The contrast difference in the 

STEM-HAADF image of Pd/CeO2 is small due to the close atomic number of Pd and Ce atoms. 

Therefore, Pd particles could not be detected in EDS mapping. The results of Pd elemental 

mapping showed that Pd particles in Pd/CeO2 were highly dispersed less than 2 nm. 
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Figure 2-1. XRD patters of supports and Pd catalysts (a)Al2O3; (b)Pd/Al2O3; (c)TiO2; 

(d)Pd/TO2; (e)CeO2; (f)Pd/CeO2. 
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Figure 2-2. Pd K-edge (a)XANES spectra and (b)EXAFS spectra of Pd catalysts and references. 

 

 

 

 

 

 

 

 

 

 

Figure 2-3. Pd L3-edge XANES spectra of Pd catalysts and references. 
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Figure 2-4. STEM-EDS images of (a)Pd/TiO2 (b)Pd/Al2O3 (c)Pd/CeO2. 
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2.3.2 Catalytic CO oxidation 

CO oxidation activity of the supported Pd catalysts under dilute oxygen conditions is shown 

in Figure 2-5. CO oxidation activity of Pd/CeO2 showed in the temperature range above 90 °C. 

The light-off temperatures of Pd/Al2O3 and Pd/TiO2 were 150 °C and 120 °C, respectively. CO 

conversion increased with increasing temperature for all catalysts, but the temperature 

dependence of the CO conversion varied significantly depending on the type of substrate. The 

activity of Pd/CeO2 increased gradually, while the activity of Pd/TiO2 and Pd/Al2O3 increased 

rapidly above 210 °C. in addition, Pd/Al2O3 and Pd/ TiO2 showed higher CO oxidation activity 

than that of Pd/CeO2. In addition, unlike previous studies under oxygen-rich conditions [19], a 

distinct difference in activity between Pd/CeO2 and Pd/TiO2 was observed. 

The redox properties of catalyst support strongly affect the temperature dependence of CO 

oxidation activity. For example, the lattice oxygen of CeO2 contributes to CO oxidation at low 

temperatures in the case of Pd/CeO2. Furthermore, the CeO2 support enhances the oxidation of 

Pd to PdO. Satsuma et al. revealed that the Light-off temperature of Pd/CeO2 is lower than that 

of other oxide support catalysts in the CO oxidation reaction under high concentrations of O2 

[19]. The reduction of PdO to Pd, the reactivity of the lattice oxygen of the CeO2 support, and 

oxygen release and storage properties contribute to the activity in the CO oxidation reaction. 

In this research, Pd/CeO2 also showed higher CO oxidation activity under low temperatures 

and dilute oxygen conditions. In the case of Pd/Al2O3 and Pd/TiO2, the catalyst supports were 

not strong reductants. Therefore, the lattice oxygen of the support did not contribute to the 

reaction. In these catalysts, CO oxidation proceeded by the Langmuir-Hinshelwood-type or 

Mars-van Krevelen mechanism. Langmuir-Hinshelwood-type mechanism related to the 

molecular oxygen in the air is dissociated and adsorbed. Mars-van Krevelen mechanism based 

on the redox behavior of Pd. Pd is covered with CO at low reaction temperatures, which inhibits 
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the dissociative adsorption of oxygen on the metal or the reoxidation of Pd. Therefore, CO 

oxidation is less likely to proceed under low-temperature conditions, while CO oxidation 

proceeds rapidly under high-temperature conditions where CO desorption is more likely to 

occur. 

 

 

 

 

 

 

 

 

 

Figure2-5. Catalytic CO oxidation with Pd catalysts under dilute O2 condition. 
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3.3 Diffuse reflectance FTIR studies 

FTIR spectra of CO species adsorbed on the supported Pd catalysts are shown in Figure 2-

6. The FTIR spectra provided information on the reactivity of CO chemisorbed on the Pd sites. 

The spectra were measured under CO-N2 flow, and then the gas was changed to CO-O2-N2. The 

spectra of the catalysts showed peaks of CO linearly coordinated on Pd at approximately 2100 

cm-1 and peaks of CO bridged coordinated at approximately 1960 cm-1. The peaks at 

approximately 2110 cm-1 are attributed to CO species linearly coordinated on Pd2+ or Pd+ [20-

25]. Peaks of CO species adsorbed on Pd0 were detected in the spectrum of Pd/CeO2 under CO 

gas flow. On the other hand, XAFS spectra showed that Pd was oxidized to PdO on CeO2 in 

the air, as described above. These results indicate that in Pd/CeO2, Pd was oxidized to PdO in 

the air, and then PdO was quickly reduced to Pd0 under CO flow. From these results, the 

reduction and reoxidation of PdO are rapidly promoted under these reaction conditions. FTIR 

spectra of Pd/Al2O3 and Pd/TiO2 under CO gas flow showed peaks attributed to CO species 

adsorbed on Pd0. Especially Pd on Al2O3 was oxidized to PdO in the air same as Pd/CeO2, 

indicating that Pd/Al2O3 is also highly reducible from PdO to Pd. 

In the Pd/CeO2, the peak intensity of linearly coordinated CO on Pd0 was higher than bridge 

coordinated CO on Pd0. On the other hand, in the spectra of Pd/TiO2 and Pd/Al2O3, bridge-

coordinated CO was the main peak. This result indicates that Pd is more highly dispersed on 

CeO2 than on Al2O3 and TiO2 and agreed with STEM-EDS images. 

FTIR spectra of Pd/CeO2 and other supported Pd catalysts under CO oxidation reaction gases 

showed important differences. The FTIR spectra of Pd/CeO2 revealed that the peak intensity of 

adsorbed CO species under CO-O2-N2 flow was significantly lower than under CO-N2 flow.  

This decrease in peak intensity is attributed to the oxidative desorption of CO adsorbed on Pd 

in reaction with O2. For Pd/TiO2 and Pd/Al2O3, the decrease in peak intensity under CO-O2-N2 

flow was smaller than that of Pd/CeO2. This result indicates that CO species adsorbed on Pd on 
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CeO2 desorbed more readily than CO species on Pd on TiO2 or Al2O3 substrates. This may be 

because CO species linearly adsorbed on Pd are less stable and more easily desorbed than cross-

linked CO species or/and because the lattice oxygen of CeO2 is more reactive. PdO reduction 

at the Pd site and oxidative desorption of CO species are important steps in CO oxidation on 

supported Pd catalysts. Therefore, these catalytic properties of Pd/CeO2 are the factor 

contributing to the high activity in the catalytic CO oxidation. 

 

 

 

 

 

 

 

 

 

Figure 2-6. FTIR spectra of Pd catalysts. 

solid line: 1% CO-He(balance); dotted line: 0.5% CO-0.25% O2- He(balance). 
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2.4 Conclusion 

In this chapter, the effect of the support on CO oxidation reaction under dilute O2 conditions 

was discussed. The catalytic activity of Pd/CeO2 was higher than that of Pd/TiO2 and Pd/Al2O3 

in CO oxidation at low temperatures below 180 °C. XAFS and FTIR measurements revealed 

that Pd on CeO2 exists as PdO at room temperature and in air and is easily reduced to Pd0 under 

CO flow. The STEM-EDS images and FTIR measurements showed that the Pd particles on 

CeO2 were smaller and more highly dispersed than those on TiO2 and Al2O3. FTIR studies 

revealed that the oxidative desorption of CO species adsorbed on Pd/CeO2 was faster than that 

on Pd/TiO2 and Pd/Al2O3 at low temperatures. CO oxidation under dilute O2 condition of 

Pd/CeO2 follows the Mars-van Krevelen mechanism in Figure 2-7. Therefore, the reasons 

Pd/CeO2 shows higher low-temperature activity than Pd/TiO2 or Pd/Al2O3 are (1) Pd particles 

are small and highly dispersed, (2) Oxidation and reduction of Pd on CeO2 easily occur (3) 

oxidative desorption of CO is faster. 

 

 

 

 

Figure 2-7. Reaction mechanism of CO oxidation on Pd/CeO2. 
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Chapter 3  

in situ XAFS studies for Sulfurization of CeO2 by SO2 

 

3.1 Introduction  

Pd catalysts are a key material for purifying exhaust gas from factories and vehicles [1-4]. 

These gases contain air pollutants and harmful compounds such as NOx, CO, and hydrocarbons. 

The regulations on these compounds are becoming increasingly stringent worldwide to achieve 

a sustainable society. Generally, platinum group metal catalysts oxidize/reduce harmful 

compounds to non-toxic substances. There is a strong need to reduce the amount of platinum 

group metals used because they are scarce and expensive. Therefore, the activity of the PGM 

catalyst is required to improve. It has been reported that Pd has better thermal durability than 

Pt [1,5-7]. Various oxides such as Al2O3, SiO2, and TiO2 have been used as supports for Pd 

catalysts. CeO2 has excellent redox properties and improves CO oxidation activity at low 

temperatures when used as a supporting material for Pd catalysts. Therefore, CeO2-supported 

Pd catalysts (Pd/CeO2) are frequently used as catalysts for oxidation. 

Catalyst poisoning by sulfur-containing substances (e.g., SO2 and H2S) is an important issue 

in exhaust gas purification. The catalytic performance of Pd catalysts seriously deteriorates after 

sulfur poisoning [8-12]. Since SO2 is contained in emissions from many stationary and mobile 

sources, it is necessary to develop Pd catalysts that exhibit high activity and resistance to sulfur 

poisoning. Understanding the mechanism for sulfur poisoning is essential for designing sulfur-

tolerant catalysts.  

It has been reported that treatment of supported Pd catalysts with SO2 generally reduces the 

activity of Pd catalysts due to the formation of palladium sulfide and a decrease in the catalyst 
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surface area [11, 13-16]. However, the effect of SO2 on the catalyst structure has not yet been 

fully investigated. The effect of SO2 treatment on the properties of CeO2 has already been 

investigated. When CeO2 is sulfurized, oxygen defects are introduced, reducing Ce4+ to Ce3+ 

[17-19]. The sulfurized CeO2 produced by the SO2 treatment has exhibited oxygen storage 

properties and high activity in the reduction of nitrogen oxides by ammonia [20]. The activities 

of Pd/CeO2 deteriorated in the presence of SO2. On the other hand, Hilaire et al. reported that 

in the case of Pd/CeO2, pulse reactions with alternating CO and O2 pulses showed that SO2 

poisoning increased the amount of oxygen that could be transferred to and from the catalyst 

over the entire temperature range that was examined [21]. These results prompted us to 

investigate the poisoning behavior of CeO2-supported Pd catalysts by SO2, which would affect 

the catalytic activities of the Pd/CeO2 catalysts. 

In this study, in situ XAFS measurements under SO2 gas flow were mainly carried out to 

investigate the structure change of CeO2-supported Pd catalyst by sulfur poisoning. The Ce L3-

edge and Pd L3-edge XAFS studies can clarify the local structure of the Pd and Ce sites in the 

Pd/CeO2 catalyst under reaction conditions. The XAFS studies also allowed us to analyze the 

oxidation state of the Ce site quantitatively and revealed the pathways for the sulfurization of 

CeO2 and the role of Pd in these reactions. We also performed the in situ S K-edge XAFS 

measurements to investigate the formation behavior of sulfate species on the Pd/CeO2 catalysts. 

The structure of sulfurized Pd/CeO2 was also analyzed based on XRD, STEM-EDS, and XPS 

analyses, and the applicability of the catalyst to oxidation reactions is discussed. 
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3.2 Experimental 

3.2.1 Catalyst preparation  

  Pd/CeO2 catalysts were prepared by an impregnation method. CeO2 (JRC-CEO-5, Catalysis 

Society of Japan) was used as catalyst support. The aqueous solution containing 

Pd(NH3)4(NO3)2 (Sigma-Aldrich Japan) was dropped into the CeO2 powders. Then the sample 

was well mixed and dried. Subsequently, the precursor hydroxides were dried at 100 °C 

overnight, calcined at 400 °C for 2 h, and then reduced in H2 flow at 200 °C for 1 h. The Pd 

loading was set to 1 wt%. 

 

3.2.2 Catalyst characterization 

The X-ray diffraction (XRD) patterns were obtained at 40 kV and 20 mA (the step rate was 

2°/min) by using a RINT 2200 diffractometer (RIGAKU, Japan) with Cu-Kα radiation (1.54 

Å). Temperature-programmed reduction with H2 (H2-TPR) was performed using BEL-CAT 

(Microtrac BEL). The sample (0.10 g) was pretreated in an air flow at 350 °C for 1 h. Catalyst 

samples were heated from 50 °C to 950 °C at the rate of 5 °C/min. X-ray photoelectron 

spectroscopy studies were performed using a Kratos ESCA-3400 spectrometer (XPS, AXIS-

165, KRATOS, Japan) with an Al K source. X-ray fluorescence (XRF) spectra were obtained 

using a ZSX PrimusⅣ/RX9 (Rigaku). 

 

3.2.3 XAFS measurement 

XAFS measurements were performed at Kyushu Synchrotron Light Research Center 

(SAGA-LS) beamline BL06 (Saga, Japan). The storage ring energy was 1.4 GeV. The double 

crystal monochromator Si(111) was used. Ce L3-edge spectra were obtained with a transmission 
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mode, and S K-edge and Pd L3-edge spectra were obtained with a fluorescence mode. For the 

in situ measurement, the catalyst and boron nitride were weighed in the required amount, mixed 

well with a mortar, and formed into 10 mmφ disks. The in situ measurements were performed 

using a glass cell (Figure 3-1). The catalysts were heated at a reaction temperature under 500 

ppm SO2 flow (100 mL/min) and then measured at room temperature. After that, the catalysts 

were reoxidized with O2 at 500 °C and measured as same. The measurements were also 

performed at 200 °C and 400 °C under the same conditions. XAFS analyses were carried out 

using Athena [22]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1. Image of a glass cell of in situ measurements. 
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3.3 Results and discussion 

3.3.1 Catalyst characterization 

XRD analyses were performed to investigate changes in crystal structure after the SO2 

treatment. Figure 3-2 shows XRD patterns of fresh Pd/CeO2 and SO2-treated Pd/CeO2. For the 

fresh Pd/CeO2 sample, the peaks were observed at 2θ = 28, 33, 47, 56, 59, 69, 76, 79, 88, and 

95°. These peaks are attributed to the pattern of the fluorite structure of CeO2 [26]. Pd metal 

and Pd oxide phases were not detected, implying that Pd species were highly dispersed on the 

CeO2 support. The peak intensities of SO2-treated catalysts were lower than those of the fresh 

sample, whereas the peak positions remained unchanged, and no new peak was detected. These 

findings mean that Pd/CeO2 maintained the fluorite structure after the SO2 treatment, although 

the fraction of the fluorite phase was reduced. 

Pd/CeO2 samples before and after SO2 treatment at 500 °C were observed by TEM and 

STEM-EDS. HR-TEM images and STEM-EDS mapping of Pd/CeO2 showed that the particle 

size of Pd in the fresh sample was about 3 nm, and Pd particles were highly dispersed on CeO2 

(Figure 3-3). No Pd particles larger than 30 nm were observed. These results are consistent with 

the XRD results, in which no X-ray diffraction lines were observed for Pd and PdO. STEM-

EDS mapping also revealed that the Pd particle size was 2-4 nm, and the particle size did not 

change after the SO2 treatment (Figure 3-4). Sulfur species were detected on the entire catalyst 

surface, indicating that the entire CeO2 surface was sulfurized. 
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Figure 3-2. XRD patterns of fresh Pd/CeO2 and Pd/CeO2 after SO2 flow. 

 

 

 

 

 

 

 

 

 

Figure 3-3. HR-TEM image of Pd/CeO2. 
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Figure 3-4. STEM-EDS image of (a)fresh Pd/CeO2 (b)Pd/CeO2 after SO2 treatment at 500 °C 

for 300 min. 
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3.3.2 Investigation of structural change of CeO2 by SO2 with in situ XAFS 

Figure 3-5 shows in situ Ce L3-edge XANES spectra of CeO2 and Pd/CeO2 during SO2 

treatment at 500 °C. For fresh Pd/CeO2 and CeO2, peaks attributed to quasi-atomic Ce 2p3/2 to 

5d5/2, 3/2 electronic transitions [23-25] are observed at 5730 and 5737 eV, indicating that Ce4+ is 

predominantly present in both samples (figure 3-5(a)). The spectra for Pd/CeO2 and CeO2 are 

almost similar, indicating that Pd loading does not affect the average oxidation state of Ce in 

CeO2. After the SO2 flow started, the intensities of the peaks at 5730 eV and 5737 eV gradually 

decreased for both samples, and the position of the absorption edge shifted to the lower energy 

side (Figure 3-5(b)). In particular, Pd/CeO2 shows a larger change than CeO2, with a peak at 

5726 eV attributed to Ce3+ after 40 minutes. Therefore, the loading of Pd promotes the reduction 

of the supported CeO2 in the presence of SO2. Isosbestic points are observed for Pd/CeO2 and 

CeO2 samples, indicating that the CeO2 support is directly converted to a chemical species 

containing Ce3+ and that no intermediate or other species are formed. 

The ratio of Ce3+ to Ce4+ can be determined by applying a curve fitting to the Ce L3-edge 

XANES spectra using CeO2 and Ce(NO3)3 as the reference samples. Figure 3-6 shows the time 

course of the Ce3+/Ce4+ ratio for Pd/CeO2 and CeO2. In the SO2 treatment, the Ce3+/Ce4+ ratio 

= 0.18 for CeO2 after 60 minutes and did not change after that time. On the other hand, in 

Pd/CeO2, the Ce3+/Ce4+ ratio changes up to 0.68. Thus, Pd on CeO2 promotes the reduction of 

CeO2 by the SO2 treatment. 

The reaction gas was then changed to O2 at 500 °C. In the XANES spectra of CeO2, the 

Ce3+ peak intensity was slightly reduced (Figure 3-5(c)). Therefore, a part of the reduced CeO2 

was re-oxidized by O2 treatment. On the other hand, the XANES spectra of Pd/CeO2 did not 

change by the O2 treatment, indicating that the sulfurized CeO2 support in the Pd/CeO2 was not 

re-oxidized by O2. This result means that Ce2O3 species were not produced in the SO2 treatment 

because the Ce2O3 species are known to be readily oxidized by oxygen back to CeO2. 
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Figure 3-7 shows in situ Ce L3-edge EXAFS spectra of CeO2 and Pd/CeO2 at 500 °C in the 

SO2 flow. CeO2 and Pd/CeO2 samples show a Ce-O bond peak at 2 Å and a Ce-(O)-Ce bond 

peak at 3.5 Å. In the presence of SO2, the intensities of these peaks decreased with time. This 

indicates that SO2 reduced the structural regularity of CeO2. After 40 min, the peak intensities 

of Ce-O and Ce-O-Ce bonds after the SO2 treatment were lower for Pd/CeO2 than for CeO2. 

Thus, the Pd loading decreases structural regularity due to the SO2 treatment. No change was 

observed in the EXAFS spectra of Pd/CeO2 when the gas flow was changed to the O2 flow. On 

the other hand, the peak intensity of the Ce-O bond slightly increased for the unpromoted CeO2. 

From the XANES studies (Figure 3-5(c)) mentioned above, Ce3+ is partially reoxidized to Ce4+ 

when O2 is introduced after SO2 treatment for unpromoted CeO2. These findings also indicate 

that the Pd loading improves the stability of sulfurized CeO2. 

We subsequently tracked the state of sulfur species formed on the catalysts during the SO2 

treatment. Figure 3-8 shows in situ S K-edge XANES spectra of CeO2 and Pd/CeO2 during SO2 

treatment at 500 °C in N2. Both catalysts mainly showed the peak at 2.481 keV, assignable to 

SO4
2- species. The peak intensity increased after 60 min, and the spectrum shape was almost 

unchanged. For Pd/CeO2, no other S-containing species with lower valence were detected, 

further indicating that SO2 directly reacted with Pd/CeO2 to form the chemical species 

containing sulfate. For CeO2, the small peak attributed to S4+ was also detected near 2.479 keV. 

However, it was oxidized to S6+ after 60 minutes. Thus, both Pd/CeO2 and CeO2 were reacted 

to form sulfate species on the catalyst in the SO2 treatment.  

It has been reported that the deposition of Pd on CeO2 greatly improved its reactivity [32-

34]. In this case, the reactivity of the interface with CeO2, with which the Pd is contacted, is 

improved. The state of Pd during this process strongly affects the reactivity. Therefore, the state 

of Pd during the SO2 treatment process was traced by in situ Pd L3-edge XANES measurements. 

Figure 3-9 shows the Pd L3-edge XANES spectra during the SO2 treatment at 500 °C. Here, the 
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measurement conditions were the same as those for the in situ Ce L3-edge XAFS measurements. 

Pd L3-edge spectrum corresponds to the 2p → 4d transition. Therefore, this XANES spectrum 

shows the information on the d electron density (oxidation state) of Pd. The Pd L3-edge spectra 

did not change during the SO2 treatment, revealing that Pd reduction and sulfide formation did 

not occur under our conditions. 

XRF analyses revealed the amount of sulfur species on the SO2-poisoned CeO2 and 

Pd/CeO2 catalysts (Table 3-1). The mol ratio of S/CeO2 was 0.24 for Pd/CeO2 and 0.09 for 

CeO2, indicating that more sulfate species were detected on Pd/CeO2 than on CeO2. Therefore, 

the Pd deposition promotes the reduction of CeO2 and the formation of sulfate species in the 

catalysts. These results showed that lattice oxygen in CeO2 was removed, and SO4
2- was formed 

when SO2 was introduced to Pd/CeO2, whereas the fluorite structure was maintained. Based on 

the amount of sulfate species and that of Ce3+, the molar ratio of Ce3+/S was approximately 1.7 

for both samples. 

The reduction behavior of Pd/CeO2 by SO2 depends on the reaction temperature. Figure 3-

10 shows in situ Ce L3-edge XANES spectra in the presence of SO2 at 200 °C and 400 °C. At 

400 °C, the position of the absorption edge shifted to the lower energy side, and the intensity 

of the peak attributed to Ce4+ decreased, indicating that Ce4+ sites were partly reduced to Ce3+ 

by the SO2 treatment. In this case, the isosbestic point was still observed, indicating that CeO2 

was directly converted to chemical species containing Ce3+ even when the reaction temperature 

was decreased. However, the Ce3+/Ce4+ ratio determined from curve fitting was lower than that 

in the SO2 treatment at 500 °C, indicating that the decrease in reaction temperature reduced the 

degree of Ce reduction. At 200 °C, little spectral change was observed even after SO2 was 

circulated for a long time. In this case, only the topmost surface of CeO2 was sulfurized. 

The composition of sulfurized cerium compounds has already been extensively studied. 

Thermodynamically, Ce(SO4)2 and Ce2(SO4)3 are stable. Unlike other rare earth elements, 
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cerium oxysulfate is not expected to be present [27]. From other previous reports, it is also 

known that cerium sulfate oxide (Ce2O2SO4) that contains Ce3+ is formed when CeO2 is 

contacted with SO2 [28, 29]. In this study, it is also possible that cerium sulfate oxide is mainly 

formed because the molar ratio of Ce3+/S was approximately 1.7 species. The presence of 

isosbestic points in both Pd/CeO2 and CeO2 samples confirms that CeO2 is directly converted 

to cerium sulfate oxide upon contact with SO2 and that no other intermediate species are 

observed. 

H2-TPR profiles provide information on the reducibility of CeO2 and Pd/CeO2 (Figure 3-

11). For the CeO2, the H2-TPR profile exhibited two reduction peaks in a lower temperature 

range (50-600 °C) and higher temperature range (600-950 °C), which were assigned to the H2 

reduction of surface and bulk of CeO2, respectively [30]. In H2-TPR with Pd/CeO2, the H2 

reduction peak in the lower temperature range disappeared. This finding suggests that H2 is 

dissociated and reduces the surface CeO2 at 50 °C during pretreatment [31]. Thus, Pd loading 

improves the reactivity of the surface lattice oxygen. On the other hand, the H2 reduction profile 

at the high-temperature side was not changed by Pd loading, indicating that Pd on CeO2 does 

not affect the reactivity of the lattice oxygen in bulk. 

XANES measurement was carried out for CeO2 and Pd/CeO2 at 600 °C under H2 (Figure 3-

12(a)). As described above, H2 reacts with the surface lattice oxygen at 50-600 °C. Therefore, 

the hydrogen reduction with the surface lattice oxygen proceeds at 600 °C. Thus, this 

measurement condition allowed us to track the reduction process for the surface lattice oxygen. 

In both samples, the position of the absorption edge shifted, indicating that CeO2 was reduced. 

In these cases, both samples show similar reduction profiles. The linear combination fitting for 

the Ce L3-edge spectra showed that 15 % of Ce4+ sites were reduced to Ce3+ at 600 °C. The ratio 

of Ce3+ to Ce4+ after the H2 reduction was the same extent for CeO2 and Pd/CeO2. 
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Figure 3-12(b) shows in situ Ce L3-edge EXAFS spectra of CeO2 and Pd/CeO2 in the H2 

flow at 600 °C The peak intensities of the Ce-O and Ce-O-Ce bond-derived peaks in both CeO2 

and Pd/CeO2 decreased in the H2 flow at 600 °C. Therefore, it is clear that H2 treatment 

decreases the structural regularity of CeO2. The peak intensity after H2 reduction was similar 

for CeO2 and Pd/CeO2. The presence of Pd promoted the reduction of CeO2 but did not affect 

the structures of the reduced CeO2. 

Based on the above results, we again discuss the in situ Ce L3-edge XANES spectra in the 

SO2 treatment. For CeO2, the Ce3+/Ce4+ ratio after the SO2 treatment at 500 °C was the same as 

that after H2 reduction at 600 °C. This finding indicates that the surface lattice oxygen was 

consumed by SO2 to form sulfate species during the SO2 treatment. Even after prolonged SO2 

treatment, only the surface lattice oxygen was consumed, and the lattice oxygen in bulk was 

not reacted with SO2. On the other hand, in the case of SO2 treatment with Pd/CeO2, the 

Ce3+/Ce4+ ratio exceeded the value in the H2 reduction at 600 °C, revealing that not only the 

surface lattice oxygen but also the bulk lattice oxygen was consumed in the SO2 treatment. 

These results indicate that Pd loading on the surface of CeO2 promotes the reaction of SO2 with 

CeO2 on the support and significantly enhances the reaction with surface lattice oxygen and 

bulk lattice oxygen. 

XPS studies were performed to investigate the surface structure of the Pd/CeO2 catalyst 

before and after SO2 treatment at 500 °C (Figure 3-13). Ce 3d XPS spectra show peaks of V, V', 

V'', V''', U, U'', U''', U'''' [35-37]. The peaks of U correspond to the 3d3/2 orbital interaction and 

V to the 3d5/2 orbital interaction, respectively. Among these peaks, the U' and V' peaks are 

attributed to Ce3+ species [35, 37], while in fresh CeO2, peaks attributed to Ce4+ were mainly 

detected. The peak intensities of U' and V' increased after SO2 treatment, confirming the 

tendency of SO2 to reduce Ce4+ to Ce3+, similar to the in situ XAFS results. The average free 
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path of electrons in CeO2 is about 2 nm [38, 39], suggesting that the Ce4+ and Ce3+ are present 

at the topmost surface of the SO2-treated Pd/CeO2 samples. 

It has been reported that cerium sulfate oxide is reported to have excellent oxygen storage 

properties [20, 21]. This finding prompted us to investigate the CO oxidation activity of 

Pd/CeO2 after SO2 treatment. Figure 3-14 shows the effect of SO2 treatment on CO oxidation 

with Pd/CeO2. The Pd/CeO2 catalyst shows high activity at 120 °C and higher temperatures. 

After the SO2 treatment at 500 °C, the CO oxidation activity completely deteriorated. Thus, the 

sulfurized Pd/CeO2 exhibited almost no CO oxidation activity. Particularly, even after the SO2 

treatment at 200 °C, the light-off temperatures increased, and CO oxidation activity was greatly 

reduced. This indicates that only sulfurizing the surface of Pd/CeO2 significantly decreases CO 

oxidation activity. 
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Figure 3-5. Ce L3-XANES spectra of CeO2 and Pd/CeO2.  

(a)XANES spectra of references samples, (b)XANES spectra under SO2 flow, (c)XANES 

spectra under O2 flow after SO2 flow. 

 

(a) 

(b) (c) 
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Figure 3-6. The change over time of the Ce3+/Ce4+ ratio for Pd/CeO2 and CeO2. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-7. EXAFS spectra under SO2 flow and O2 flow. 

(a)EXAFS spectra under SO2 flow, (b)EXAFS spectra under O2 flow after SO2 flow. 

 

(b) (a) 
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Figure 3-8. S K-XANES spectra of CeO2 and Pd/CeO2 under SO2 flow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-9. Pd L3-XANES spectra of Pd/CeO2 under SO2 flow. 
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Figure 3-10. Ce L3-XANES spectra of CeO2 and Pd/CeO2 under SO2 flow at 200 °C and 

400 °C. 

 

 

 

 

 

 

 

 

Figure 3-11. H2-TPR profile of CeO2 and Pd/CeO2. 
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Figure 3-12. (a)Ce L3-XANES spectra and (b)EXAFS spectra of CeO2 and Pd/CeO2 under H2 

flow. 
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Figure 3-13. XPS spectra of Pd/CeO2 and 500 °C SO2 treated Pd/CeO2. 

 

 

 

 

 

 

 

 

 

Figure 3-14. catalytic CO oxidation activity of the fresh catalyst and after SO2 treatment. 
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Table 3-1. Ce ion ratios calculated by linear combination fitting with standards and the molar 

ratio of SO3/CeO2 calculated by XRF. 

 

 

 

 

 

 

 

 

 

 

 Ce3+ Ce4+ SO3/CeO2 

CeO2 after SO2  0.15 0.85 0.09 

Pd/CeO2 after SO2 0.40 0.60 0.24 

CeO2 after H2  0.15 0.85 - 

Pd/CeO2 after H2 0.15 0.85 - 
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3.4 Conclusion 

In this study, in situ XAFS measurements were performed to understand the structural 

changes of Pd/CeO2 in the SO2 treatment. The Ce3+/Ce4+ ratio was obtained by curve fitting the 

Ce L3 absorption edge spectra compared with the spectra of reference samples containing Ce3+ 

and Ce4+. We obtained the important results from the Ce L3-, S K-, and Pd L3-edge XANES 

studies, along with XRD and SEM-EDS mapping. 1) the SO2 treatment at 500 °C sulfurized 

the surface lattice of CeO2 to form sulfate and Ce3+ species. 2) Addition of Pd to CeO2 promoted 

the sulfurization of CeO2; by the SO2 treatment at 500 °C, the inner lattice oxygen and the 

surface lattice oxygen were reacted with SO2 in Pd/CeO2, resulting in the formation of Ce3+ and 

sulfate species. 3) Re-oxidation of Ce3+ did not occur in Pd/CeO2 when oxygen was contacted 

with Pd/CeO2 after sulfurization. 4) The entire Pd/CeO2 sample was sulfurized by SO2. 5) Pd 

species were not sulfurized by the SO2 treatment. The chemical species formed by sulfurization 

of Pd/CeO2 by SO2 (cerium sulfate oxide) has a fluorite structure similar to CeO2, but the 

structure is less regular than CeO2. The sulfurized CeO2 showed lower activity for CO oxidation. 

 

 

 

 

 

Figure 3-15. Sulfur poisoning process of Pd/CeO2 investigated in chapter 3. 
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Chapter 4 Structural change of Pd/c-CeO2 by SO2 

4.1 Introduction  

The morphology of CeO2 can be controlled by using appropriate synthesis methods. Zhou 

et al. successfully synthesized rod CeO2 with exposed 100 and 110 planes [1]. Since then, many 

researchers have reported on the morphology control of CeO2. To date, in addition to rod CeO2, 

synthesis of cubic CeO2 with exposed 100 planes and octahedral CeO2 with exposed 111 planes 

have been reported [2-4]. Such morphology-controlled CeO2 is synthesized by selective 

adsorption of anion species on specific crystal faces, thereby inhibiting crystal growth on those 

faces. Various studies have reported the correlation between the exposed face and catalytic 

properties, taking advantage of the ability to expose only specific planes [5-12]. 

The metal-support interaction is one of the factors that determine catalytic properties. The 

reasons for supporting noble metals, which are the active components, on supports are to 

increase the specific surface area of the noble metals and to improve their stability. In addition, 

interactions at the metal-support interface can give new catalytic properties not observed for 

the metal alone. Furthermore, the metal-support interface can be the active site of a catalytic 

reaction. Therefore, the catalytic properties at the metal-support interface are an important 

factor in investigating the reaction mechanism of catalysts. On the other hand, interfaces are 

difficult to observe and evaluate structurally, and not enough knowledge has been obtained 

about structural changes at interfaces. 

Scanning transmission electron microscopy (STEM) helps analyze local structures such as 

interfaces. Figure 4-1 shows a schematic diagram of STEM-EELS: In STEM-EELS 

measurement, an electron beam is narrowed down to about one atom by a focusing lens, 

scanned over the sample, and the electrons transmitted through the sample are detected to obtain 
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an EELS spectrum. By analyzing this spectrum, it is possible to evaluate the valence of the 

sample. 

In this chapter, the change in catalytic properties of Pd/CeO2 due to SO2 is analyzed in more 

detail at the atomic level. In Chapter 3, the effect of SO2 on the catalytic structure of Pd/CeO2 

is discussed using in situ XAFS measurements. The results showed that Pd/CeO2 was reduced 

to Ce3+ under SO2 flow. Pd loading promoted the reduction of CeO2 by SO2. In this chapter, 

morphology-controlled cubic CeO2 (c-CeO2) was synthesized and used as catalyst support to 

investigate further the SO2-induced changes in catalyst structure, especially the reduction of 

supported CeO2. Furthermore, I succeeded in analyzing the structural change of Pd/c-CeO2 

induced by SO2 at the atomic level by STEM-EELS and in observing the change in the Pd-

CeO2 interface structure. 

 

 

 

 

 

 

 

 

 

Figure 4-1. Scheme of the STEM-EELS measurements. 
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4.2.Experimental  

4.2.1 Synthesis of Pd/c-CeO2 

To further investigate the change of Pd/CeO2 by SO2 treatment, morphology-controlled 

ceria was used as catalyst support. c-CeO2 with an exposed (100) plane was synthesized. c-

CeO2 was prepared by hydrothermal synthesis method. Ce(NO3)3 solution was dropwise with 

NaOH solution, followed by hydrothermal synthesis at 200 °C for 24 h. The solid was calcined 

in a muffle oven at 300 °C for 5 h. 

The c-CeO2 was used as support, and Pd(NH3)4(NO3)2 solution was used as the Pd precursor. 

The precursor solution was dropped into the c-CeO2 and dried in a hot water bath. The catalyst 

samples were dried at 100 °C, calcined at 400 °C for 2 h, and then reduced at 200 °C for 1 h 

under H2 flow. 

 

4.2.2 Catalyst characterization 

The X-ray diffraction (XRD) patterns were obtained at 40 kV and 20 mA (the step rate was 

2°/min) by using a RINT 2200 diffractometer (RIGAKU, Japan) with Cu-Kα radiation (1.54 

Å). Temperature-programmed reduction with H2 (H2-TPR) was performed using BEL-CAT 

(Microtrac BEL). The sample (0.10 g) was pretreated in an air flow at 350 °C for 1 h. Catalyst 

samples were heated from 50 °C to 950 °C at the rate of 5 °C/min. XAFS measurements were 

performed at Kyushu Synchrotron Light Research Center (SAGA-LS) beamline BL06 (Saga, 

Japan). The storage ring energy was 1.4 GeV. The double crystal monochromator Si(111) was 

used. Ce L3-edge spectra were obtained with a transmission mode, and S K-edge and Pd L3-

edge spectra were obtained with a fluorescence mode. in situ XAFS measurements were 

performed in the same way as in Chapter 2. 
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4.2.3 STEM-EELS 

STEM-EELS measurements were performed to evaluate the valence of Ce. FEI Titan G2 

cubed was used for STEM-EDS and STEM-EELS measurements at an acceleration voltage of 

300 kV. Figure 4-2 shows a scheme of the STEM-EELS measurements. 

STEM-HAADF and STEM-EELS measurements were performed from the [011] direction. 

Each square has information on the loss spectrum of one row of atoms. The actual EELS 

spectrum obtained is shown in Figure 4-3. EELS spectrum shows peaks derived from the M4 

and M5 edges. In a previous study [13], the intensity ratio M4/M5 is Ce4+ when the ratio is 0.9 

and Ce3+ when the ratio is 1.25. To visualize the valence of Ce, the intensity ratio values for 

each spectrum are colored, as shown in Figure 4-3(e). 

 

 

 

 

 

 

 

 

 

Figure 4-2. Scheme of the STEM-EELS measurements in this study. 
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Figure 4-3. Example of STEM-EELS measurement (c-CeO2). 

(a) Low-magnification STEM-HAADF image of the measured catalyst.  

(b) STEM-HAADF image of the measured area. 

(c) Ce valence mapping images obtained from EELS spectra. 

(d) STEM-EELS spectra of bulk side (blue) and surface side (orange). 

(e) colored calculated M5/M4 values (0.8-1.4) of each EELS spectrum. 
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4.3 Results and discussion 

4.3.1 Catalyst characterization 

Table 4-1 shows the specific surface areas of c-CeO2 and Pd/c-CeO2 determined from N2 

adsorption. The surface area of c-CeO2 is about 5% of that of the irregularly shaped reference 

catalyst CeO2. 

Figure 4-4 shows SEM and STEM images of the synthesized c-CeO2. The particle size of 

the prepared c-CeO2 was about 20-500 nm. STEM image of Pd/c-CeO2 is shown in Figure 4-5, 

showing that the cubic structure was maintained after Pd loading. The contrast of STEM images 

is proportional to the atomic number (Z) [14, 15]. Pd and Ce have close atomic numbers, and 

the contrast difference is slight. Therefore, in the case of Pd/CeO2 using irregularly shaped CeO2 

as a support, it was difficult to observe the supported Pd particles on CeO2. On the other hand, 

Pd supported on c-CeO2 made it possible to identify Pd in the STEM images; Pd was found to 

be highly dispersed on CeO2 at about 2-5 nm. 

Figure 4-6 shows the XRD patterns of c-CeO2 and Pd/c-CeO2 before and after SO2 treatment. 

The XRD patterns of c-CeO2 and irregular CeO2 show peaks corresponding to fluorite-type 

CeO2 [16]. XRD patterns of c-CeO2 show sharper peaks than that of irregular CeO2. The 

crystallite diameter calculated from Scherrer's formula was 9.2 nm for irregular CeO2 and 71 

nm for c-CeO2. The crystallite diameter of c-CeO2 increased compared to that of irregular CeO2. 

No change in the XRD pattern was observed after Pd loading. Even after SO2 treatment at 

200 °C and 400 °C, the XRD patterns showed fluorite-type peaks, and no peak shift was 

observed. Thus, the crystal structure was not changed by SO2 treatment, and the fluorite-type 

structure was maintained. 
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Figure 4-7 shows the H2-TPR profile. The TPR profile of irregular CeO2 shows two peaks 

on the low (200-600 °C) and high (650-950 °C) temperature side, respectively [17], originating 

from the reduction of surface CeO2 and bulk CeO2. c-CeO2 surface reduction peaks are much 

decreased compared to irregular CeO2. This finding indicates that PdO on c-CeO2 was reduced 

to Pd0 during the 50 °C keeping before measurement, H2 was dissociatively adsorbed on Pd, 

and H2 was desorbed as the temperature increased [18, 19]. The peak positions on the high-

temperature side of c-CeO2 and Pd/c-CeO2 did not shift from irregular CeO2. Consequently, the 

preparation method of CeO2 and the loading of Pd do not affect the reduction inside CeO2. 

 

 

 Table 4-1. Surface area calculated from N2 adsorption. 

  surface area / m2g-1 

c-CeO2 6.1 

Pd/c-CeO2 6.5 

CeO2 117.8 

Pd/CeO2 104.9 



 

72 

 

 

 

 

 

 

 

 

Figure 4-4. (a) SEM image of c-CeO2; (b) STEM-HAADF image of c-CeO2. 

 

 

 

 

 

 

 

Figure 4-5. (a) SEM image of Pd/c-CeO2; (b) STEM-HAADF image of Pd/c-CeO2. 
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Figure 4-6. XRD patterns of (a)irregular CeO2; (b)c-CeO2; (c)c-CeO2 after 400 °C 1 h SO2 

treatment; (d)Pd/c-CeO2; (e)Pd/c-CeO2 after 400 °C 1 h SO2 treatment; (f)Pd/c-CeO2 after 

400 °C 5 h SO2 treatment; (g)Pd/c-CeO2 after 600 °C 1 h SO2 treatment. 

 

 

 

 

 

 

 

 

 

Figure 4-7. H2-TPR profiles. 
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4.3.2 in situ XAFS measurements 

Figure 4-8 shows the in situ Ce L3-edge XANES spectra of c-CeO2 at 400 °C and 500 °C 

under SO2 distribution over time. Measurements were performed for 60 min in each case. The 

spectra of the fresh-CeO2 show the peaks attributed to Ce 2p3/2 to 5d5/2, 3/2 electronic transitions 

are observed at 5730 and 5737 eV [20-22], similar to those shown in Chapter 3, indicating that 

Ce4+ is predominantly present. The XANES spectra of c-CeO2 did not change under SO2 

distribution at 400 °C and 500 °C. Therefore, the average valence of c-CeO2 does not change 

after SO2 treatment up to 500 °C. 

Figure 4-9 shows the in situ Ce L3-edge XANES spectra of Pd/c-CeO2 at 400-600 °C under 

SO2 flow. The XANES spectrum of fresh-Pd/c-CeO2 shows peaks at 5730 eV and 5737 eV, 

which are attributed to Ce4+. The spectra of Pd/c-CeO2 and c-CeO2 are almost similar, indicating 

that Pd loading does not affect the average oxidation state of Ce in c-CeO2. No change was 

observed in the XANES spectra at either 400 °C or 500 °C under SO2 flow. Thus, the average 

oxidation state of the support c-CeO2 of Pd/c-CeO2 is not changed by SO2 treatment up to 

500 °C, as is the case with c-CeO2. On the other hand, under SO2 flow at 600 °C, the intensities 

of the peaks at 5730 eV and 5737 eV gradually decreased. The position of the absorption edge 

shifted to the lower energy side, and the peak according to Ce3+ was detected at 5726 eV. Thus, 

SO2 treatment at 600 °C reduced the support c-CeO2 of Pd/c-CeO2.  

in situ XANES spectra of irregular CeO2 and Pd/CeO2 with irregular support-CeO2 showed 

a reduction of Ce4+ to Ce3+ under SO2 flow at 400 °C . On the other hand, no reduction by SO2 

was observed for c-CeO2 under SO2 flowing at 400 °C. This result could be due to the difference 

in oxygen vacancy formation energy. In irregular CeO2, various planes are exposed, and the 

oxygen vacancy formation energy is low. On the other hand, c-CeO2 has a higher oxygen 
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vacancy formation energy than irregular CeO2, which may explain the difference in XANES 

spectra.    

 

 

 

 

 

 

 

 

Figure 4-8. Ce L3-XANES spectra of c-CeO2 under SO2 flow at 400 °C and 500 °C. 

Measuring time = 0, 20, 40, 60 min. 

 

 

 

 

 

 

 

 

 

 

Figure 4-9. Ce L3-XANES spectra of Pd/c-CeO2 under SO2 flow at 400-600 °C. 

Measuring time = 0, 20, 40, 60 min. 

Red line: under O2 flow after SO2 treatment.  
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4.3.3 STEM-EELS measurements 

Figures 4-10 show STEM-HAADF images and Ce valence mapping images obtained from 

EELS spectra of Pd/c-CeO2. The mapping image indicates that the bulk of c-CeO2 is Ce4+. This 

result agrees with the Ce L3-edge XANES measurements. One layer on the surface of CeO2 

was Ce3+. The surface from the 2 to 5 layer is between Ce3+ and Ce4+, which is the region where 

the oxygen vacancies exist. Thus, 5 layers of oxygen vacancies form from the surface. The same 

method was used to quantify the oxygen vacancies in Pd/c-CeO2. Figure 4-14 shows the number 

of oxygen vacancies calculated from the Ce valence mapping image versus the particle size of 

the support c-CeO2. The fresh Pd/c-CeO2 has 2-15 layers of oxygen vacancies from the surface. 

There is no correlation between the grain size of c-CeO2 and the number of oxygen vacancies. 

STEM-EDS measurements were performed to investigate the structural changes of Pd/c-

CeO2 after SO2 treatment (Figure 4-11). After SO2 treatment at 200 °C and 400 °C, the 

supported c-CeO2 was found to maintain its cube structure. Elemental mapping by EDS 

revealed that sulfur species after SO2 treatment were not localized around Pd but were present 

on the entire catalyst surface. 

Figure 4-12 shows STEM-HAADF and Ce valence mapping images of Pd/c-CeO2 after SO2 

treatment at 200 °C. The mapping images show that the bulk of CeO2 is Ce4+ even after SO2 

treatment at 200 °C. The number of oxygen vacancies present was 2-15 layers for most of the 

particles. Therefore, SO2 treatment at 200 °C did not decrease the c-CeO2 support nor increase 

the oxygen vacancies. 

Figure 4-13 shows STEM-HAADF images of Pd/c-CeO2 after SO2 treatment at 400 °C. 

Oxygen vacancies are present in about 15 layers from the surface, which is an increase 

compared to fresh Pd/c-CeO2. Figure 4-14 shows that SO2 treatment at 400 °C tends to increase 

the number of oxygen vacancies. As in the case of the fresh catalyst, there was no correlation 
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between the oxygen vacancies and the particle size of c-CeO2 after sulfurization. in situ XANES 

measurements showed no change in the valence of Pd/c-CeO2 under SO2 distribution at 400 °C. 

On the other hand, STEM-EELS measurements revealed that c-CeO2 was reduced by 400 °C 

SO2 treatment. This could be because the reduction of c-CeO2 occurred in a narrow region 

within 20 layers from the surface, and the average oxidation number of c-CeO2 remained Ce4+. 

After SO2 treatment at 400 °C, the distribution of oxygen vacancies on c-CeO2 varied. To 

investigate this reason, the number of oxygen vacancies at the Pd-CeO2 interface and on the 

Pd-free CeO2 surface were compared. Figures 4-16 and 4-17 show STEM-HADF image and 

Ce valence mapping images obtained from s and EELS spectra of fresh-Pd/c-CeO2 and Pd/c-

CeO2 after 400 °C SO2 treatment, respectively. Figure 4-16 shows that in the fresh catalyst, both 

the Pd-CeO2 interface and the c-CeO2 surface showed 3-4 layers of oxygen vacancies from the 

surface. After SO2 treatment at 400 °C, the c-CeO2 surface had about 13 layers of oxygen 

vacancies in the Ce mapping image. On the other hand, about 16 layers of oxygen vacancies 

existed at the Pd-c-CeO2 interface, forming more oxygen vacancies than at the c-CeO2 surface. 

The Pd-c-CeO2 interface tends to be more easily reduced than the surface. These results 

revealed that the Pd-CeO2 interaction could promote CeO2 reduction.  

The oxygen vacancies calculated from the Ce valence mapping image versus particle size 

of c-CeO2 and c-CeO2 after 400 °C SO2 treatment are shown in Figure 4-15. In contrast to Pd/c-

CeO2, no tendency for an increase in oxygen vacancies was observed after SO2 treatment at 

400 °C. This tendency indicates that the Pd loading may have promoted the reduction of the 

supported CeO2 by SO2 treatment. Pd-CeO2 interfacial interactions affect the reduction of CeO2 

by SO2. 

Some researchers have discussed the interactions at the Pd-CeO2 interface. Yang et al. 

reported that the oxygen vacancy formation energy is lower at the Pd-CeO2 interface than at the 
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fresh-CeO2 surface [23]. They explain that this is due to the Pd-CeO2 interaction, which induces 

MIGS and facilitates reduction. It has also been reported that Pd loading distorts the CeO2 

structure and increases the bond length of Ce-O bonds near the Pd-CeO2 interface [24]. This 

facilitates the cleavage of Ce-O bonds and improves the reactivity of lattice oxygen. Therefore, 

the electronic interaction between Pd and CeO2 and the distortion of the CeO2 structure due to 

Pd loading could promote the reduction of SO2 at the Pd-CeO2 interface. 
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Figure 4-10. STEM-HAADF images, and Ce valence mapping images obtained from EELS 

spectra of Pd/c-CeO2. 
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Figure 4-11. STEM-EDS image of (a)Pd/c-CeO2 after SO2 treatment at 200 °C (b)Pd/CeO2 

after SO2 treatment at 400 °C. 
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Figure 4-12. STEM-HAADF images and Ce valence mapping images obtained from EELS 

spectra of Pd/c-CeO2 after SO2 treatment at 200 °C for 1 h.  
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Figure 4-13. STEM-HAADF images, and Ce valence mapping images obtained from EELS 

spectra of Pd/c-CeO2 after SO2 treatment at 400 °C for 1 h. 
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Figure 4-14. Number of oxygen vacancies versus of Pd/c-CeO2 the particle size of the support 

c-CeO2. 

 

 

 

 

 

 

 

 

Figure 4-15. Number of oxygen vacancies versus of c-CeO2 the particle size of the c-CeO2. 
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Figure 4-16. (a) STEM-HAADF images of Pd/c-CeO2. 

Ce valence mapping images obtained from EELS spectra of Pd/c-CeO2 at (b)Pd-CeO2 interface 

and (c)CeO2 surface. 

(a) 

(b) 

(c) 
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Figure 4-17. (a) STEM-HAADF images of Pd/c-CeO2 after SO2 treatment at 400 °C for 1 h. 

Ce valence mapping images obtained from EELS spectra of Pd/c-CeO2 after SO2 treatment at 

400 °C for 1 h at (b)Pd-CeO2 interface and (c)CeO2 surface. 

(a) 

(b) 

(c) 
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4.4 Conclusion 

In this chapter, to understand the structural changes of Pd/CeO2 induced by SO2, 

morphology-controlled c-CeO2 was prepared and analyzed in detail using STEM-EELS. 

Compared to irregular CeO2, c-CeO2 had a smaller specific surface area and lower surface 

reduction properties. Pd was highly dispersed on c-CeO2. Therefore, the Pd loading did not 

change the structure of c-CeO2. in situ XAFS measurements revealed that Pd/c-CeO2 was 

reduced by SO2 treatment above 600 °C. STEM-EDS measurements showed that sulfur species 

formed by SO2 treatment were present in the entire Pd/c-CeO2. STEM-EELS measurements 

revealed that SO2 treatment at 200 °C did not change the structure of the support CeO2, while 

SO2 treatment at 400 °C reduced the support CeO2 and increased the number of oxygen 

vacancies. I revealed that the Pd-CeO2 interface was reduced more than the surface.  

Therefore, Pd loading could promote the reduction of the supported CeO2 by SO2 treatment. 
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Chapter 5 Effect of Cu addition of CeO2-supported Pd catalyst on 

catalytic oxidation of CO to CO2 under dilute O2 condition 

 

5.1 Introduction  

The addition of other elements is effective in improving the activity of Pd catalysts. To date, 

CO oxidation of Pd-only loaded Pd/CeO2 has been extensively studied [1-6]. In this study, this 

topic was also investigated in Chapter 1. The addition of transition metals effectively improves 

the activity of Pd catalysts. For example, Pd-Au [7-10], Pd-Zn [11-15], Pd-Mo [16-18], and Pd-

Cu catalysts [19-27] have been reported to exhibit higher activity than Pd catalysts. The addition 

of transition metals changes the electronic state of Pd and improves its dispersion, which in turn 

alters the reactivity of the substrate, resulting in increased activity.  

Pd-Cu catalysts have been extensively studied because Cu is an inexpensive material with 

excellent redox properties. Wacker catalysts have been studied as homogeneous catalysts (ref), 

and heterogeneous catalysts have also been studied in many reactions [27]. In supported Pd-Cu 

catalysts, the formation of the Pd-Cu alloy structure results in lower reduction temperatures and 

higher catalytic activity of the Pd catalyst [19-26]. Both Pd/CeO2 and Cu/CeO2 show high CO 

oxidation activity in CO oxidation. Therefore, the CO oxidation activity is expected to be 

improved even when the alloy structure is not formed. 

In this chapter, the effect of Cu on the catalytic CO oxidation of Pd-Cu catalysts in which 

the alloy structure is not formed is discussed. I report the structural and catalytic properties of 

Pd-Cu/CeO2 with different loadings and compare them with those of other supported catalysts. 

The catalysts were characterized by X-ray diffraction (XRD), X-ray Absorption Near Edge 

Structure (XANES), Extended X-ray Absorption Fine Structure (EXAFS), High-Resolution 
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Transmission Electron Microscopy (HR-TEM), Scanning Transmission Electron Microscopy- 

High-Angle Annular Dark Field (STEM-HAADF), diffuse reflectance Fourier Transform 

Infrared Spectroscopy (FTIR), and H2-Temperature Programmed Reduction (TPR) studies. The 

catalytic performance of Pd-Cu/CeO2 was evaluated at 90-150 °C under dilute oxygen 

conditions ([O2]/[CO] = 0.5). The efficacy of the Cu addition to Pd/CeO2 for CO oxidation was 

discussed in detail. 
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5.2 Experimental 

5.2.1 Catalyst preparation  

Supported Pd-Cu catalysts (Pd-Cu/TiO2, Pd-Cu/Al2O3, Pd-Cu/CeO2) were prepared by 

impregnation methods. Catalyst supports (TiO2: JRC-TIO-4(2), Al2O3: JRC-ALO-8, CeO2: 

JRC-CEO-5) were obtained from the Catalysis Society of Japan. Pd(NH3)4(NO3)2 (Sigma-

Aldrich Co., Ltd.) and Cu(CH3COO)2▪H2O (Wako Pure Chemical Industries, Ltd.) were used 

as metal precursors for the catalysts. The aqueous precursor containing these materials was 

dropped into the catalyst support powder and then dried in a hot water bath. The catalyst 

samples were dried at 100 °C, calcined at 400 °C for 2 h in the air, and then reduced at 200 °C 

for 1 h under H2 flow. The Pd loading was set to 1 wt%. For the Pd-Cu/CeO2 preparation, after 

impregnation with Pd precursor solution and drying at 60 °C, Cu precursor solution was 

impregnated and dried at 100 °C. The Pd-Cu/CeO2 was then dried at 100 °C. Care should be 

taken when mixing Pd and Cu precursors in an aqueous solution since Cu2+ precipitates as 

Cu(OH)2 under basic conditions. Moreover, the isoelectric point of CeO2 is 6.7-8.6; therefore, 

maintaining the basicity of the Pd-containing solution is necessary to fix Pd(NH3)4
2+ on the 

CeO2 surface. To investigate the effect of Cu loading amount, the molar ratio of Cu to Pd was 

changed from 1 to 10 and denoted as Pd-Cu(1)/CeO2, Pd-Cu(2)/CeO2, Pd-Cu(5)/CeO2, and Pd-

Cu(10)/CeO2. 

5.2.2 Catalyst characterization 

XRD patterns were obtained using a RIGAKU RINT 2200 instrument with Cu-Kα radiation 

at 40 kV and 20 mA. STEM observations and energy dispersive spectroscopy (EDS) elemental 

mapping were performed using Titan G2 cubed (Gatan). XANES and EXAFS spectra were 

obtained at Kyushu Synchrotron Light Research Center (SAGA-LS). EXAFS spectra of the Pd 

K-edge were collected in the transmission mode; XANES spectra of the Pd L3-edge were 
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collected in fluorescence mode. Fourier transform EXAFS spectra were obtained from k3-

weighted EXAFS data at 3.0-13.0 Å. FTIR studies were performed using an FTIR-4100 (Jasco) 

with diffuse reflection accessory with KBr window. Prior to measurements, samples were 

heated to 300 °C in a He flow. Spectra were collected at 80 °C with a resolution of 4 cm-1. 

Temperature-programmed reduction with H2 (H2-TPR) was conducted with a BEL-CAT 

(MicrotracBEL). The catalyst was pretreated under O2 flow for 1 h at 350 °C. In the H2-TPR 

measurements, the catalyst was heated from 50 °C to 950 °C at 5 °C/min. 
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5.3 Results and discussion 

5.3.1 Structures of Pd particles on the supporting materials 

XRD patterns of the supported Pd/CeO2 and Pd-Cu/CeO2 catalysts (Figure 5-1). The 

patterns of the catalysts show peaks attribute to the fluorite structure of CeO2. The XRD pattern 

of the Pd/CeO2 catalyst is almost the same as that of the support (CeO2), showing that the 

structure of the support has not changed after Pd deposition, followed by oxidation and H2 

reduction in the catalyst preparation. Diffraction peaks of Pd and PdO were not detected in 

Pd/CeO2, indicating that the Pd species were highly dispersed on the CeO2. In addition, the 

XRD pattern of Pd-Cu/CeO2 hardly changed when the Cu loading was changed, indicating that 

the Cu loading did not affect the support structure. Pd, PdO, and CuO diffraction peaks were 

not detected, and these particles on CeO2 were less than 30 nm. In the XRD pattern of Cu/CeO2, 

only the CeO2 peak was also detected, and no CuO peak was detected.  

Pd K-edge XANES and EXAFS spectra of Pd/CeO2 and Pd-Cu/CeO2 are shown in Figure 

5-2. The Pd K-edge spectra of the catalysts showed a peak at 24.4 keV, which was attributed to 

the transition from the 1s to 5p orbital. After the addition of Cu, the spectra did not change 

significantly (Figure 5-2(a)). In the EXAFS spectra (Figure 5-2(b)). The spectra of both 

catalysts showed peaks at 1.6 Å and 3.0 Å, which were attributed to the Pd-O bond and Pd-(O)-

Pd bond, respectively. For the Pd-Cu/CeO2 catalyst, the peak intensities for the Pd-O bond and 

Pd-(O)-Pd bond were smaller than that of the Pd/CeO2 catalyst. Table 5-1 shows the fitted 

parameters of Pd catalysts from Pd K-edge EXAFS. The coordination number for the Pd-

Cu/CeO2 catalyst is lower than that for the Pd/CeO2 catalyst, indicating that the size of the PdO 

particles on the CeO2 decreased with Cu addition. Some research shows that the codeposition 

of Pd and Cu on CeO2 forms a Pd-Cu alloy. Fox et al. reported that the EXAFS spectra of the 

Pd-Cu bimetallic catalyst showed a peak at approximately 2.2 Å; this peak was attributed to the 
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Pd-Cu bond [24]. On the other hand, no such peaks were observed for the Pd-Cu/CeO2 catalyst 

used in this study. The Pd K-edge spectrum of the Pd-Cu/CeO2 catalyst was well-fitted by the 

Pd-O and Pd-O-Pd contributions, indicating that only PdO species were formed in the catalyst 

(Figure 5-2(c)). 

Pd L3-edge XANES spectra of Pd-Cu/CeO2 and Pd/CeO2 are shown in Figure 5-3. In the 

spectra of Pd-Cu/CeO2 and Pd/CeO2, a peak at 3174.4 eV was observed, which is attributed to 

the transition from the 2p to the 4d orbital. The XANES spectra of Pd-Cu/CeO2 and Pd/CeO2 

were almost identical. Moreover, the Pd K-edge XANES spectra after Cu loading showed no 

significant change compared to the spectra before loading, indicating that the addition of Cu 

did not affect the oxidation state of Pd on CeO2. 

Figure 5-4 shows HR-TEM images of Pd/CeO2 and Pd-Cu(1)/CeO2. The HR-TEM image 

of Pd/CeO2 showed Pd particles of approximately 3 nm on the CeO2. In the image of Pd-

Cu(1)/CeO2, Pd particles and Cu particles were not observed. This result indicates that the 

particle size of PdO on CeO2 decreased with the addition of Cu, which agrees with the results 

of the XAFS studies. STEM-EDS images of Pd/CeO2, Pd-Cu(1)/CeO2, Pd-Cu(5)/CeO2, Pd-

Cu(10)/CeO2, and Cu/CeO2 are shown in Figure 5-5. The EDS images of Pd/CeO2 show that 

the Pd particles were distributed uniformly over the entire CeO2. STEM-EDS images of 

Cu/CeO2 also show that CuO was highly dispersed on CeO2. The images of Pd-Cu(1)/CeO2 

also show that the Pd and Cu particles were highly distributed on the CeO2, and the particle size 

was 2-3 nm. In contrast, the Pd particle size increased to about 5-10 nm in Pd-Cu(10)/CeO2. 

Thus, excessive Cu loading was found to increase the Pd particle size. 

XPS measurements were performed to investigate the oxidation state of Cu. XPS spectra of 

Cu 2p used to study the oxidation state of Cu species on CeO2 are shown in Figure 5-6. In Pd-

Cu(10)/CeO2, sufficient peaks to evaluate the oxidation state were not obtained. This is due to 
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the low Cu loading. The Pd-Cu(10)/CeO2 spectrum shows peaks corresponding to Cu2+ at about 

933.8 eV and 953.8 eV and satellite peaks corresponding to CuO at about 942 eV and 962 eV, 

indicating that the Cu species of Pd-Cu(10)/CeO2 was CuO.
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Table 5-1. Fitted parameters from Pd K-edge EXAFS for Pd/CeO2 and Pd-Cu/CeO2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-1. XRD patterns of Pd/CeO2 catalysts and Pd-Cu/CeO2 catalysts. 

(a)CeO2; (b)Pd/CeO2; (c)Pd-Cu(1)/CeO2; (d)Pd-Cu(2)/CeO2; (e)Pd-Cu(5)/CeO2;  

(f)Pd-Cu(10)/CeO2 (g)Cu/CeO2. 

 

 Coordination number Radial distance (Å) Debye-Waller factor 

Pd/CeO2 4.309 2.009 0.003 

Pd-Cu(1)/CeO2 3.736 2.002 0.003 
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Figure 5-2. Pd K-edge (a)XANES spectra of Pd/CeO2 and Pd-Cu/CeO2; (b)EXAFS spectra of 

Pd/CeO2 and Pd-Cu/CeO2; (c)EXAFS spectra and imaginary parts of Pd/CeO2 catalysts and 

PdO. 
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Figure 5-3. Pd L3-edge XANES spectra of Pd/CeO2 and Pd-Cu/CeO2. 
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Figure 5-4. HR-TEM images of (a)Pd/CeO2 (b)Pd-Cu(1)/CeO2. 
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Figure 5-5. STEM-EDS images of (a)Pd/CeO2; (b)Cu/CeO2; (c)Pd-Cu(1)/CeO2; 

(d)Pd-Cu(5)/CeO2; (e)Pd-Cu(10)/CeO2. 
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Figure 5-6. Cu 2p XPS spectra of Pd/CeO2 and Pd-Cu/CeO2. 
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5.3.2 Catalytic CO oxidation 

The effect of the addition of Cu to Pd/CeO2 on the CO oxidation activity under dilute O2 

conditions was investigated. CO oxidation activity of supported Pd and Pd-Cu catalysts are 

compared in Figure 5-7. The addition of Cu to the supported Pd catalysts improved their 

activities. The addition of Cu significantly enhanced especially the activity of the Pd/CeO2 

catalyst. The Pd-Cu/CeO2 catalyst showed the highest activity in the 90-250 °C region. The 

activity of the Pd/Al2O3 catalyst was enhanced at higher temperatures by the addition of Cu. 

On the other hand, the activity of the Pd/TiO2 catalyst showed little change due to the addition 

of Cu. The activity curves for Pd/CeO2 and Pd-Cu/CeO2 did not show the typical sigmoid shape, 

unlike in previous studies [3, 5, 6]. This is because our reaction condition is stoichiometric 

([CO]/[O2] = 2) rather than oxygen-rich conditions. Furthermore, the Pd/CeO2 and Pd-Cu/CeO2 

catalysts have multiple active sites for CO oxidation: Pd, CeO2, Cu, and the interface between 

these sites are active for CO oxidation. Therefore, one possible reason is that the activity curve 

deviates from a simple sigmoid curve since the CO oxidation activity differs depending on the 

active site. Another possible reason could be that the rate-limiting step is diffusion in the high-

temperature region [28, 29]. 

To investigate the effect of Cu addition to Pd/CeO2 in detail, we investigated the dependence 

of CO oxidation properties on Cu loading (Figure 5-8). The CO conversion increased when the 

Cu/Pd molar ratio was up to 5; however, the CO conversion rate decreased when the Cu/Pd 

molar ratio increased to 10. However, below 180 °C, all Pd-Cu/CeO2 catalysts showed higher 

activity than Pd/CeO2. Figure 5-8(b) shows the results of CO oxidation using Cu/CeO2 as the 

catalyst for comparison. CO conversion increased monotonically with increasing Cu loading, 

and the highest activity was obtained with the Cu(10)/CeO2 catalyst. 

Reaction rates for CO oxidation over Pd-Cu/CeO2 and Cu/CeO2 catalysts with varying Cu/Pd 

ratios are compared in Figure 5-8(c). Here, we measured the rates under low conversion 
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conditions at 120 °C. The reaction rate with the Pd-Cu/CeO2 catalyst increased with increasing 

Cu loading at low loadings (Cu ≤ 0.5 mmol).In this case, Pd-Cu/CeO2 showed higher activity 

than Cu/CeO2. On the other hand, the activity of the Pd-Cu(10)/CeO2 catalyst was comparable 

to that of the Cu(10)/CeO2 catalyst at high loadings. Therefore, the Cu addition to Pd/CeO2 

effectively improved the CO oxidation activity even at low Cu loadings. 

To further consider the effect of the Cu loading on CO oxidation with Pd-Cu/CeO2 catalysts, 

the activities of Pd-Cu/CeO2 and the physical mixture were compared (Figure 5-9). The CO 

oxidation activities of the physical mixture of 2 wt% Pd/CeO2 and 2 wt% Cu/CeO2 were 

compared to those of Pd/CeO2, Cu/CeO2, and Pd-Cu/CeO2. Pd-Cu/CeO2 showed higher CO 

oxidation activity below 150 °C, indicating that the proximity of Pd and Cu is essential to 

improving the CO oxidation activities.  

To investigate the effect of Cu addition on the reduction properties of the Pd catalyst, H2-

TPR was performed for CeO2, Pd/CeO2, Cu/CeO2, and Pd-Cu/CeO2 catalysts (Figure 5-10(a)). 

The surface CeO2 was reduced at 250-600 °C, and the bulk CeO2 was reduced at 700-950 °C 

[30, 33]. The reduction temperature of the CeO2 surface was decreased with the addition of Pd 

to CeO2. In the case of Pd/CeO2, PdO was reduced to Pd below 50 °C (Figure 5-10(c)). The 

amount of H2 consumed in this reduction process was larger than that of PdO, suggesting that 

the reduction of H2 on the CeO2 surface is proceeding simultaneously with the reduction of PdO. 

Therefore, Pd addition increased the reactivity of the lattice oxygen on the CeO2 surface. This 

finding agrees with the results that highly dispersed nanosized PdO on CeO2 is reduced by H2 

at temperatures below 50 °C. [23-24, 30-34]. In the Cu/CeO2 catalyst, a peak attributed to the 

reduction of highly dispersed CuO on the CeO2 appeared in the range of 80-180 °C [35-38]. 

The reduction temperature of the CeO2 surface decreased by Cu addition, suggesting that the 

addition of Cu enhanced the reactivity of the surface lattice oxygen of CeO2. 
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Figure 5-10(b) also shows the H2-TPR profiles of Pd-Cu/CeO2 with different Cu loadings. 

Profile of Pd-Cu(1)/CeO2 shows that the reduction of PdO to Pd was observed to proceed at 

temperatures below 50 °C, as Pd/CeO2. Therefore, the addition of Cu at low loadings did not 

affect the reducibility of PdO on CeO2. In the case of this catalyst, no CuO reduction peak was 

observed in the range of 80-180 °C, showing that the reduction of CuO proceeds at lower 

temperatures. For the catalysts with a higher Cu/Pd ratio, the intensity of the reduction peak at 

60 °C increased with increasing Cu loading. This peak is attributed to the reduction of PdO to 

Pd and CuO to Cu, indicating that the higher the Cu loading, the PdO reduction progresses at 

higher temperatures. In Figure 5-10(c), reduction peaks are observed around 20 °C for both 

Pd/CeO2 and Pd-Cu(1)/CeO2, indicating that the reduction properties of PdO are not 

significantly affected by Cu loading. 

For Cu/Pd=10, a PdO reduction peak was observed around 60 °C, which indicates that excess 

Cu loading reduced the reducibility of PdO on CeO2. As described above, Pd-Cu(10)/CeO2 

showed lower CO oxidation activity than Pd-Cu(1)/CeO2. For Pd-Cu(10)/CeO2 catalysts, 

aggregation of PdO with a particle size of 5-10 nm was observed in the STEM-EDS images 

(Figure 5-5(e)). These results indicate that excessive Cu loading leads to Pd agglomeration and 

an increase in particle size, which decreases the reducibility of PdO and, consequently, the 

activity of CO oxidation. 

The surface density of a monolayer of CuO on CeO2 is 3.0 atom/nm2, assuming that CuO is 

theoretically a monoclinic structure. The surface area of the catalyst and the amount of Pd and 

Cu indicates that the amount of Cu per unit surface area of the catalyst is 5 Cu/nm2 for Pd-

Cu(5)/CeO2, which is slightly more or similar to the amount of CuO that forms a monolayer on 

CeO2. In Pd-Cu(5)/CeO2, STEM-EDS mapping shows that Pd is highly dispersed on CeO2. The 

highly dispersed Cu on the CeO2 surface does not weaken the PdO-CeO2 interaction that 

contributes to the high dispersion of PdO but rather serves to reduce the grain size of PdO. On 
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the other hand, in the case of Pd-Cu(10)/CeO2, the surface concentration of CuO is estimated 

to be 10 atoms/nm2, and the surface density of the above monolayer desiccated bed suggests 

that the CeO2 surface is completely covered by CuO. The higher amount of CuO on CeO2 

weakens the PdO-CeO2 interaction and promotes PdO aggregation; CuO interacts strongly with 

CeO2 and is unlikely to form large particles even at high CuO loading levels, as shown by 

STEM-EDS mapping. 

 

 

 

 

 

 

 

 

 

 

Figure 5-7. Effect of Cu on CO oxidation with Pd catalysts under dilute O2 condition. 
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Figure 5-8. Effect of the amount of Cu loading on CO oxidation with (a)Pd-Cu/CeO2 and 

(b)Cu/CeO2 Catalyst weight 0.020 g, 0.5% CO-0.25% O2- He(balance), gas flow rate 250 

mL/min; (c)Effect of the amount of Cu loading on the reaction rate of CO oxidation at 120 °C 

with Pd-Cu/CeO2 and Cu/CeO2. Catalyst weight 0.020 g, 0.5% CO-0.25% O2- He(balance), gas 

flow rate 250 mL/min. 
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Figure 5-9. (a)Comparison of the activity of Pd-Cu/CeO2 catalyst with physically mixed 

catalyst of 2 wt% Pd/CeO2 and 2 wt% Cu/CeO2; (b)Reaction rate at 120 °C. 

Catalyst weight 0.025 g, 0.5% CO-0.25% O2- He(balance), gas flow rate 250 mL/min. 
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Figure 5-10. (a)H2-TPR profiles of CeO2 and supported CeO2 catalysts; (b)H2-TPR profiles of 

Pd/CeO2 and Pd-Cu/CeO2; (c)H2-TPR profiles of Pd/CeO2 and Pd-Cu(1, 10)/CeO2. 



 

109 

5.3.3 Diffuse reflectance FTIR studies. 

Figure 5-11 shows the FTIR spectra of CO species adsorbed on Pd/CeO2, Cu/CeO2, and Pd-

Cu(1)/CeO2 under CO-N2 flow and CO-O2-N2 flow. The spectra of the Pd catalysts showed 

peaks of linearly coordinated CO on Pd at approximately 2100 cm-1 and peaks of bridged 

coordinated CO at approximately 1960 cm-1. The peaks at approximately 2110 cm-1 are 

attributed to linearly coordinated CO species on Pd2+ or Pd+ [21, 39-43]. For Cu/CeO2 catalyst, 

a peak of linearly coordinated CO on Cu was detected at 2104 cm-1. Pd-Cu(1)/CeO2 also showed 

a peak at 2104 cm-1 [44-45]. This is due to the overlap of the CO species peak on Pd and Cu. 

The intensity of the peak of bridge-coordinated CO on Pd-Cu/CeO2 was lower than that on 

Pd/CeO2. This finding indicates that the number of bridge-coordinated CO on Pd decreased due 

to the decrease in the sizes of the Pd particles, and this finding agrees with the EXAFS studies. 

The peak intensity of CO species adsorbed on the Pd-Cu/CeO2 catalyst decreased significantly 

when the gas flow was switched to CO-O2-N2 gas, the same as Pd/CeO2 catalyst. The peak 

intensity ratio at 2104 cm-1 calculated by normalizing the intensity under CO-O2-N2 flow to that 

under CO-N2 flow is 0.12 for Pd-Cu/CeO2, which is lower than that of Pd/CeO2 (0.17). This 

result suggests that the number of Pd sites contributing to the CO oxidation reaction is higher 

in Pd-Cu/CeO2 than in Pd/CeO2 because of the smaller size of the Pd particles in Pd-Cu/CeO2. 

When the gas was changed to O2-N2 from CO-O2-N2, the peak almost disappeared within 3 

minutes, confirming the rapid oxidative desorption of adsorbed CO species on the Pd-Cu/CeO2 

catalyst (Figure 5-12). 

Figure 5-13 shows the FTIR spectra of Pd-Cu/CeO2 with different Cu/Pd ratios. Pd-

Cu(2)/CeO2 shows no peak shift of linearly-adsorbed CO species on Pd and Cu. In the spectra 

of Pd-Cu(5)/CeO2 and Pd-Cu(10)/CeO2, the peak of CO adsorbed species on the catalysts 

shifted to 2114 cm-1, which is attributed to CO species adsorbed on Cu+ [46, 47]. The Pd particle 

size of the Pd-Cu(10)/CeO2 catalyst was larger than that of other Pd-Cu/CeO2 catalysts, 
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according to STEM-EDS. On the other hand, the peak of bridge-adsorbed CO species on Pd 

particles in Pd-Cu(10)/CeO2 is significantly reduced compared to those in Pd-Cu(1)/CeO2 

(Figure 5-13(b)). This is in contrast to the general trend of an increase in bridge-adsorbed CO 

species as Pd particle size increases. Therefore, excess copper loading may have covered the 

Pd sites, resulting in a decrease in CO species bridged adsorbed on Pd.  

The addition of a small amount of Cu to Pd/CeO2 significantly increased the rate of CO 

oxidation under dilute O2 conditions, as shown above. The added CuO acted as an active site 

for CO oxidation, reducing the size of PdO particles and promoting the oxidation of CO 

adsorbed on Pd by O2. The loading of Pd and Cu to CeO2 also enhanced the reduction of lattice 

oxygen on the CeO2 surface, which also increased the activity of CO oxidation. 
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Figure 5-11. FTIR spectra of CO adsorbed on Pd catalysts and Cu/CeO2 and Pd-Cu/CeO2. 

solid line: 1% CO-He(balance); dotted line: 0.5% CO-0.25% O2- He(balance). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-12. Changes of FTIR spectra of CO adsorbed on Pd/CeO2 and Pd-Cu/CeO2. 

red line: under 0.5% CO-0.25% O2- He(balance) for 30 min. 

black line: under 0.25% O2- He(balance) for 1, 3, 5, 10, 15, 20 min. 
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Figure 5-13. FTIR spectra of Pd-Cu/CeO2 catalysts at (a) 1800-2200 cm-1 (b)1800-2000 cm-1. 

solid line: 1% CO-He(balance); dotted line: 0.5% CO-0.25% O2- He(balance). 
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5.4 Conclusion 

In this chapter, I investigated the addition of Cu to Pd catalysts and its effect on their catalytic 

properties in CO oxidation under dilute O2 conditions. CeO2-supported Pd and Pd-Cu catalysts 

were prepared by impregnation. The catalytic CO oxidation activity of Pd/CeO2 was higher 

than that of Pd/TiO2 and Pd/Al2O3 at low temperatures below 180 °C. The addition of Cu to 

Pd/CeO2 improved the activity, and Pd-Cu/CeO2 exhibited the highest activity in all 

temperature ranges (90–250 °C). Pd-Cu/CeO2 showed higher CO oxidation activity than 

Cu/CeO2, which has been reported to exhibit high CO oxidation. The addition of Cu did not 

affect the electronic state of Pd and did not form Pd-Cu bimetallic particles. However, it reduced 

the Pd particle size and improved the dispersion of Pd. The Pd and Cu loading also improved 

the reactivity of surface lattice oxygen. On the other hand, the addition of excess Cu caused Pd 

agglomeration, which increased the particle size and reduced the reducibility of PdO, resulting 

in lower CO oxidation activity. FTIR studies revealed that Cu improved the oxidative 

desorption of CO species adsorbed on the catalysts. The addition of Cu to Pd/CeO2 increased 

the number of active Pd sites for CO oxidation and improved the catalytic properties of Pd/CeO2. 

Thus, the addition of Cu to Pd/CeO2 resulted in a more efficient catalyst for CO oxidation under 

low-concentration oxygen conditions. 
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Chapter 6 

The effects of SO2 on the catalytic VOC oxidation of Pd/-Al2O3 

 

6.1 Introduction  

Volatile organic compounds (VOCs) are harmful to the human body and cause air pollution 

by reacting with nitrogen oxides in the atmosphere to produce photochemical oxidants. In recent 

years, VOC emission regulations have been strengthened worldwide. Then reducing the amount 

of VOCs emitted from factories is needed. There are various methods for removing VOCs, such 

as adsorption, absorption, thermal combustion, and catalytic oxidation [1, 2]. In the catalytic 

oxidation of VOCs, supported precious metals are commonly used because they can remove 

VOCs at low temperatures. 

Supported Pd catalysts show high activity for oxidation reactions. -Al2O3 has a large 

surface area and can be used as a support to load Pd with highly dispersed. Therefore, many 

studies have been conducted on the catalytic oxidation of VOCs using Pd/-Al2O3 catalysts [2-

9]. Various factors, such as the preparation method, active site structure, and precious metal-

support interaction, determine the catalytic activity in catalytic reactions using supported metal 

catalysts. Haneda et al. reported that Pd/-Al2O3 with larger PdO particle size shows higher 

VOC oxidation activity. On the other hand, catalytic activity decreases when the particle size 

becomes too large. An example of this is sintering during use at high temperatures. It is known 

that when sintering occurs, the activity decreases because the particle size of the active metal 

increases and the specific surface area of the active component decreases [10-12]. 

VOCs and SO2 coexist in the exhaust gases, and the catalytic combustion method is used 

for gas treatment. Poisoning by sulfur coexisting in the flue gas causes a significant decrease in 
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the catalytic activity of precious metal catalysts [10-16]. The decrease in catalytic activity due 

to sulfur poisoning is reported to be caused by the adsorption of sulfur on the active metal and 

support, resulting in the formation of inactive metal sulfides [10, 13-16]. Even when the active 

species, Pd, is not poisoned, sulfur treatment significantly alters surface properties such as 

acidity. Numerous studies have attempted to regenerate sulfur-poisoned catalysts by heat 

treatment or reductive treatment. To our knowledge, however, there have been no reports of 

sulfur species contributing to the improvement of catalytic properties of Pd/-Al2O3 in VOC 

oxidation reactions. 

In this chapter, the effect of SO2 treatment on benzene oxidation using Pd/-Al2O3 was 

investigated. The catalytic benzene oxidation activity of Pd/-Al2O3 catalysts was reduced by 

high-temperature treatment, and then the activity was improved by SO2 treatment. I examined 

in detail the effects of heat treatment and SO2 treatment on the catalyst structure Pd particle size 

and oxidation state and benzene adsorption and desorption properties of the catalysts. 
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6.2 Experimental 

6.2.1 Catalyst preparation  

Pd/-Al2O3 was prepared by impregnation methods. Catalyst support was -Al2O3 (JRC-

ALO-8, the Catalysis Society of Japan ), and Pd precursor was Pd(NH3)4(NO3)2 (Sigma-Aldrich 

Co., Ltd.). Pd solution was dropped into the support powder. The catalysts were dried at 100 °C 

and calcined at 400 °C for 2 h in the air. The H2 reduction was carried out at 200 °C for 1 h in 

5% H2-N2 flow. The Pd loading was set to 1 wt %. 

 

6.2.2 Catalyst characterization 

X-ray diffraction (XRD) measurement was carried out using a RIGAKU Ultima IV X-Ray 

diffractometer with Cu-Kα radiation at 40 kV and 20 mA. N2 adsorption isotherms were 

measured using a BELSORP-mini II instrument (Microtrac BEL, Japan) at 77 K. Scanning 

transmission electron microscopy (STEM) observation and energy dispersive spectroscopy 

(EDS) elemental mapping was carried out using Titan G2 cubed (Gatan).  

X-ray absorption near edge structure (XANES) and extended X-ray absorption fine 

structure (EXAFS) spectra were measured at Kyushu Synchrotron Light Research Center 

(SAGA-LS). EXAFS spectra of Pd K-edge were measured with transmission mode at BL07. 

Fourier transform-EXAFS spectra were measured from k3-weighted EXAFS data at 3.0-13.0 

Å. Pd L3-edge XANES spectra were measured with fluorescence mode at the Kyushu 

University beamline (KU-BL06).   

The S/Pd molar ratio was obtained from the X-ray fluorescence spectra obtained during the 

measurement. The monochromator was set to a photon energy of 3.5 keV, and both S and Pd 
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fluorescence spectra were measured. The S/Pd molar ratio of the SO2-treated catalyst was 

calculated from the area of S and Pd in the fluorescence spectra. 

In situ diffuse reflection FTIR (DRIFTS) measurements were obtained using an FTIR-4100 

spectrometer (Jasco Corporation, Japan) equipped with a diffuse reflection accessory with a 

BaF2 window. in SO2 adsorption, spectra were obtained at 600 °C under SO2 flow with a 

resolution of 4 cm-1. In adsorbed benzene oxidation, measurements were carried out at 275 °C. 

After 30 min under 400 ppm benzene-N2, the spectra were switched to 400 ppm benzene-20% 

O2- N2 gas. 

Benzene adsorption and temperature-programmed oxidation (TPO) were performed in a 

fixed-bed flow system equipped with an FTIR spectrometer (Perkin Elmer Spectrum 3) with a 

gas cell (optical path length 2.4 m). First, 500 ppm C6H6 -N2 gas was introduced into the bypass 

line. Next, this gas was switched to the reactor at 50 °C. The outflowing gas from the reactor 

was analyzed by FTIR spectrometer. The catalyst was then heated to 500 °C at a 5 °C/min rate 

under 20% O2- N2 flow. 

 

6.2.3 Catalytic benzene oxidation 

Catalytic benzene oxidation was measured with a fixed bed flow reactor. Pd/-Al2O3 

catalysts were pretreated under various conditions. The catalysts were heated in 20% O2-N2 at 

800 °C for 3 h for high-temperature treatment. Then, SO2 treatment was carried out with 500 

ppm SO2-20% O2-N2 at 600 °C for 1 h. After the treatment, the SO2-containing gas was changed 

to O2-N2 flow at 600 °C, and the temperature was gradually decreased to room temperature. 

Before benzene oxidation, fresh catalyst samples or the pretreated catalysts were heated at 

350 °C for 1 h in an O2/N2 or N2 flow. Reaction gas (400 ppm C6H6-20% O2-N2 balance, 100 

mL/min) was introduced into the reactor, and benzene concentration was obtained by GC-FID 
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(GC 390B, GL SCIENCE). CO2 concentration was measured by the FTIR spectrometer 

equipped with a gas cell. The steady-state activity at each temperature was measured via two 

reaction histories: the catalyst temperature was raised stepwise from 150 °C to 350 °C (heating 

process), and the temperature was lowered stepwise from 350 °C to 150 °C (cooling process). 

After the reaction reached a steady state, the conversion was measured. 
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6.3 Results and discussion 

6.3.1 Catalytic benzene activity of Pd/-Al2O3 before and after treatment 

The benzene oxidation activity of Pd/-Al2O3 catalysts in the range of 150-350 °C was 

shown in Figure 6-1. Pretreatment conditions and reaction history strongly affect the activity of 

Pd/-Al2O3. Figure 6-1(a) shows the activity in the case that the pretreatment was performed 

under N2 conditions, and the reaction temperature was raised stepwise to measure the steady-

state activity at each temperature. The fresh catalyst showed benzene oxidation activity from 

150 °C. Benzene conversion increased monotonously with the reaction temperature. After 

heating at 800 °C, the light-off temperature increased to 250 °C, and the benzene conversion 

decreased at all temperatures. The decrease in oxidation activity of the supported Pd catalyst is 

caused by the sintering and agglomeration of Pd particles supported on -Al2O3 by high-

temperature treatment, as previously reported [11, 17-19]. When the catalyst heat-treated at 

800 °C was treated with SO2 at 600 °C, the catalyst activity increased. Figure 6-2 shows that 

SO2-treated Pd/-Al2O3 catalysts showed high stability for the benzene oxidation reaction. The 

benzene conversion did not decrease after 480 min at 275 °C. Catalysts heated at 800 °C were 

also heated at 600 °C in the absence of SO2 to investigate the effect of SO2 treatment for 

comparison. The catalyst exhibited lower activity than the SO2-treated catalyst. Figure 6-1(b) 

shows the catalytic activity during the cooling process. As the reaction temperature was lowered 

stepwise from 350 °C, the activities were changed, and the SO2-treated catalyst exhibited 

slightly higher activity than other catalysts. Table 6-1 shows the surface area of each catalyst. 

The surface area decreased after heating at 800 °C but remained unchanged by the subsequent 

SO2 treatment. 

Figure 6-1(c) shows the activity when the pretreatment was performed under O2-N2 

conditions, and the catalyst temperature was increased stepwise. In this case, the light-off 



 

124 

temperature of the fresh catalyst was raised to 250 °C. This result indicates that the oxidized Pd 

does not contribute to benzene oxidation reaction at temperatures lower than 250 °C, and the 

reduced Pd is the active site. The decrease in catalytic activity caused by heating at high 

temperatures was smaller than that caused by pretreatment under N2 conditions. SO2 treatment 

of the catalyst at 600 °C then increased the benzene conversion; in contrast, the activity was 

decreased after the heat treatment at 600 °C in the absence of SO2. Figure 6-1(d) shows the 

activity when the reaction temperature was lowered stepwise. The SO2-treated catalyst 

exhibited higher benzene oxidation activity than the other catalysts. 

In the case of oxidation reactions using supported noble metal catalysts, catalytic activity 

differs between the heating and cooling processes, and hysteresis loops are often observed in 

the activity curve. Generally, the change in the structure and oxidation state of the noble metal 

due to the thermal history affects the catalytic activity. The result of this study shows that the 

benzene oxidation activity of both treated catalysts increased when exposed to benzene-

containing air at 350 ºC, suggesting that the Pd was reduced and activated. Regardless of the 

catalyst pretreatment process or reaction histories, SO2 treatment improves the benzene 

oxidation activity of the Pd/-Al2O3 catalysts heated at 800 °C. 
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Figure 6-1. Benzene oxidation activities of Pd/-Al2O3 catalysts in the range of 150-350 °C 

when the pretreatment was performed under N2 conditions (a)heating process (b)cooling 

process; when the pretreatment was performed under O2-N2 conditions (c)heating process 

(d)cooling process. 

(―) fresh Pd/-Al2O3 catalyst; (―) the catalyst heated at 800 ˚C; (―) the catalyst heated at 800 

˚C and SO2 treated at 600 ˚C; (―) the catalyst heated at 800 ˚C, and then 600 ˚C in the absence 

of SO2. 
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Figure 6-2. Benzene oxidation activities of SO2-treated Pd/-Al2O3 catalysts at 275 °C. 

 

Table 6-1. Surface area of Pd/-Al2O3 and the amount of adsorbed benzene after various 

treatment. 

 

 

 

 

aCatalyst was heated at 800 ˚C in air. 

bCatalyst was heated at 800 ˚C in air and SO2 treated at 600 ˚C. 

 

Treatment Surface area / m2 g-1 

― 185.1 

 Heat treatmenta  164.3 

 SO2 treatmentb  161.6 
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6.3.2 Structural change of Pd/-Al2O3 after treatment 

High-temperature treatment of Pd/-Al2O3 caused the sintering and coarsening of Pd 

particles. XRD patterns of -Al2O3 and Pd/-Al2O3 before and after the heat treatments are 

shown in Figure 6-3. In the diffraction pattern of fresh -Al2O3, peaks attributed to Al(OH)3 

were detected at 20° and 41°. On the other hand, in the Pd/-Al2O3 after calcination at 400 °C, 

these peaks disappeared due to the transformation of Al(OH)3 to -Al2O3. The peaks of Pd or 

PdO were not detected in the diffraction pattern of fresh Pd/-Al2O3, indicating that Pd was 

highly dispersed on -Al2O3. After heat treatment at 800 °C, a peak attributed to Pd0 was 

detected around 40°. Therefore, the heat treatment increased the Pd particle size. For the sample 

treated with SO2 at 600 °C, the peak of Pd0 disappeared, and the peaks of PdO were detected at 

30° and 54°, revealing that Pd0 was oxidized to PdO by the SO2 treatment. 

XAFS studies were performed to investigate the change in the local structure of Pd sites in 

Pd/-Al2O3 before and after the post-treatment. Pd K-edge XANES spectra of Pd/-Al2O3 after 

heating and SO2 treatments are shown in Figure 6-4(a). In the XANES spectrum of Pd/-Al2O3, 

the peak was detected at 24.38 keV attributed to the transition from the 1s orbital to the 5p 

orbital. After heating at 800 °C, the peak intensity decreased, and the peak shifted to the lower 

energy side. This change reveals that the average oxidation state of Pd decreased because of the 

heat treatment. After SO2 treatment at 600 °C, the peak intensity increased, showing that Pd on 

-Al2O3 was re-oxidized. 

Pd K-edge EXAFS spectra of Pd/-Al2O3 after heat treatment and sulfurization are shown 

in Figure 6-4(b). The spectrum of fresh Pd/-Al2O3 showed a peak at 1.6Å, which was attributed 

to the Pd-O bond. The no peak of Pd-O-Pd bonds at the second coordination sphere indicates 

the presence of small PdO particles on the support. After heating the catalyst at 800 °C in air, 
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the EXAFS spectrum showed a strong peak around 2.5 Å, which was attributed to the Pd-Pd 

bond. The peak of Pd-O bonds (1.6 Å) also remained after the heat treatment. These results 

demonstrated that the smaller PdO particles on the -Al2O3 were changed into bigger Pd0 

particles, whereas some particles maintained the small PdO particles. Pd0 was oxidized when 

the catalyst was treated with SO2 at 600 °C, as evident by the decrease in the peak intensity of 

the Pd-Pd bond and the detection of peaks at 1.56 and 3.0, which are attributable to the Pd-O 

bond and Pd-(O)-Pd bond, respectively. The presence of the Pd-(O)-Pd bond suggests that the 

SO2-treated catalyst's PdO particle sizes were significantly larger than those of the fresh catalyst. 

The thermodynamic stability of PdO and Pd can explain these findings. PdO has a melting point 

of 750 °C and decomposes into Pd and O2 above this temperature in the air. Pd0 is, however, 

easily oxidized at temperatures lower than 727 °C. Therefore, heat treatment at 800 °C reduces 

PdO and agglomerates the particles to form large Pd0 particles. The particles are subsequently 

oxidized to PdO particles by contact with O2 at temperatures lower than 727 °C. 

In Figure 6-5, The oxidation state of Pd species was also pursued by the Pd L3-edge XANES 

studies. The Pd L3-edge XANES spectra of Pd/-Al2O3 before or after each treatment show a 

white line peak at 3174.4 eV, which is attributed to the transition from the 2p orbital to the 4d 

orbital. The oxidation state of Pd and the cluster sizes of Pd are reflected in the peak intensity 

of the Pd L3-edge XANES spectrum [20, 21]. By heating at 800 °C, the white line peak intensity 

of Pd/-Al2O3 was decreased. The decreased oxidation state of Pd is consistent with the results 

of the K-edge XANES and EXAFS studies of Pd. The peak intensity increased after the SO2 

treatment at 600 °C, indicating that the Pd sites were oxidized. After these treatments, no peaks 

related to Pd sulfide were detected. 

STEM-HAADF and STEM-EDS images of Pd/-Al2O3 before or after each treatment are 

shown in Figures 6-6. STEM image of fresh Pd/-Al2O3 shows that the Pd particle size was 
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around 2-3 nm. Figure 6-6(b2) shows the STEM images of the heat-treated catalyst. The size 

of Pd particles mostly increased to about 10-30 nm after heating, while Pd particles of 2-3 nm 

in size partly remained. These results agreed with the observations in the EXAFS studies 

described above. The size of the Pd particles remained between 10 and 30 nm after the SO2 

treatment. S species were detected from the entire catalyst surface according to the elemental 

mapping of S by STEM-EDS.   

Figure 6-7 shows the S K-edge XANES spectra to identify the sulfur-containing species on 

the catalyst surface formed by SO2 treatment. XANES spectrum of SO2 treated catalyst shows 

a peak attributed to SO4
2- at 2481.6 eV. No peaks attributable to SO2 or S0 were detected. The 

molar ratio of S/Pd after SO2 treatment was 2.81. The surface concentration of the sulfate was 

estimated to be 0.66 molecules/nm2, indicating that the surface coverage of the sulfate was 

below a monolayer based on the quantity of sulfate and the catalytic surface area. 

FTIR spectra of the catalyst under SO2 flow at 600 °C to identify the sulfate species formed 

on the catalyst surface in the SO2 treatment (Figure 6-8). Before measuring, the catalyst was 

pretreated at 800 C in air. The peaks around 1020 and 1400 cm-1 were detected, which are 

attributed to adsorbed SO2 and aluminum sulfate on the surface, respectively [22-26]. 
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Figure 6-3. XRD patterns of supports and Pd catalysts (a)γ-Al2O3; (b)Pd/γ-Al2O3; (c)the 

catalyst heated at 800 ˚C; (d)the catalyst heated at 800 ˚C and SO2 treated at 600 ˚C. 
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Figure 6-4. (a)Pd K-edge XANES spectra of Pd/γ-Al2O3 and after each treatment Pd/-Al2O3 

(b)EXAFS spectra and imaginary parts of Pd/γ-Al2O3 and after each treatment. 

(―) fresh Pd/-Al2O3 catalyst; (―) the catalyst heated at 800 ˚C; (―) the catalyst heated at 800 

˚C and SO2 treated at 600 ˚C. 



 

132 

 

 

 

 

 

 

 

 

 

 

Figure 6-5. Pd L3-edge XANES spectra of Pd/γ-Al2O3 and after each treatment.  

(―) fresh Pd/-Al2O3 catalyst; (―) the catalyst heated at 800 ˚C; (―) the catalyst heated at 800 

˚C and SO2 treated at 600 ˚C. 
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Figure 6-6. STEM-HAADF and STEM-EDS images of (a1) (a2) fresh Pd/-Al2O3 catalyst; 

(b1) (b2) the catalyst heated at 800 ˚C; (c1) (c2) the catalyst heated at 800 ˚C and SO2 treated 

at 600 ˚C. 
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Figure 6-7. S K-edge XANES spectra of SO2 treated catalyst. 

 

 

 

 

 

 

 

 

 

Figure 6-8. FTIR spectra of SO2 treated catalyst. 
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6.3.3 Effect of SO2 on benzene adsorption and desorption characteristics 

The adsorption capacities for benzene before and after SO2 treatment was investigated. The 

time course of benzene adsorption on variously pretreated Pd/-Al2O3 catalysts is shown in 

Figure 6-9. Before the measurements, the catalyst was heated at 350 °C in N2 flow. Table 6-2 

shows the amount of benzene adsorbed determined from the breakthrough curves. The adsorbed 

amount decreased after heat treatment at 800 °C and did not increase after the SO2 treatment. 

After benzene adsorption, the Pd/-Al2O3 catalyst was heated in a 20% O2-N2 gas flow in 

the range of 50-500 °C, and the temperature-programmed oxidation (TPO) profile was 

measured (Figure 6-10). The TPO profiles for fresh Pd/-Al2O3 show that CO2 production 

begins around 150 °C, which is consistent with the light-off temperature of the benzene 

oxidation (Figure 6-1). The larger CO2 production peak was detected in the high-temperature 

region (max. 400 °C) after the production of CO2 in the 150-280 °C range. These results suggest 

that there are at least two types of active Pd sites, with a smaller amount of highly active sites 

and a larger amount of lower active sites. The amount of CO2 generated calculated from TPO 

is about 15% of the CO2 equivalent to the amount of benzene (10.15 x 10-6 mol) as evaluated 

by the adsorption breakthrough curve. Then, most of the adsorbed benzene is desorbed by the 

N2 purge treatment before the TPO measurement, and the TPO profile demonstrates the 

oxidation desorption behavior of the strongly adsorbed benzene on the catalyst. 

After the Pd/-Al2O3 catalyst was heated at 800 °C, the CO2 formation peak in the low-

temperature range disappeared, and the main peak for CO2 formation was shifted to the lower 

temperature side (290 °C). This demonstrates that the small amount of highly active Pd sites 

present in fresh Pd/-Al2O3 have disappeared, and the increase in Pd grain size due to heat 

treatment has reduced the activity of the majority of Pd sites. Then, SO2 treatment of the Pd/-

Al2O3 catalyst at 600 °C resulted in a slight shift of the main peak of CO2 production to the 
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higher temperature side. The CO2 production temperature was still lower than that on the high-

temperature side of the fresh catalyst. This suggests that most of the catalytically active sites on 

the SO2-treated Pd/-Al2O3 catalyst are more active than those on the fresh Pd/-Al2O3 catalyst. 

Heating at high temperatures decreased the amount of adsorbed benzene (Table 6-2). SO2 

treatment slightly decreased the amount of adsorbed benzene on the sintered Pd/-Al2O3 

catalyst. These results suggest that the SO4
2- species on the catalyst surface by SO2 adsorption 

do not significantly affect the oxidation properties of the Pd sites. 

To clarify the effect of SO2 treatment on activity, DRIFT measurements were performed on 

Pd/-Al2O3 catalysts during the benzene oxidation reaction (Figure 6-11). Measurements were 

carried out at 275 °C, where the increase in activity due to SO2 treatment is most pronounced. 

After heat treatment at 800 °C and the introduction of a benzene-N2 gas into the catalyst, a few 

bands assigned to surface phenolates were detected around 1450 cm-1 and 1575 cm-1 [9, 27, 28]. 

When the gas flow was switched to benzene-O2-N2, bands according to surface maleate at 1312 

cm-1 and acetate at 1370 cm-1 were detected, indicating that cleavage of the benzene ring 

occurred. Bands attributed to surface phenolates at 1450 cm-1 and 1575 cm-1, and a band 

attributed to benzoquinone at 1670 cm-1 were also detected [9, 27, 28]. The intensity of these 

bands increased with time, demonstrating that these partial oxidation products were retained on 

the catalyst surface. 

For the SO2-treated catalyst in benzene-N2 flow, a negative band was detected around 1400 

cm-1, suggesting that the sulfate species on the catalyst surface were partially decomposed. Only 

peaks of surface phenolate species were detected at 1455 cm-1 and 1580 cm-1 when the gas flow 

was switched to benzene-O2-N2, and no other byproducts were observed. Therefore, the 

presence of SO4
2- species on the catalyst surface prevented the retention of the partial oxidation 

products formed by benzene oxidation on the catalyst surface. 
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These results revealed the effect of SO2 treatment on the catalytic activity of Pd/-Al2O3 

catalysts for benzene oxidation. Fresh Pd/-Al2O3 catalyst has a small amount of highly active 

Pd sites, contributing to their high catalytic activity. Pd particles are coarsened to form Pd 

particles of about 20-30 nm by the heat treatment of the Pd/-Al2O3 catalyst at 800 °C. The TPO 

profile reveals that this treatment increases the reactivity of most of the less active Pd sites. This 

finding indicates that 20-30 nm Pd particles are intrinsically more active for benzene oxidation 

than PdO particles of 2-3 nm. However, increasing the PdO particle size from 2-3 nm to about 

20-30 nm reduced the amount of PdO exposed on the surface to about 1/100, resulting in a 

decrease in benzene oxidation activity. On the other hand, the formation of surface sulfate on 

the SO2-treated catalyst improves the benzene oxidation activities of the aggregated Pd sites, 

inhibiting the formation of partially-oxidized byproducts or promoting their oxidation. 
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Figure 6-9. Benzene adsorption of Pd/γ-Al2O3 after each treatment. 

(―) Fresh Pd/-Al2O3 catalyst; (―) the catalyst heated at 800 ˚C; (―) the catalyst heated at 

800 ˚C, and SO2 treated at 600 ˚C; (―) the catalyst heated at 800 ˚C, and then 600 ˚C in the 

absence of SO2. 

 

 

 

 

 

 

 

 

 

 

Figure 6-10. TPO profiles of Pd/γ-Al2O3 after each treatment.  

(―) Fresh Pd/-Al2O3 catalyst; (―) the catalyst heated at 800 ˚C; (―) the catalyst heated at 

800 ˚C, and SO2 treated at 600 ˚C; (―) the catalyst heated at 800 ˚C, and then 600 ˚C in the 

absence of SO2. 
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Figure 6-11. FTIR spectra under reaction gas flow at 275 ˚C of (a)the catalyst heated at 800 ˚C; 

(b)the catalyst heated at 800 ˚C, and SO2 treated at 600 ˚C.  

(―)benzene-N2; (―)benzene-O2-N2, measuring time = 1, 3, 5, 10, 15, 20, 25, 30 min.  
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Table 6-2. Surface area of Pd/-Al2O3 and the amount of adsorbed benzene after various 

treatment. 

 

 

 

 

 

 

 

a Catalyst was heated at 800 ˚C in air. 

b Catalyst was heated at 800 ˚C in air and SO2 treated at 600 ˚C. 

 

 

 

 

Treatment 

Adsorbed benzene  

/ ×10-6 mol 

― 10.15 

 Heat treatmenta 8.46 

 SO2 treatmentb  8.12 
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6.4 Conclusion 

In this chapter, I focused on the benzene oxidation activity of Pd/-Al2O3, a widely used 

catalyst for VOC oxidation. The activity was improved by SO2 treatment after the activity was 

reduced by sintering due to high-temperature treatment. According to XAFS studies, Pd species 

existed as coarsened PdO and did not form sulfides or sulfites. According to HAADF-STEM 

analysis, SO4
2- species were distributed over Pd/-Al2O3 catalyst. The high-temperature 

treatment enhanced the activity of most PdO species according to benzene adsorption and TPO 

studies of the treated catalysts. However, the amount of active sites is significantly reduced, 

resulting in reduced catalytic activity. According to DRIFT studies, SO2 treatment suppressed 

the formation of byproduct compounds on the catalyst, resulting in increased activity for 

benzene oxidation. 
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Chapter 7 Conclusions 

Supported Pd catalysts are key materials for reducing the environmental load caused by air 

pollution. Exhaust gas emission regulations to prevent air pollution are becoming stricter. 

Furthermore, the price of Pd has skyrocketed due to the rapid increase in demand and current 

social conditions, and reducing the amount of Pd used is required. Therefore, the development 

of highly active Pd catalysts is required. Investigation of the influence of sulfur species is 

necessary for designing highly active catalysts. In this study, the effects of support, transition 

metal addition, and sulfur species on the catalytic properties of Pd-supported catalysts were 

investigated to develop high-performance Pd catalysts. The main research contents and results 

are as follows: 

Chapter 1 outlines the research background of this study and the fundamentals of catalytic 

chemistry. 

In Chapter 2, the effect of the support on the CO oxidation reaction under dilute O2 

conditions was examined, and Pd/CeO2 showed higher catalytic activity in the low-temperature 

region below 180 °C. STEM images and XAFS measurements revealed that Pd particles on 

CeO2 were more highly dispersed than those on TiO2 and Al2O3. FTIR measurements showed 

that Pd on CeO2 exists as PdO in an atmosphere and is reduced to Pd0 under CO flow. 

Furthermore, oxidative desorption of CO species adsorbed on Pd/CeO2 is faster than that of CO 

species on Pd/TiO2 and Pd/Al2O3. 

In Chapter 3, the effect of SO2 on the catalytic structure of Pd/CeO2 was investigated by in 

situ XAFS measurements to observe the changes under SO2 flow. in situ XAFS measurements 

revealed that SO2 treatment at 500 °C sulfurized the surface lattice of CeO2 to form sulfate and 

Ce3+ species. SO2 treatment did not form Pd sulfides, and the entire Pd/CeO2 catalyst surface 
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was sulfurized. Furthermore, Pd loading on the CeO2 promoted sulfurization of the support 

CeO2. 

In Chapter 4, morphology-controlled c-CeO2 was prepared, and the effect of SO2 on the 

CeO2 structure of Pd/CeO2 was analyzed at the atomic level using STEM-EELS measurements. 

Pd was highly dispersed on c-CeO2. STEM-EELS measurements revealed that SO2 treatment 

at 200 °C did not change the structure of the support CeO2, while SO2 treatment at 400 °C 

reduced the support c-CeO2 and increased the number of oxygen vacancies. Moreover, it was 

found that sulfurization by SO2 is enhanced at the Pd-CeO2 interface. 

In Chapter 5, the effect of Cu addition on the CO oxidation activity of Pd/CeO2 catalysts 

under dilute conditions was investigated. The addition of Cu to Pd/CeO2 improved the activity 

at 90–250 °C, and Pd-Cu/CeO2 exhibited the highest activity in all temperature ranges. Pd-

Cu/CeO2 exhibited higher activity for CO oxidation than Cu/CeO2. The addition of Cu did not 

affect the electronic state of Pd and did not form Pd-Cu bimetallic particles; however, it reduced 

the Pd particle size and improved the dispersion of Pd. 

In Chapter 6, the effect of SO2 on VOC oxidation over Pd/Al2O3 was discussed. In this 

chapter, I found that the benzene oxidation activity of Pd/-Al2O3, a widely used catalyst for 

VOC oxidation, was improved by SO2 treatment after the activity was reduced by sintering due 

to high-temperature treatment. Pd species existed as coarsened PdO and did not form sulfides 

or sulfites. DRIFT studies showed that SO2 treatment suppressed the formation of byproduct 

compounds on the catalyst, resulting in increased activity for benzene oxidation. 

In this study, I systematically investigated the effects of (1) the catalyst support, (2) the 

transition metal addition, and (3) the sulfur species on the catalytic properties of Pd catalysts. 

To improve catalytic activity, I investigated the effects of catalyst support and transition metal 

additions. The Pd-Cu/CeO2 catalyst showed high activity in the CO oxidation reaction under 
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dilute O2 conditions. In addition, the factors that contribute to activity enhancement were 

clarified. Furthermore, the effects of sulfur species on catalyst structure and activity were 

investigated in detail using various spectroscopic techniques to design catalysts highly resistant 

to sulfur poisoning. Traditionally, elucidating the mechanism of sulfur poisoning has been 

challenging due to the complexity of catalytic reactions and the difficulty of observing the local 

structure of actual catalysts. This study significantly contributed to elucidating the mechanism 

of sulfur poisoning by enabling analysis at the atomic level and under actual reaction conditions. 

The findings in this study are expected to be applied not only to exhaust gas purification but 

also to all catalytic reactions under residual sulfur, especially in petroleum refining and 

hydrogen production from fossil fuels. 
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